JOURNAL OF

International Scientific Publications:
Materials, Methods

Technologies

Volume 6, Part

Peer-Reviewed Open Access Journal
Published at:
http://www.science-journals.eu

Published by Info Invest Ltd
www.sciencebg.net
ISSN 1313-2539, 2012, European Union

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Editor in Chief
Lev Ruzer, USA
Co-Editor in Chief
Tatiana Tolstikova, Russia
Executive Secretary
Amit Chaudhry, India
Editorial Board
Alla Frolkova, Russia
Aurora Alexandrescu, Romania
Azat Vildanov, Russia
Antonios Papadopoulos, Greece
Branko Marinkovi Serbia
Cenko Cenkov, Bulgaria
Guobin Liu, China
Hamid Abbasdokht, Iran
Ijaz Noorka, Pakistan
Jovan Crnobarac, Serbia
Meenu Vikram, USA
Muhammad Afzal, Pakistan
Panayot Panayotov, Bulgaria
Shanaz Wahid, Trinidad and Tobago (W.I.)
Tatjana Barashkova, Estonia
Flaviu Figura, Romania
Vladimir Solodukhin, Kazakhstan

2

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu

Published in Association with Info Invest Ltd.

Any paper submitted to the journal of International Scientific Publications:
Materials, Methods

Technologies should NOT be under consideration for

publication at another journal. All submitted papers must also represent original
work, and should fully reference and describe all prior work on the same subject
and compare the submitted paper to that work.

All research articles in this journal have undergone rigorous peer review, based
on initial editor screening and anonymized refereeing by at least two referees.
Recommending the articles for publishing, the reviewers confirm that in their
opinion the submitted article contains important or new scientific results.

The authors of the articles bear the responsibility for their content.
When quoting the articles their author and edition should be mentioned.
It is not allowed the edition of the scientific articles to be copied, multiplied and
distributed with the purpose of trade without the permission of the editor.

3

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
DEEP PROCESSING OF METHANE OF NATURAL GAS INTO
IMPORTANT PRODUCTS OF PETROCHEMICAL SYNTHESIS
Kusman Dossumov1, Svetlana A. Tungatarova2
1

Kazakh National University named after al-Farabi, Center for Physico-Chemical Methods of
Investigation and Analysis
96a, Tole-bi str., Almaty 050012, Kazakhstan
2

D.V. Sokolsky Institute of Organic Catalysis and Electrochemistry
142, D. Kunaev str., Almaty, 050005, Kazakhstan

Abstract
Catalytic methods for oxidative conversion of the methane of natural gas into the product of organic
synthesis: formaldehyde, ethylene, synthesis-gas, hydrogen, hydrogen-containing fuel mixtures, and
catalytic combustion of methane to CO2 for production of heat were discussed. Content of polyoxide
catalysts and optimal conditions for synthesis organic compounds were developed.
Key words: methane, petrochemical synthesis, catalysts, oxidation, polyoxide catalyst, heteropoly
compounds, alkanes
1. INTRODUCTION
Natural and oil gases is the most important alternative sources of raw materials that could in the future
compete with oil because oil reserves on Earth are not unlimited. The problem of rational use of
alkanes that are part of natural gas is particularly relevant in countries rich in this kind of raw material.
Kazakhstan has significant reserves of oil and gas, which, unfortunately, now mostly burned in a
"torch". Space imaging in recent years as well as ground studies suggest that the major oil fields near
the shores of the Caspian Sea are just the "margin" of powerful oil deposits, the core of which is in the
northern Caspian Sea, where total reserves are estimated very impressive sizes - 3-3.5 billion tons of
oil and 2-2.5 trillion m3 gas [1]. According to experts, the widespread use of gas in areas focused on
consumption of petroleum products is an important program of the world economy. Organization of
large-scale production of important products based on natural gas during its production could
significantly reduce the cost of final products and reduce environmental pollution. Regulations on
environmental protection in the future will dramatically limit the combustion of gas in "torches." In
recent geological exploration for oil and gas in some countries does not begin before develop a more
attractive plan for the use of gas overlying in a new oil reservoir than incineration or re-pumping into
the reservoir. The volume of ineffectively used natural gas, i.e. gas which is burned in "torches",
dumped into the atmosphere or re-injected into the reservoir in 1996, for example, was 439 billion m3
which is equivalent to the annual production of 222 million tons of synthetic oil. Thus, studies on the
development of catalysts and methods for producing of useful products from alkanes for developing
organic synthesis industry of Kazakhstan are relevant both from an environmental and economic
points of view. Researchers in many countries developed the catalytic oxidative methods for
processing of the alkanes of natural gas into products of industrial organic synthesis [2-8]. Much
attention is paid to the processes of oxidative conversion of saturated hydrocarbons, particularly
methane, also in Kazakhstan [9-13]. On the example of supported catalysts based on molybdenum
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polyoxometalates has been established formation of CH2O, CH3OH, C2H6, C2H4, C2H2, C3H6, C6H6,
H2, in oxidative conversion of CH4. Their ratio is determined by the temperature of reaction. It was
installed the sequence and discreteness of formation of products with increasing of temperature: CH 2O
(600-700°C), C2H6 (700-850oC), C2H4 (750-900oC), C2H2 (850-950oC), C3H6, C6H6, H2 (higher than
850oC). The method of catalytic oxidation of CH4 to CO2 in order to generate heat is a promising way
for utilization of mine, vent and flared CH4. Catalytic combustion is fundamentally different from
thermal combustion, as occurs on the surface of solid catalysts without formation of flame selectively
up to CO2 at much lower temperatures which prevents the formation of NOx and other harmful
substances [14-16]. The production of synthesis gas by direct oxidation of CH4 in oxygen deficiency
and short contact time is a new approach to finding the ways to activate and involve methane in the
new chemical reactions. A mixture of CO+H2 can be used for various syntheses: production of
methanol, high-molecular hydrocarbons (Fischer-Tropsch synthesis) [17]. Hydrogen, which is formed
in the oxidative conversion of alkanes, has an independent interest as a commercial product. Much
attention is paid to the synthesis of hydrogen and hydrogen-containing mixtures for the production of
hydrogen fuels. Even 20 years ago it seemed that this scientific imagination which will be
implemented in the distant future. But the distant future comes quickly: about thousand companies in
the world dealing with this problem seeing in hydrogen energy good alternative to oil and gas. In this
report we present results on the oxidative conversion of methane of natural gas in various products.
2. EXPERIMENTAL
The studies were conducted in flow-type installation at atmospheric pressure in a tubular quartz
reactor with a fixed bed reactor. The gas mixture containing hydrocarbon and O 2, diluted with an inert
gas Ar in the presence or absence of water vapor was used for oxidation. Ratio of the components of
reaction mixture was varied widely. Catalysts were prepared by incipient wetness impregnation of the
different carriers, followed by drying at 20-250oC for 3 hours in air and calcination at 500°C for 2
hours. The concentration of the active phase on the carrier varied from 0.1 to 20.0%. An Agilent
6890N gas chromatograph equipped with a flame ionization detector and thermal conductivity detector
was employed for the on-line analysis of the products. Physical-chemical properties of catalysts have
been investigated by complex methods: XRD, IRS, TEM, TPD, TPR, TPO methods.
3. RESULTS AND DISCUSSION
3.1. The synthesis of formaldehyde by oxidation of methane
The problem of selective production of formaldehyde from methane is less studied, although in recent
years have seen growing interest to this reaction in Western Europe, America and China. From the
standpoint of availability and low cost of raw materials as well as the simplicity of technology to
obtain of formaldehyde by direct oxidation of natural gas by oxygen is preferred to relatively complex
and multi-step synthesis of CH2O through synthesis-gas and CH3OH, which is evident from the
scheme, although attempts to implement this route are encountered with problem of low selectivity
due to high strength of chemical bonds in CH4 molecule:
4

synthesis-gas

3

2

In addition, at high temperatures required for the activation of CH4 its partial oxidation products are
more active and more easily undergo to further deep oxidation than CH4. Stop the process at an
intermediate stage is the actual problem, whose solution will solve the problem of selective obtaining
of CH2O from CH4. At present maximum yields of CH2O not exceed 2-3% per pass.
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Catalysts based on 12 series Mo heteropoly compounds (HPC) supported on different carriers were
investigated in the process of partial oxidation of methane to formaldehyde (POMF) in different
conditions. The highest yields of CH2O were obtained on low-percentage catalysts (1-2.3%). The
formation of structures of interaction "fragment of HPA-carrier" is due to the finely dispersed
distribution of heteropoly acid (HPA) on carrier in the low-percentage catalysts (samples are X-ray
amorphous). This can be seen 1) by the absence of the DTA curves of exo-effect at 360oC
corresponding to decay of individual HPA, 2) by coincidence of a.b. of low-percentage HPA and
carrier at shift of characteristics on 10-30cm-1 to higher frequencies absorbance area of IR spectra, and
3) by the shift of TPR peaks in low-percentage samples to higher temperature area due to increase of
bond strength of structural reactive oxygen [18,19].
Bidisperse of active HPC is characteristic for high-percentage catalysts ( 10% HPA) which confirmed
the presence of crystallized HPC (IRS – a.b. 780, 865, 915, 960 cm-1) together with the structure of
interaction "fragment of HPA-carrier”. It follows that the activity in POMF determined by the
presence on the surface of the HPA, which has acidic properties and exists in the pH range 1-4. It was
found that the yield of CH2O is correlated with the content of acid centers in catalyst with strength 7.48.12 eV and varies symbatically with variation of the 1 and 2 forms of oxygen determined by TPR
curves of hydrogen [20,21]. These data indicate that the nature of carrier has a decisive importance for
obtaining of highly active and selective catalysts. Catalysts supported on Si-containing carriers were
the best. This is due to the large number of hydroxyl groups on their surface causing the high proton
acidity as well as the presence of Si both in the carrier and active phase, which determines the
"crosslinking" at interaction of HPA with surface OH groups of carrier. This follows from the data
about decrease of Si-OH groups’ concentration at supporting of HPA. Thus there is a distortion of
HPA structure at interaction with carrier. It is assumed that the sorption of HPA on hydroxylated
surface should be a "multipoint", that is strong enough.
It was shown that the presence of water vapor in mixture greatly increases the yield (Y) of CH2O and
reduces the optimum temperature. The presence of H2O in reaction mixture stabilizes the structure of
HPC catalyst resulting in a "development" of its activity after steam-air treatment between
experiments for 20 minutes at 250oC and increasing the duration of operation of catalyst in presence of
water vapor, in contrast to the similar composition of oxide catalyst [22,23]. Studies of the role of
concentration of water vapor in reaction mixture allowed to develop optimal conditions for obtaining
the products of POMF. By using the method of isotope exchange was found that water vapor is not
just a diluent in the reaction of POMF, but act as a mild oxidant and prevent coke formation [23].
The test of POMF process in a cascade of two series-connected flow reactors showed that on 2.3%
H4SiMo12O40/AlSi catalyst at a ratio of CH4 : H2O : O2 = 1 : 0,53 : 0,45 was obtained up to 6-8%
CH2O in a single pass with capacity 10-14 kg CH2O/kg HPC·h at 60-85% selectivity by CH2O. The
catalyst was stable for 120 h at periodic regeneration of catalyst in water vapor-air mixture at 650oC
which is confirmed by the IRS and ESDR methods, Fig. 1. The presence of water vapor is a stabilizing
factor, as it is known that a massive HPA decomposes at 360oC. Method for separating of CH2O from
gas phase was developed. There has been CH 2O concentration resulting from the partial oxidation
reaction, as well as its transfer into a solid white precipitate - urotropine.
The high stability of low-percentage catalysts based on HPC due to the fact that surface of carrier is
covered with HPA, or dehydrated, or anhydride-like form of its (close to the monolayer, fine dispersed
coating). Massive HPA blocking the carrier is formed in addition on the surface in high-percentage
catalysts. Probably, the samples with high content of HPA are destroyed with the formation of oxides
on the surface at high temperature treatment under the experimental conditions, as in this case the
stability of the catalyst depends on the properties of massive, thermally unstable HPA. Lowpercentage catalysts, as shown by IRS, DTA, ESDR, TPR methods, and emission analysis, are
6
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thermally stable due to the interaction of HPA-carrier. Regeneration in the steam-air mixture returns
catalyst to its original state. Thus, the activity of low-percentage catalysts at high temperatures under
the reaction conditions caused by:
the acidity of catalysts (HPA and carrier). In low-percentage samples even after a possible
decomposition of HPA into components due to the high acidity of carrier is probably resynthesis of HPA (it is known that not only oxide phase, but HPA are formed on the surface at
supporting of MoO3 on silica gel as pH of carrier is sufficient for synthesis of HPA on the
sample surface), especially in processing by water vapor. High-percentage catalysts are
difficult to regenerate because decomposed HPA, located on the surface, forms a significant
amount of oxides. The acidity of carrier for the regeneration of HPA in water vapor,
apparently, is not sufficient, although on the surface are likely to be small amounts of HPC but
the content of decomposition products will prevail. Hence it is clear that the stabilizing
influence of carrier has a significant effect only on low-percentage samples;
the preservation of structural fragments of HPA in steam-air treatment up to 600-650oC, as can
be judged by the constancy of the bands in IR and ESDR spectra;
the finely dispersed distribution of HPA on carrier, which facilitates on the one hand, the
interaction of HPA-carrier, on the other hand - the formation of small crystallites of HPA,
thermal decomposition of it is absent in DTA regime up to 600oC;
the finely dispersed distribution of HPA on carrier up to 2.3-10% supporting that provides
hardening of connection of structural fragments of HPA (shift of TPR peaks to the high area
compared to the TPR of pure HPA), which apparently causes thermal stability of catalysts
during prolonged high-temperature operation.

Fig.1. Effect of duration of experiment on oxidative conversion of CH4 to CH2O on 2.3%
H4SiMo12O40/AlSi in mixtures in the presence of water vapor.
:
4 – 39.0%,
2 – 17.6%,
4:
2
-1
= 650 , 1-3 - yield of CH2O after regeneration in the vapor-air
2 = 1 : 0.53 : 0.45. W = 8000 h .
mixture: 1 – 200 , 2 – 400 , 3 – 650 .
3.2. Oxidative condensation of methane to C2 hydrocarbons
The reaction of oxidative condensation of methane (OCM) to C 2-hydrocarbons (C2-HC) is the most
rapidly developing among the various pathways of methane oxidation. Publications on this problem
are much higher than the publication of other possible pathways of partial oxidation [24,25]. The
mechanisms of this process are proposed [25], but the processes that are embedded in the production
do not exist yet. The maximum yield and selectivity of C2-HC formation from CH4 (YC2-HC = 9.6% and
7
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10.0%, SC2-HC = 80.0% and 57.6 % SC2H4 = 51.5% and 39.2%, respectively) were achieved on the 5%
and 0.5% H4SiW12O40/AlSi catalysts. C2H4/C2H6 ratio in the products increases sharply toward the
formation of C2H4 for each of the investigated catalysts with increasing of reaction temperature from
600 to 900oC and the transition from high-percentage to low-percentage catalysts. In some cases it was
possible to obtain only C2H4 from CH4 (at T = 800-900oC) and at T = 600oC - only C2H6.
The most active catalysts show the highest selectivity for C2-hydrocarbons: 5% H4SiW12O40/AlSi
(S 2H4 = 51.5%, SC2-HC = 80.0%) and 15% H3PW12O40/AlSi (SC2H4 = 39.2%, SC2-HC = 60.2%). Catalysts
based on W-HPC with P as central atom in all cases are similar in activity, but less selective in OCM
reaction to C2-hydrocarbons compared to HPC with Si as central atom. The yield of C2-hydrocarbons
on Mo-containing catalysts are lower than on the W-containing catalysts (2.3% sample – 7.8%, 5.0%
sample – 9.3%, 10.0% sample – 9.7%, T = 750-900oC). Carriers form series with respect to increasing
influence on YC2H4 and SC2H4 at 800oC: S 4, %: SiO2 KSK-2,5 (23,3) zeocare-2 (37,1) zeolite
NaA (37,2) zeolite CaX (38,9) SiO2 KSM-5 (43,4) AlSi (49,0) periclase MgO (57,9)
pentasile CaAZ (58,5). Elements of the I and II groups of the Periodic System (Na, Mg, Cd, Cs) are
optimal substituents for the proton in HPC of synthesis of ethylene from methane.
The influence of reaction mixture on the formation of C 2-HC was studied. The yield and selectivity of
formation of C2H4 increases with the ratio of CH4 : O2 from 1 : 1 to (1.5-30) : 1. The composition of
mixture (mol: CH4 – 0.0018-0.0031, O2 – 0.0013, inert gas – 0.008-0.004) is optimal for synthesis of
C2H4 from CH4. Introduction of water vapor (CH4 : O2 = 1 : 0,21, mol) in the reaction mixture has a
positive effect on reaction. The results show that the OCM process can be optimized through a
rigorous selection of process parameters of reaction and improvement the composition of supported
catalysts. The optimal reaction conditions by varying the composition of HPC, the nature of carrier,
the ratio of components of reaction mixture and reaction temperature were established. [PW 12]-HPA at
replacement of proton to the Na, Cs as well as [SiW12]-HPA at replacement of proton to the Na, Mg,
Cd possess the highest activity at 750-850oC and when using the Si-containing oxides as carrier, such
as pentasile, SiO2, or AlSi at supporting of 0,5-15% HPC on carrier and carrying out the experiment in
the reaction mixtures: CH4 – 0.0018-0.0031, O2 – 0.001, mol, CH4 : H2O = 1 : 0,21, Ar is residual, =
0,38-0,46 c. Implementation of OCM process on polyoxide systems in installations with one or two
reactors (Table 1), as well as on polyoxide catalysts of the complex composition allowed to increase
the conversion of CH4 to 46.0%, the yield of C2H4 - up to 18.5% at YC2-HC to 22,0% [26-29].
Preliminary mathematical analysis of the kinetic results of reaction was conducted with a view to
recommending the optimal design of an industrial reactor for the developed OCM process and optimal
conditions for the realization of the industrial process on catalysts. Was offered the presumed optimal
model of the industrial reactor. Analysis of results showed that the use of industrial-scale multi-shelf
(5-7 layers) adiabatic reactor is the best. Productivity of the process according to preliminary estimates
may be up to 3.2-3.4 tons of ethylene per day from 1 ton of catalyst.
3.3. Catalytic combustion of methane to CO2
Development of catalysts for the complete combustion of CH4 aimed to improve the thermal stability
of oxide contacts by modifying the carrier or by the synthesis of perovskites have special relevance.
The use of additions of elements of the II (Ba, Sr) and III (Ce, La) groups to obtain of highly dispersed
mixed oxides of perovskite-type ABO3 or solid solutions of oxides was the basic to improve of
supported Mn and Ni-Cu-Cr catalysts. Regularities of formation and changes in the structure,
morphology of polyoxide catalysts of complete combustion using physical and chemical methods have
been studied. On the catalysts were observed 90-100% oxidation of CH4 at 700-800oC to CO2, which
is little changed at varying the concentration of CH4 (0.2-4.0%) and O2 (2-20%) at a space velocity of
10 103 h-1. Comparison of thermal stability of selected contacts as they heating up to 900-1000oC
8
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showed that both catalysts does not change its activity at 700oC, especially at promotion by Pt and Pd.
The specific rate of oxidation of CH4 on Mn-REE-AEE remains constant at 1100-1200oC in contrast to
the Ni-Cu-Cr catalyst, for which it is reduced on 20% at 700oC.
Table 1. The yield, selectivity and productivity of OCM by C2-HC on complex oxide systems in
installations with one or two reactors.
Catalyst

,

Yield, %
2

6

Selectivity,%
2

4

2

6

2

4

g

2

3
4/m

on
transmitted
4

1

2

4

4

on
converted

2

6

Note
(reac
tor)

4

750

6.0

11.6

20.1

38.9

145.0

486.7

1.9

R-1

800

3.5

18.5

11.0

58.5

231.3

731.8

4.5

R-1

850

1.9

16.3

4.8

41.0

203.8

514.5

8.0

R-1

800

1.9

13.9

5.9

43.4

173.8

543.0

7.3

R-1

850

0

12.9

0

34.7

161.3

434.6

100%

R-1

700

4.6

6.6

34.5

49.6

82.5

620.3

1.4

R-1

750

3.3

10.5

17.0

54.1

131.3

676.5

3.2

R-1

800

1.6

14.4

4.3

38.1

180.0

486.5

9.0

R-1

4

800

2.4

13.5

10.3

57.9

168.8

724.3

5.6

R-1

5

800

3.7

17.8

8.6

41.4

222.5

517.0

4.8

R-1

800

3.0

15.7

8.6

45.2

196.3

565.0

5.2

R-2

2
3

419.8

In the synthesis of both catalysts after heating at 600oC on the support surface by XRD and EM
methods was reported the presence of CeO2 crystallites and X-ray amorphous clusters (d = 20-100 )
of transition metal oxides Mn2O3, CuO, NiO, and solid solutions of metal oxides CuO (NiO),
perovskites based on manganese with REE. The presence of super-stoichiometric oxygen in catalyst
dissolved in the structure of mixed oxides and released during heating in Ar at form of weakly bound
oxygen (O2-, O-) at low temperatures (327-527oC) with an activation energy of desorption of 88-95
kJ/mol was found. Decomposition of oxides takes place at 700-727oC with Edes = 98 for Mn2O3 to
Mn3O4; Mn3O4 and perovskites to MnO - 115-142, for CuO (NiO) - Cu2O - 128, NiO to Ni2O - 120
and mixture of CuO (NiO) -140 - 144 kJ/mol.
The interaction of H 2 in TPR experiments with these oxygen structures proceeds easily, starting from
200 up to 400°C. Adsorption of O2 re-occurs at low temperatures (52oC) on the catalysts after the
decomposition of oxides both on Ni-Cu-Cr, and Mn-REE-AEE/Ce/ -Al2O3. This indicates on high
reactivity of adsorbed O 2-, O- and lattice oxygen of dispersed oxides and their mixtures and their
ability to easy re-activation.
According to XRD and EM at temperatures above 1000oC in air phase transformations occur in the
catalysts: metal oxides react with aluminum oxide. In the case of Ni-Cu-Cr contact aluminates
MeAl2O4 type with d = 200-1000 formed, the surface is drastically reduced to 2-5 m2/g. In TPD
9

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
spectra of such catalyst weakly adsorbed oxygen is absent, and H 2 begins to oxidize only at high
temperatures (T = 800oC) due to decomposition of Ni and Cu aluminates. Adsorption of O 2 on Ni-CuCr catalyst (heated at 1200oC) in TPO experiments occurs in the smaller quantities and at higher
temperature than on standard catalyst heated at 600oC. These factors reduce the degree of oxidation of
CH4 up to 60% at 700°C and the specific reaction rate.
According to TPD, XRD and EM the content of oxide Mn 2O3 and solid solutions with rare earth
elements and alkaline earth elements on the catalyst surface Mn-REE-AEE/2%Ce/ -Al2O3 is
significantly reduced, as well as the adsorption of oxygen on it with T des from 300 to 600oC after
heating at high temperature (1200oC). This is not due to volatilization of manganese oxide catalyst, but
a result of interaction of Mn2O3, oxides of REE, oxides of AEE with -Al2O3 to form a first
perovskites, and then the hexa-aluminates of manganese. The processes occurring during heating of
Mn-REE-AEE catalysts have positive character: to 1000oC the REE interacting with -Al2O3 to
Ce(La)Al2O3, prevent the formation the aluminates of MnAlO4. There is additional dispersion of
clusters of Mn2O3 and formation of Mn perovskite with REE and AEE at 600-900oC. Hexa-aluminates
of MnLaAl11O19, whose content increases with heating and promotion by Pt and Pd, are formed in the
catalyst along with clusters of Mn2O3 and perovskites at 1100-1200oC. All three types of formed
manganese compounds are active in the oxidation of CH4 to CO2. This is an obvious reason for stable
activity of Mn catalyst at heating to 1100 1200oC. According to TPD of oxygen in Mn2O3 and solid
solutions of Mn-REE-AEE has low activation energy of desorption (80.2-98.2 kJ/mol) and easily
reacts with reducing agents. Heating the mixed Mn catalysts at 900 oC reduces the activation energy of
break processes of the M-O bond on 10-20 kJ/mol. The concentration of oxygen vacancies increased
in this case in bulk Mn perovskites LaMnO3, which contributes to increase of activity in oxidation
reaction.
Thus, significant contribution to activity make generated hexa-aluminates of LaMnAl11O19 after hightemperature (> 1100oC) processing of Mn-REE-AEE catalyst on 2%Ce/ -Al2O3 due to the ease of
oxidation-reduction reactions Mn3+
Mn2+ octa and low binding energy of oxygen detected by TPD
and TPR data. High stability in the conversion of CH4 to CO2 at high-temperature treatment in air for
100 h is explained by formation of hexa-aluminates. The results indicate on real possibility of practical
use of Mn-REE-AEE catalyst on 2% Ce/ -Al2O3 thermo stable up to 1200oC for utilization of poor
CH4 mixtures in catalytic heat generators. The developed catalyst is not conceding in activity and
thermal stability the known analogues, in which are used perovskites and hexa-aluminates of
manganese. This catalyst has passed pilot tests in oxidation of propane-butane in catalytic heat
generator at the Research Institute of Agriculture of MES RK, used for heating of greenhouses and
additional fertilizing of plants by formed carbon dioxide and recommended to implementation [16,30].
3.4. Production of synthesis gas by direct oxidation of methane
Production of synthesis gas by direct oxidation of CH4 at deficiency of oxygen and short contact time
is a new approach to finding the ways of activating and involve of methane to the new chemical
reactions. We have investigated the partial oxidation of CH4 to synthesis gas on 9% Ni-Cu3-Cr0,1 oxide
catalyst supported on 2% Ce/(
)-Al2O3, reduced in mixture of H2 + Ar (H2 : Ar = 40 : 60 ) at 900oC
for 1 hour, as well as catalysts promoted by Pt, Ru, Pd. Experiments were carried out in quartz micro
reactor by passing the initial reaction mixture CH4 : O2 : Ar = (1.2 ÷ 1.6) : (0.7 ÷ 0.8) : (97 ÷ 98)
(vol.%), varying the temperature from 800 to 950oC, the ratio of CH4 : O2 from 1.38 to 4.0, the contact
time ( ) from 2.0 to 3.27 ms, and space velocity from 1.8 to 1.17 106 h-1 [31-35].
The best results were obtained at stoichiometric ratio CH4 : O2 = 2 in the whole range of space
velocities: the degree of conversion of methane - 77 ÷ 100%, selectivity by CO and H2 is close to
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100%. In the interval = 2 ÷ 2.49 ms was not observed formation of any products, except for H2 and
CO in the ratio H2 : CO = 2 (the ideal ratio for methanol synthesis).
In Fig. 2 presents the results of tests of the reduced Ni-Cu-Cr catalyst for 180 minutes of experiment at
ratio CH4 : O2 = 2.79, = 2 ms. It is seen that the conversion of methane into a mixture of CO and H2
with high selectivity of products that are stable for 3 hours, occurs on the catalyst. Ratio of H2/CO in
the resulting mixture was 1.85 ÷ 1.93. By reducing the space velocity from 1.44·106 h-1 to 1.02·106 h-1
from 2.49 to 3.5 ms) the degree of conversion of CH4 increased to 97-100%, while maintaining high
selectivity for CO and H2 (SCO = 96.6-100% SH2 = 79.3-99.7%) and the ratio of H2/SO in resulting
mixture ~ 2.0. Further reduction of space velocity up to 4.5·105 h-1 resulted in the appearance in
resulting mixture of 0.03% CO2 and reduction selectivity by H 2 to 75.9%. Low percentage Pd-Cocatalyst also conducted complete oxidation of CH4 to CO2 with low conversion of CH4. Pt-Ru catalysts
supported on 2% Ce (
)-Al2O3, provided high conversion of methane to synthesis gas with high
selectivity by CO and H2 (~ 96%). A small amount of CO2 (SCO2 = 3.85%) was observed in the
products. H2/CO ratio in the synthesis gas is equal 2, as in the case of Ni-Cu-Cr/2% Ce/(
)-Al2O3
[36].

Fig.2. Changing the methane conversion, selectivity by CO and hydrogen on the reduced 9% Ni-CuCr/2% Ce/(
)-Al2O3 catalyst during the experiment. = 2 ms, CH4 : O2 = 2.79, T = 900oC. 1 conversion of CH4, 2 - selectivity by CO, 3 - selectivity by H2.
Using of X-ray diffraction, electron microscopy with electron micro diffraction, and BET to study the
structure and morphology of Ni-Cu-Cr catalyst showed that after the initial process of oxidation in air,
then reduction in H2 at 900oC and in reaction process CH4 + 1/2O2
CO + 2H2 catalyst is a mixture
of dispersed nanoparticles of Cu, Ni and Ce (3-20 nm) in the reduced and partially oxidized state,
surrounded by larger particles of aluminates and chromates (20-30 nm) on a carrier (
)-Al2O3 (S =
43-49 m2/g), Fig. 3 [36-37].
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Fig.3. Electron-microscopic photo of 9% NiCuCr/2% Ce/(
)-Al2O3 after 56 h in a reaction of partial
oxidation of methane to synthesis gas.
3.5. Production of hydrogen-containing fuel mixtures
Rapid reduction of oil and gas resources forces the humanity to engage seriously by search of
environmentally clean energy sources. Experts believe that hydrogen will save the world - almost
inexhaustible renewable source of energy. It should be noted that hydrogen by power consumption
exceeds all compounds that can serve as a fuel: 2.6 times - natural gas, 3.3 times - liquid petroleum
hydrocarbons, 5 times - coal, 6.6 times - methanol, 8.5 times - cellulose, etc. [38]. Hydrogen is the
only environmentally clean fuel and reagent, product of oxidation of which is the water vapor or liquid
water. There was a high efficiency of introduction of hydrogen as an addition to motor fuels. It was
shown that the addition of 5-15 wt. % of hydrogen from flow of gasoline reduces the concentration of
CO, NOx and hydrocarbons in exhaust gases of vehicles, and reduces fuel consumption by 20-30%.
This increases the efficiency of fuel combustion and cleanliness of exhaust gases of vehicles and
industrial production by CO, NOx, CmHn which is important. Air pollution of cities with a large
number of mobile and stationary sources the emissions of harmful substances is a key factor in
negative impacts on the natural environment of the city. Annually into the air, for example, Almaty
released about 180 thousand tons of pollutants, over 80% of which are motor vehicle emissions. Their
number has increased over the past decade to 250 thousand units. Almaty remains among the most
environmentally unfriendly cities of the Republic of Kazakhstan.
The influence of some technological parameters on the yield and selectivity of formation of products
for selection of optimum conditions of synthesis of hydrogen from methane was studied. Data on the
effect of the composition of active component are shown in Fig. 4. It was shown that samples of
(NH4)4NiMo6O24 and Mg2SiMo12O40 exhibit the best performance. Varying the conditions of oxidative
dehydrogenation of methane on the catalysts from HPC supported on aluminosilicate has allowed to
reveal reaction parameters that provide maximum yields of H2 in mixture with C2-hydrocarbons: =
0.45-0.9 s, T = 800 900oC at the content of O2 with respect to CH4 43-10% vol. and content of
minimum amount of water vapor in the mixture. Catalysts in the synthesis of H2 on the effectiveness
form the following series: [BiSiMo12] (Y = 2.5%, S = 44%) < [ZnSiMo12] (Y = 12.3%, S = 43.6%) <
[MgSiMo12] (Y = 19.4%, S = 61%) < [NH4NiMo6] (Y = 56.9%, S = 84.8%).
Development of supporting technology of polyoxy-complex compounds of Mo and W on porous
blocks from cordierite was carried out for the oxidative conversion of CH4 of natural gas into H2containing mixtures. As HPC were used Mg2SiMo12O40, Na5PV6W5O, and (NH4)4NiMo6O24. From the
presented results of the oxidative conversion of CH 4 on the effect of supporting method by varying the
secondary carrier, binder, and protective layer of HPC at 600-900oC and the ratio of CH4 : O2 = 7 : 3,
W = 3200 h-1 in the presence of water vapor can be seen that the catalyst prepared from
12
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(NH4)4NiMo6O24 has optimal properties. Under optimal conditions (900oC) yield of H2 from CH4
reaches 34.3% vol. per CH4, or 11.5% per total flow of components.

Fig.4. Effect of the composition of 10% Mo-containing catalysts supported on aluminosilicate on the
yield and selectivity by hydrogen. W = 4000 h-1, = 0,9 s, CH4 : O2 : Ar = 70 : 30 : 100, vol. 1 –
Fe2Mo6Ox, 2 - MgSiMo12Ox, 3 - NH4NiMo6O24, 4 - ZnSiMo12O40, 5 – Na6PV3Mo9O40, 6 - BiSiMo12Ox.
As stated earlier, obtaining of 19-57% H2 is possible on the salts of Mo-containing acid. Prolonged
tests for 100-120 hours demonstrated that the catalyst works steadily with a slight decrease in activity
by about 10%. Enlarged tests the effectiveness of granulated catalysts in the synthesis of H2 from CH4
(catalyst volume – 15.0 cm3, in contrast to previously studied (1.5 cm3)) as well as on block carriers
from cordierite (volume of the block – 40.5 cm3) were conducted. Previously have been tested block
carriers with volume 3.7 cm3. The increase in the volume of granulated catalyst, while maintaining the
other process parameters decreased yield of hydrogen to 50.3% (56.9% at catalyst volume 1.5 cm3).
Studying the process of oxidative conversion of CH4 into H2-containing mixtures on the W-HPC of
different composition supported on granulated carrier containing Al and Si oxides was conducted in a
series of experiments, Table 2.
Table 2. Oxidative conversion of CH4 to H2 on the W-containing catalysts supported on granulated
aluminosilicate. W = 8000 h-1, T = 850oC, = 0,45 s, CH4 : O2: Ar = 70 : 30 : 100, vol.
Catalyst

Yield of hydrogen,%

Nix[SiW11Ni]

68.7

Nix[SiW11Cr]

63.1

Kx[SiW11Cr]

71.4

Nax[SiW11Fe]

14.3

Nax[PW11Fe]

34.2

Bax[PW11Ni]

80.8

The results indicate that there are reserves to increase the yield of H2 for granulated catalysts. The
catalyst containing [BaxPW11Ni] in the active phase has optimal properties. The yield of H2 is 80.8%
[39-41].
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4. CONCLUSION
Due to the projected decrease in oil reserves and increases the importance of natural gas the interest to
its conversion increases. The coming reorientation in the source of raw materials is inevitable, so
prepare for it - this is a serious strategic problem. Since the 80s of the XX century the chemists are
working intensively on the processes of "C1 chemistry." Attention to this problem to enable a smooth
transition from the generally accepted technologies for producing of fuels and organic compounds
from oil to new technology for production of the same products from the raw gas is also paid in
Kazakhstan. The article deals with various areas of oxidative conversion of methane of natural gas to
the strategically important products of organic synthesis.
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INFLUENCE OF PACKAGING CONDITIONS ON THE PHYSICALLY – CHEMICAL
PARAMETERS OF VENISON PICKLED IN MAYONNAISE MARINADE
Laima Silina, Ilze Gramatina, Tatjana Rakcejeva, Eva Ungure, Vitalijs Radenkovs
Latvia University of Agriculture, Department of Food Technology, Jelgava, Latvia

Abstract
Venison due to the muscle lower fat content has gained an increase in popularity in resent years.
Venison is lower in calories, cholesterol and fat content than common cuts of beef, pork or lamb. The
objective of the present study was to determine quality parameters: pH (LVS ISO 5542:2010),
moisture (ISO 1442-1997), fat (LVS ISO 2446:1976) and protein (Kjeldahl nitrogen, AN 3002) content
dynamics in mayonnaise marinade pickled venison and beef (for comparison) during storage. The
meat (2x3x2 cm) pieces were pickled in mayonnaise marinade (composition: mayonnaise, onion,
parsley, paprika, basil, black pepper, rosemary, salt) at 4±2 ºC temperature for 48±1 h. Marinated
meat was placed in polypropylene trays, hermetically sealed with high barrier polymer film under
modified atmosphere (C02 40%+N2 60%) exclusively, as well as placing in packages iron based
oxygen scavenger sachets (Mitsubishi Gas Chemical Europe Ageless®). As a control packaging in air
ambiance was used. During storage time (14 – 18 days) pH, moisture and protein content of both
investigated meat samples decreased. Considerably the reduction of mentioned parameters was
observed in air ambiance packed venison samples.
Key words: venison, marinating, modified atmospheres, oxygen scavenger, storage time
1. INTRODUCTION
Venison (deer meat) has several attributes attractive to consumers – it is tender, has low fat content, a
favourable fat composition and high levels of minerals (Wiklund et.al., 2010). Venison is lower in
calories, cholesterol and fat content than common cuts of pork, beef or lamb. All these properties are
reason why venison has enjoyed a rise in popularity in recent years. Venison can be eaten as steaks,
roasts, sausages and round meat (Dahlan and Norfarizan-Hanoon, 2008). However, venison is a highly
perishable product with a short shelf life. In scientific literature describe investigation for venison
shelf life extending using conservation meat in modified atmospheres (Vergara et.al., 2003), frozen
venison packaging using vaccum- and nonvacuum-package (Farouk and Freke, 2008).
Marination is an effective means of enhancing the quality and versatility of meats (Kargiotou et.al.,
2011) Marinating is the process of soaking foods in a seasoned, often acidic liquid before cooking.
The origins of the word respond to the use of brine (aqua marina) in the pickling process, which led to
the technique of adding flavour by immersion in liquid (Ergezer and Gokce, 2011). This process may
be positively affected the shelf life of the meat due to the acidic or alkaline nature of the solution, and
the antimicrobial and antioxidant activity of some marinade additives (Karigiotou et.al., 2011). A good
marinade will have a delicate balance of spices, acids and oil. It is generally not recommended that
raw marinated meats be frozen, as the marinade can break down the surface and make the outer layer
turn mushy (Ergezer and Gokce, 2011). Also, sodium chloride, polyphosphates and sugar are
considered important ingredients of marinades and they improve meat tenderness and flavour.
Packaging technology which modifies the atmospheric conditions of the package is popularly applied
to extend the self-life of meat (Daszkiewicz et.al., 2011). Modified atmosphere packaging (MAP)
17
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technology is one of the protection methods in which the surrounding atmosphere of the food is
changed. Basic process in MAP is to remove the air inside the package and put in a gas or gas
combination instead, and then seal hermetically (Gokoglu et.al., 2011). For venison preservation gas
composition (C02 40%+N2 60%) is the most appropriate (Vergara et.al., 2003). But modified
atmosphere packaging technologies not always completely remove oxygen and oxygen penetrates
through the packaging film. Using oxygen scavengers can reduce oxygen level in package. Oxygen
scavengers are made from easily oxidisable substances (Brandon, 2009).
The objective of the present study was to determine quality parameters: pH, moisture, fat and protein
content dynamics in mayonnaise marinade pickled venison and beef (for comparison) during storage.
2. MATERIALS AND METHODS
Experiments were carried out at the Department of Food Technology, Latvia University of Agriculture
in 2011. The meat of farmed red deer (Cervus elaphus) were obtained from a local farm “Saulstari 1”,
located in Sigulda region, in Latvia; the meat of farmed cattle (Colloquially cows) from Ltd. “Kebeco”
located in Jekabpils region, Latvia.
Mayonnaise marinade (composition: mayonnaise, onion, parsley, paprika, basil, black pepper,
rosemary, salt) was used for meat pickling.
Meat marinating included the following steps:
1) Longissimus dorsi muscle from venison and beef saddle cuts were manually divided in 0.250±0.002
kg pieces by knife;
2) pieces of Longissimus dorsi muscle were packaged in plastic bags and labelled;
3) the packaged meat samples were stored in freezer at -20±2 °C temperature for two weeks;
4) meat samples before marinating were defrosted at 4±2 °C temperature in the refrigerator for 24±1 h;
5) after defrosting meat was divided into pieces of size 2x3x2 cm and mayonnaise marinade was
added;
6) prepared samples were marinated at 4±2 °C temperature in the refrigerator for 48±1 h.
Marinated meat was placed in polypropylene (PP) trays (210x148x35 mm), hermetically sealed with
high barrier polymer film Multibarrier 60 (composition: APA/TIE/PA/EVOH/PA/TIE/PE/PE;
thickness 60±2 m) under modified atmosphere (C02 40%+N2 60%) exclusively, as well as placing in
packages iron based oxygen scavenger sachets (Mitsubishi Gas Chemical Europe Ageless®). As a
control packaging in air ambiance was used. Meat samples were analysed at 0, 4, 7, 11, 14 and 18
(beef) days of storage in MAP. Samples remained in chilled storage at 4±2 °C during this time.
The following variables were assessed:
pH, measured using JENWAY 3520 (Barloworld Scientific Ltd., ESSEX, UK) pH-meter. The
pH electrode was dipped into a mixture of homogenized sample and distilled water (1:10)
(LVS ISO 5542:2010);
moisture content (ISO 1442-1997);
fat content (LVS ISO 2446:1976);
protein content was determined according to the Kjeldahl nitrogen method (AN 3002).
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The data were processed by one-way analysis of variance (ANOVA) in order to determine the effect
of packaging condition and storage time on each variable. The level of statistical significance was
p<0.05.
3. RESULTS AND DISCUSSION
The quality parameters: pH, moisture, fat and protein content dynamics of pickled in mayonnaise
marinade venison and beef during storage are shown in Table 1 and Table 2. Mentioned parameters
were not determined in venison samples packaged in air ambiance after 11 and 14 days due to the
organoleptical properties inadequacy as flavor.
Table 1. Effects of packaging and storage time on pH, moisture, protein and fat values of pickled
venison1.
Parameter

pH

Moisture,
%

Fat, %

Protein,
%

Packaging2

Storage days
0

4

7

11

14

A

5.56±0.01

5.54±0.06

5.49±0.02

-

-

B

5.56±0.01

5.55±0.01

5.45±0.02

5.42±0.05

5.32±0.01

C

5.56±0.01

5.55±0.01

5.46±0.03

5.31±0.03

5.37±0.00

A

70.61±0.45

68.25±1.44

67.64±0.31

-

-

B

70.61±0.45

69.50±1.18

68.90±0.15

68.17±0.48

68.31±0.44

C

70.61±0.45

69.93±0.75

69.77±0.16

69.03±0.07

69.35±0.50

A

4.18±0.38

5.12±2.00

5.12±0.02

-

-

B

4.18±0.38

5.23±0.25

5.23±1.18

5.24±0.31

5.23±0.03

C

4.18±0.38

5.30±0.39

5.30±0.42

5.30±0.08

5.31±0.32

A

20.67±0.26

20.47±0.26

19.91±0.14

-

-

B

20.67±0.26

20.00±0.13

19.99±0.12

19.55±0.15

19.73±0.02

C

20.67±0.26

20.51±0.11

20.02±0.14

19.06±0.18

19.58±0.42

-, not analysed.
1

All values reflect mean ± standard deviation.

2

A=air; B= C02 40%+N2 60% (without (-) oxygen scavenger); C= C02 40%+N2 60% (with (+)

oxygen scavenger).
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Table 2. Effects of packaging and storage time on pH, moisture, protein and fat values of pickled
beef1.
Parameter

Storage days

Packaging2

pH

Moisture,
%

0

4

7

11

14

18

A

5.52±0.02

5.46±0.00

5.28±0.01

5.30±0.01

5.26±0.01

5.18±0.01

B

5.52±0.02

5.46±0.01

5.30±0.01

5.19±0.01

5.01±0.00

4.99±0.01

C

5.52±0.02

5.38±0.02

5.30±0.03

5.14±0.00

5.00±0.00

5.01±0.00

A

69.15±

68.33±

67.43±

67.22±

66.89±

66.60±

0.69

0.17

1.08

0.47

0.16

0.24

69.15±

68.61±

67.20±

66.73±

66.01±

65.64±

0.69

0.71

0.94

1.33

2.34

0.27

69.15±

69.74±

68.81±

67.38±

64.85±

65.12±

0.69

0.91

1.14

0.39

1.17

0.38

A

4.45±1.57

4.65±2.32

4.66±0.08

4.66±0.81

4.67±0.36

4.67±0.84

B

4.45±1.57

4.92±1.94

4.92±1.21

4.93±0.46

4.93±1.57

4.93±0.82

C

4.45±1.57

5.22±2.42

5.23±1.05

5.23±0.31

5.23±1.66

5.24±1.16

A

21.35±

21.32±

20.57±

20.55±

20.12±

20.21±

0.73

0.56

0.41

0.01

0.18

0.58

21.35±

21.60±

21.11±

20.71±

20.29±

19.50±

0.73

0.10

0.89

0.09

0.54

0.05

21.35±

20.99±

20.90±

20.52±

20.34±

19.79±

0.73

0.41

0.21

0.21

0.10

0.25

B
C

Fat, %

B

Protein,
%

C
1

All values reflect mean ± standard deviation.

2

A=air; B= C02 40%+N2 60% (without (-) oxygen scavenger); C= C02 40%+N2 60% (with (+)

oxygen scavenger).

3.1. pH
The conducted experiment did not indicate significant differences (p>0.05) between the mean pH
values of venison packaged in air ambiance and under MA with/without an oxygen scavenger. Mean
pH values of beef packaged in air and modified atmosphere with/without oxygen scavenger
significantly different (p<0.05). During storage pH values decreased. Such results are very similar to
in scientific literature found as Daszkiewicz et al., 2011 and Kargiotou et al., 2011. The average pH
value of meat was lower after 14 days (venison) and after 18 days (beef) storage. The decrease in the
pH values of meat aged for 14 and 18 days was probably caused by the growth of lactic acid bacteria
and increased lactic acid concentration (Fernández-López et.al., 2008). Lower pH values were found
in the samples packed under C02 40%+N2 60% atmosphere (without oxygen scavenger) than the
samples packed in air ambiance and under C02 40%+N2 60% (with oxygen scavenger) atmosphere
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(Table 1, Table 2). pH values changes of pickled in mayonnaise marinade venison and beef during
storage are shown on Fig.1.
b
5,6

5.6
5.6
5.5
5.5
5.4
5.4
5.3

R² = 0.8795
R² = 0.8215
R² = 0.9017

pH value

pH value

a

5,4

2

R = 0,8663

5,2

2

2
R = 0,9518 R = 0,9594

5,0
4,8

0

4

8

12

16

20

0

4

8

12

16

20

Storage time, days

Storage time, days

Fig.1. pH values changes of pickled in mayonnaise marinade
venison (a) and beef (b) during storage.
: air ambiance; : C02 40%+N2 60% (without (-) oxygen scavenger);
scavenger).

: C02 40%+N2 60% (with (+) oxygen

3.2. Moisture
The results of the present study did not point to significant variations (p>0.05) in moisture content in
air ambiance-packaged venison and venison stored in MA with/without an oxygen scavenger.
Significant differences were observed (p<0.05) in moisture content among in air and under modified
atmosphere with/without oxygen scavenger packaging beef. However, moisture content decreased of
both investigated meat samples during storage irrespective of the packaging method. Less moisture
loss during storage observed in meat samples packed in air (beef) and under C02 40%+N2 60% (with
oxygen scavenger) atmosphere (venison) (Table 1 and Table 2). Moisture decrease mainly was
influenced by protein denaturation during storage. Protein change their hydrophilic properties and
water released from meat. Moisture content changes of pickled in mayonnaise marinade venison and
beef during storage are shown on Fig.1.
3.3. Fat
During the storage of meat, a significant differences (p<0.05) was observed in fat content among in air
ambiance-packaged meat and meat stored in MA with/without oxygen scavenger. Fat content was only
quality parameter increased throughout the entire period of storage of pickled meat packaged in air
and MA (Table 1 and Table 2). The increasing in fat content of package venison (4.18-5.31) was
higher than package beef (4.45-5.24). Initial fat content of venison was 0.84% (beef 0.55%). After
marinating fat content increase until 4.18% (venison) and 4.45% (beef). Such results could be
explained by the fact that fat from mayonnaise overpass to meat. This process will continue first four
storage days. After four day storage there was not found main differences in fat content. Fat content
changes of pickled in mayonnaise marinade venison and beef during storage are shown on Fig.2.

21

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
a

R² = 0,8103

70
69
68

R² = 0,8741

67

R² = 0,9331

66
0

4

8
12
16
Storage time, days

20

Moisture content, %

Moisture content, %

71

b

71
70
69
68
67
66
65

R² = 0,8848

R² = 0,9546

Fig.2. Moisture content changes of pickled in mayonnaise marinade
venison (a) and beef (b) during storage.
: air ambiance; : C02 40%+N2 60% (without (-) oxygen scavenger);
scavenger).

: C02 40%+N2 60% (with (+) oxygen

5,4
5,2
5,0
4,8
4,6
4,4
4,2

b

Fat content, %

Fat content, %

a
5,4
5,2
5,0
4,8
4,6
4,4
4,2
4,0
0

4

8
12
16
Storage time, days

20

Fig.2. Fat content changes of pickled in mayonnaise marinade venison (a) and beef (b) during storage.
: air ambiance; : C02 40%+N2 60% (without (-) oxygen scavenger);
scavenger);

: C02 40%+N2 60% (with (+) oxygen

3.4. Protein
In the present research was found significant differences (p<0.05) in protein content among in air
packed meat and meat packed under C02 40%+N2 60% atmosphere with/without an oxygen scavenger
(Table 1 and Table 2). During storage protein content in both investigated meat samples decrease.
Slow decline protein content of venison package under MA with an oxygen scavenger and beef
package in air. One of the reasons of protein content decrease could be explained with un-adventitious
microflora growing within meat storage as a result protein was divided. Protein content changes of
pickled in mayonnaise marinade venison and beef during storage are shown on Fig.3.
a
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Protein content, %

20,5
R² = 0,9572

20,0
19,5

Protein content, %

22,0

21,0

21,5
21,0
R² = 0,8469

20,5
R² = 0,78

20,0

R² = 0,9721

19,5

R² = 0,9486

0

R² = 0,8673

4

8
12
16
Storage time, days

20

Fig.3. Protein content changes of pickled in mayonnaise marinade venison (a) and beef (b) during
storage. : air ambiance; : C02 40%+N2 60% (without (-) oxygen scavenger); : C02 40%+N2 60% (with (+)
oxygen scavenger).

4. CONCLUSIONS
With this study we have observed the dynamics of the some of main parameters that affected deer
meat and beef (for comparison) quality pH, moisture, fat and protein content package in air and
modified atmosphere (C02 40%+N2 60%) with/without oxygen scavenger.
Significant changes in pH value, moisture, fat and protein content were determined among air and
under modified atmosphere with/without oxygen scavenger packaged beef.
Significant differences in pH value and moisture content in analysed venison samples among packages
were not found. However, slower quality parameters changes were observed of venison packed under
modified atmosphere with oxygen scavenger.
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Abstract
In the last years the interest in new synthetic and natural titanosilicates has increased. Due to the
tunable pore diameter and other distinct characteristics, these materials can be utilized for
commercially important separations of gas mixtures of similar size molecules, catalysts and removal
of radioactive elements from nuclear waste. However, from the point of view of industrial synthesis,
scale-up complicated technology and high cost of the agents are limiting factors, hence it is of interest
to research new materials to replace expensive pure titanium precursors and stimulate studies to
develop an efficient technology. The results of synthesis of the new nanoporous titanosilicates using
cost efficient ammonium oxysulphotitanate are presented. By carefully selecting the titanium sources
and synthesis parameters, it is possible to obtain titanosilicate Na2K(Ti4(OH)(SiO4)3 analogue of the
mineral pharmacosiderite.
Key words: Titanosilicate, synthesis, ammonium oxysulphotitanate, ETS-4, ETS-10, ivanyukite
1.INTRODUCTION
Zeolites are among the most valued commercial products finding use as ion exchangers because of
thermal and radiation stability, high selectivity, and fairly good adsorption properties (Linssen et al.,
2003). They have found a wide application due to the possibility of producing them in pelleted form
acceptable for industrial usage. However, alumosilicates are chemically unstable in acidic and
alkaline media, which limits both their service life and commercial uses. Hence is the importance of
searching for new ion exchange materials.
From this point of view, hetero-polyhedra framework materials with nano- and microporous
structures, and many of the rare mineral alkaline titanosilicates and their synthetic analogues, in
particular, are of special interest to investigate (Rocha and Anderson, 2000). It is known that there are
several families of titanosilicates with nano-porous structures. Their unique properties are due to
tunable pore diameter and geometric parameters of the crystal lattice facilitating their selectivity to
certain ions and molecules. These materials have high chemical stability and can be used for safe
storage and removal of radioactive elements from nuclear waste. Other applications of nano-porous
titanosilicates are based on modified titanosilicate matrixes.
One of the most widely studied titanosilicates is ETS-4 with a structure similar to that of the natural
mineral zorite (Na, Ca, Mn,)8(K)(Ti, Nb)5[(Si6O17)2(OH,O)5 12–14H2O (Gruciani et al., 1998,
Depmeier, 2009). The crystal structure of zorite (Fig. 1) is based upon an open framework of SiO 4
tetrahedrons, TiO6 octahedrons, and TiO 5 pyramids; the cavities are occupied by Na+ and K+ cations,
and H2O molecules (Spiridonova et al., 2011). Large K+ cations are located within the large
octangular channels. The Na1 site is approximately at the center of a 6-membered ring formed by four
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silicate tetrahedrons and two Ti octahedrons, whereas the Na2 site blocks a 7-membered ring formed
by four silicate tetrahedrons and three Ti polyhedrons. The presence of extra-framework exchangeable
cations (Na+ and K+) determines the ion-exchange properties of ETS-4 to mono-and divalent metal
ions, including hazardous elements. This material can be used as a selective adsorbent suitable for
commercially important separation of gas mixtures of molecules with similar sizes in the range of 4.03.0 Å such as N2/CH4, Ar/O2 and N2/O2. Moreover, the presence of titania nanowires in the ETS-4
structure find potential applications in the area of nonlinear optics, semi-conductors and sensors.
Microporous titanosilicate ETS-10 ((Na, K)2TiSi5O13) is a modified ETS-4 with large pores in the
framework (Fig.2). The difference between the structures stems from the high amount of defect groups
in ETS-4 and/or from the growth of various titanosilicate phases ( Pavel et al., 2002). The presence of
each tetravalent Ti atom in an octahedron generates two negative charges, which are balanced by nonframework and exchangeable cations Na + and K+. Such a unique framework property has
demonstrated unusual adsorption properties towards mono-, di-, and even tri-valent cations under
chemically harsh conditions (Celestain and Clearfield, 2007, All-Attar et al., 2003, Lopes et al., 2007).
Like zorite, ETS-10 contains monoatomic –O-Ti-O-wires embedded in an insulating SiO 2
environment that leads to a one-dimensional quantum confinement of electrons or holes within this
wire which promotes the formation of optoelectronic and nonlinear optical properties. The oxidizingreducing properties of ETS-10, being the result of reduction of a part of Ti4+ to Ti3+ using Na vapour,
make ETS-10 attractive in battery technology (Bal et al., 2000, Krisnandi and Howe, 2006).

Na2
K

Na1

Fig. 1. Titanosilicate frameworks of zorite and ETS-4
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Fig. 2. Titanosilicate framework of ETS-10
Another promising ion-exchanger is ivanyukite-Na (Na2K[Ti4(OH)O3(SiO4)3]·7H2O) discovered in
the Khibiny alkaline massif in 2009 (Yakovenchuk et al., 2009). Its crystal structure is based upon a
3-dimensional framework of the pharmacosiderite type (Yakovenchuk et al., 2011) and consists of
fundamental building blocks of four edge-sharing TiO6-octahedrons interlinked by SiO 4 tetrahedrons
(Fig. 3). The resulting framework has a 3-dimensional system of channels defined by 8-membered
rings occupied by Na+ and K+ cations and H2O molecules.

Fig. 3. Crystal structure of ivanyukite-Na-T (Yakovenchuk et al. 2011)
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It was found that three atoms per formula unit of Na+ and K+ in original ivanyukite-Na can be replaced
by 3 atoms of Tl+, 2.8 anoms of N2H5+, 2.5 atoms of Rb+, 2.2 atoms of Cs+, 1.8 atoms of NH4+, 0.8
atoms of Sr2+, 0.7 atoms of Co2+, 0.1 atoms of Ni2+ and 0.2 atoms of La3+. Rb-, Cs-, Tl-, N2H5- and
NH4. These substituted phases are water-free and very stable over a wide range of pH and at high
temperatures, which means that this compound can be used not only for the removal of radioactive and
hazardous metals from waste solutions but also for their immobilization in the stable titanosilicate
matrix (Yakovenchuk et al., 2009).
There are known several methods of titanosilicate synthesis, including mechanochemical synthesis,
co-precipitation, and the sol-gel method. In a typical synthesis, chemically pure sodium silicate and
titanium-containing solutions are mixed and stirred followed by the hydrothermal treatment at 1502300 in an autoclave for about 30 days. At present, the efforts of many investigators are directed
towards titanium and silica precursors and alkali effect on crystallization and phase purity. TiCl 3 and
TiCl4 are a much-used titanium source. For example, using TiCl3 Rocha reported (Rocha et al, 1998) a
method for a rapid (less 20 h) synthesis of ETS-10. The studies carried out by Lv (Lv et al., 2004)
have shown that under proper conditions the thermodynamically stable TiO2 phases of anatase and
rutile can be used as an alternative titanium source, but the synthesis of ETS is accompanied by the
formation of anatase and quartz. In the work (Kim at al., 2003) the authors presented a comparative
study of different silica precursors (sodium silicate, Ludox AS-40 and fumed silica). The presence of
+
ion was found to facilitate converting of the titanosilicate gel to the crystalline phase of ETS-10 (
Kim et al., 2002, Noh et al., 2006). As shown in (Lv et al., 2004, Pavel et al., 2002, Yang et al., 2001),
the reactive titanium chlorides also initiate the formation of the ETS-10 structure, but their excessive
sensitivity to moisture requires special equipment. When using titanium fluorides as TiF 4 or
(NH4)2TiF6, the ETS-10 phase can be obtained only at a molar ratio of F/TiO2<0.6. Further increase of
fluorine leads to the emergence of a quartz phase in the sample.
However, from the point of view of industrial synthesis, scale-up complicated technology and high
cost of the agents are limiting factors, hence it is of interest to research new materials to replace
expensive pure titanium precursors and stimulate studies to develop an efficient technology.
2. MATERIAL AND METHODS
2.1 Sample preparation
In this research, we planned to obtain the following titanium silicate products: ETS-4 (zorite); ETS-10
– (Na, K)2TiSi5O13; naticite – Na2TiSiO5; ivanyukite -Na – Na2K(Ti4(OH)O3(SiO4)3. The titanium
precursors were cheap technical products of the Khibiny apatite-titanite-nepheline ore processing
(Lazareva et al., 2006, Gerasimova et al., 2009) ammonium oxysulphotitanate in the monohydrate
form (NH4)2TiO(SO4)2.H2O (AOST); titanium hydroxide containing 54% TiO2, and also titanium
dioxide of the anatase modification. The source of silica was hydrated SiO2, fumed silica with SA120m2/g, and solutions of sodium silicate, potassium fluoride and sodium hydroxide. The titanium
silicates were produced by hydrothermal synthesis, whereby the prepared mixtures of starting
components (
10-11) were kept in an autoclave at the temperature of 200 for 2-4 days. The
precipitate was washed with water and dried at 100 . The consumption of main components for
titanium silicate synthesis was (moles): ETS-4 – TiO2 : 2.75SiO2 : 2.6Na2O : 1.25KF : 137H2O; ETS10 - TiO2 : 5.5SiO2 : 4.84Na2O : 2.5KF : 250H2O; naticite – Ti 2 : 0.8Si 2 : 1.85Na2 : 0.35KF :
50H2O; ivanyukite-Na – Ti 2 : Si 2 : 0.8Na2 : 0.15KF : 20 2 .

28

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
2.2. Sample characterization
The obtained solid phases were dissolved in HF-HNO3-HCl and the concentrations of the elements
were determined using an ICPE-9000 spectrometer.
Powder X-ray diffraction studies of synthesized samples were performed using a Siemens D 500
diffractometer with a monochromatic Cu K radiation ( =1.5418 Å).
A Micrometrics ASAP 2000 analyzer was used to characterize the surface properties and porosity of
the materials obtained. All samples were degassed at 373 K for 4 h prior to N 2 adsorption/desorption
measurements. The specific surface area was calculated using the BET equation. The total pore
volumes of samples were determined by converting the amount of adsorbed nitrogen at a relative
pressure 0.995 to the volume of liquid nitrogen. The external surface areas, micropore surface areas
and micropore volumes were determined by the t-plot method. Pore size distributions were determined
by the BJH method using the desorption branch of corresponding isotherms. The morphologies of the
samples were studied using a Philips XL 30 scanning electron microscope (SEM) equipped with a
LaB6 emission source.
The adsorption measurement was conducted using a batch mode. The Cs+, Sr2+ and Cu2+ ions obtained
from the chloride salt were selected as adsorbates. The initial concentration of the metals was chosen
as [Cs+]-8mM, [Sr2+]-8.5 mM, [Cu2+]-5.5mM. About 0.2 g of the solid sample was added to the
metallic solution with the volume-to-mass ratio of 200:1 (ml/g). The contact time was 24 h under
constant shaking. The initial and final concentrations of the metal ion were determined using an AAS300 (Perkin-Elmer) atomic absorption spectrometer. The results were reproducible within the range of
experimental error.
3. RESULTS AND DISCUSSION
3.1 Structural characterization of the titanosilicate samples
The crystallinity and purity of titanosilicate products largely depend on the molar composition of the
initial agents, sources of titanium and silica, and synthesis regime. In our work, the synthesis
conditions were selected so as to obtain a desired titanosilicate. The molar ratio of the reaction mixture
composition was chosen as an optimum from the previous results. The effect of the nature of
components and hydrothermal regimes on crystallization of titanosilicates from gels with an optimized
composition was examined.
The easiest-crystallizing material was a densely packed titanosilicate with the naticite structure (Fig.4).
The compositional study was based on the molar composition previously described and aimed at
determining the influencing factors, in particular, the effect of different titanium and silica sources
(solutions of AOST ore sodium silicate, solid TiO2 ore hydrated SiO2) and the effect of alkali content,
on crystallization regarding the crystallinity and purity phase. It was found that only excess alkalinity
significantly affects the phase purity of naticite.
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Fig. 4. SEM image of naticite particles and an XRD pattern of naticite powder.
For ETS-4, the final phase strongly depends on the Ti sources. It was observed that a solution obtained
from cheap and local technical AOST was the best titanium precursor. Moreover, AOST can produce
pure ETS-4 within a short crystallization time in the absence of seeds (Fig.5).

Fig. 5. SEM image of ETS-4 rosettes and an XRD pattern of ETS-4 powder
The synthesis of ETS-10 was carried out at 200 C from the AOST, sodium silicate and an alkali
reagent in the presence of potassium fluoride. The results have demonstrated that this titanosilicate
with a high crystallinity and well-defined morphology can be successfully synthesized at high water
contents and low alkalinity within 48 h of reaction. The rate of the crystalline phase formation from an
AOST solution is faster due to higher activity of titanium (IV) compared to the ammonium-free
TiOSO4 solution.
We failed to synthesize ivanyukite Na by the method described above (the resulting products of
hydrothermal synthesis contained mostly anatase with amorphous silica as an impurity). This can be
due to the difference of its molar composition from other titanosilicates. The nature of initial titanium
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and silicon-containing precursors, ore loading or synthesis conditions prior to autoclave treatment did
not significantly affect the pure phase crystallization. The main reason for the failure appears to be the
higher activity of titanium sulfate in forming of hydroxocomplexes compared to silica precursors,
which makes it difficult to prepare homogeneous titanium silicate gels as a Ti-O-Si-O-Ti bridge
complex.

Fig. 6. SEM image of ETS-10 crystals and an XRD pattern of ETS-10 powder.
Based on the aforesaid, we synthesized ivanyukite (Fig.7) in the following manner. An AOST solution
was mixed with a sodium silicate solution. The obtained translucent thick gel was stirred vigorously at
room temperature for 12 h. The resulting gel was then filtered, washed with water and mixed with a
NaOH+KF solution. The molar ratio of the components was stoichiometric to the chemical
composition of ivanukite. The final reaction mixture was held in an autoclave for 2 days at 200 .
After the reaction was completed, the solid product was washed with water and dried at 80 .

70 0

100

60 0
50 0
40 0

I

211

30 0
20 0

110
111200

300
220 310

10 0

400
410
411

422

0
0

10

20

30

40

2

Fig. 7. SEM image of a crystal of synthetic ivanyukite and its XRD pattern
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3.2 Surface and adsorption properties of the final products
The adsorption properties of titanosilicates depend on their structure. Table 1 presents the data on
porosity of the products synthesized. In comparison with ivanyukite, the total pore volume of both
S-4 and E S-10 titanosilicates is smaller by an order of magnitude. According to the data of pore
volume and pore diameter, both the E S-4 and ETS-10 have narrow mesapores, whereas amorphous
titanium silicates have large mesapores. The adsorption capacity of crystalline titanosilicates
diminishes in the series ETS-10>ETS-4>naticite (Table 2).
Table1. Surface properties of different titanosilicates
SA, m2/g

Pore volume, m3/g

26.81

0.087

0.00495

115.3

S-4

17.5

0.023

0.00345

71.8

S-10

164.2

0.078

0.0569

80.9

115.4

0.479

0.00221

180.5

Sample
Naticite analogue

Ivanyukite+impurity

Micropore volume, m3/g

Pore diameter, Å

Table 2.Adsorption capacity (E) of tanosilicates to different cations
Sample

, mg/g
+

Cs

Sr2+

Cu2+

23.9

86.1

62.0

S-4

42.7

143.4

68.5

S-10

200.8

132,4

78.0

27.3

38,0

45.8

Naticite analogue

ivanyukite +impurity

CONCLUSIONS
Both titanosilicates of the ETS ( S-4,
S-10) type and the naticite analogue are stably formed in
the process of hydrothermal synthesis during less than 2 days. Stability of the crystalline structure, as
well as of the surface and adsorption properties of the final products, is achieved by adding excess
amounts of silica (relatively titanium (IV)) to an alkaline medium (
10-11). The average pore
diameter does not exceed 12 nm, so the material is classified as mesoporous.
Titanosilicates with the ivanyukite structure, differing from the listed above compounds by higher
titanium (IV) contents, should be synthesized under conditions suppressing the titanium (IV) activity,
for instance, by passing it to the colloid state.
For synthesis of titanosilicates, it is possible to use cheap and local technical initial components such
as ammonium oxysulphotitanate obtained from titanite concentrate.
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ENERGY STATE CHARACTERISTIC OF RAW MATERIALS
FOR BUILDING NANO-COMPOSITES
Ludmila A. Veshnyakova, Tatiana A. Makhova, Arcady M. Ayzenstadt
Northern (Arctic) Federal University named after M.V. Lomonosov
17, Severnaya Dvina Emb., Arkhangelsk, Russia

Abstract
Samples of sand and basalt in nanodispersed state were experimentally obtained. The optimum regime
of samples disintegration was defined. Using Zisman method, values of the critical surface tension of
liquid on the border of the investigated materials and the complex Hamaker constant were calculated.
The applicability of the thermodynamic approach to the assessment of the surface energy state of
disperse systems was confirmed. The atomization energy and energy density of the dispersed samples
were calculated.
Key words: Zisman method, critical surface tension, complex Hamaker constant, free surface energy,
energy density, atomization energy.
1. INTRODUCTION
It is known that the material which is composed of two or more components, differing in composition
and genesis, where the components are combined into a monolithic structure with the optimal
combination of interface between the structural components, called the composite material. Different
compound combination of composite material is providing a certain set of physicochemical and
mechanical properties [1]. Nanocomposites are the objects were the nanoparticles are packed in a
macroscopic sample with interparticle interactions of compound much stronger than individual
particles of its components [2].
With respect to the using of micro-and nanosystems in building materials, recent studies were shown
its suitability for continuous operation in extreme conditions. This approach allows to improve such
quality characteristics of construction materials as: strength, durability, thermal and chemical
resistance, fracture toughness. Thus nanotechnology using increases the operational period and
productive life of structures [3-5].
Raw materials have a free internal energy reserve, therefore the work spent on the mechanical
disintegration of the feedstock and the new formation synthesis is reducing. Thus, a significant goal of
the building materials science is a selection of energy-saving materials with internal energy reserve,
which can be used for obtaining a material with special properties. In regard to the building materials
production, this energy criteria is used for ranking the raw materials [6]. Nano-dispersed material is a
system with surface energy excess and high reactivity, which demands a detailed study of the changes
in the properties of composites. The development of methods for creating surfaces nanomodified
dispersed materials is required as well [7].
In our opinion the comprehensive approach to the nanocomposites formation with the optimum
composition of nanoscale components, involves the algorithm designing for the surface energy
parameters calculating. This algorithm must be based on the thermodynamic evaluation of the
nanofillers surface energy properties. [7, 8].
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The actual value of the energy of solid surface cannot be evaluated. Thus, the parameter for the solid
body is a measure of energy reserve in the decompressed surface layer (a measure of the free surface
energy) [5, 9, 10].
Research shows that the critical surface tension of the system ( c) determines the nature of the
components, forming the material surface. Consequently, the critical surface tension c defines the free
surface energy reserve. The cohesive resistance of particles in the composite material is characterized
by the complex Hamaker Constant (A*). Hence, an algorithm was designed to determine the surface
state energy of the nanodispersed materials through the critical surface tension and the complex
Hamaker constant [11]. This algorithm includes the Zisman method [12] and implemented with up-todate equipment (EasyDrop).
In according to the above, the main aims of the study were identified. They are:
an experimental obtaining of nanosized systems from raw materials of the
Arkhangelsk region,
the definition of the critical surface tension and the complex Hamaker constant for
these systems,
comparative analysis of received data and the energy parameters, calculated on the
thermodynamics basis.
2. EXPERIMENTAL
2.1.
Materials
As investigated materials we selected polymineral river sand (the main minerals of its components are
quartz, calcite, feldspar, gypsum, mica) and basalt grit, selected from the basalt deposit from mountain
named ‘Myanduha’ near Arkhangelsk region [13]. The fineness of the sand grain ranges from 1.6 to
1.8 mm. Sand was pre-washed from the clay inclusions. The samples were dried and adjusted to a
constant weight at 1050C.
2.2.

Methods

The chemical composition of the samples was characterized by X-ray fluorescence spectroscopy with
the spectrometer Shimadzu EDX-800 HS.
Dispersion process was carried out on a Planetary Ball Mill (Retsch PM100) and Colloidal Mill (IKA
magic LAB).
The particle size was tested on the system for determination particle size and zeta potential (Delsa
Nano Series Zeta Potential and Submicron Particle Size Analyzers) by measuring the dynamic and
electrophoretic light scattering.
EasyDrop system was used for implementing the contact angle measurements and assessment of
surface quality of treated materials.
Zisman method was applied for defining of individual energy characteristics of the investigated
materials. As the result, the dependence of cos = f ( ) for the water-ethanol mixture with alcohol
volume range 50-100 percent, in case the surface was formed by the particles of the dispersed system,
was obtained. The critical surface tension c was defined by the averaged curve extrapolation to
cos =1.
The density of the sand was determined by pycnometer test. The basalt density was tested by weighing
waxed samples in water.
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3. RESULTS AND DISCUSSION
The investigated samples are similar in amount content (in terms of oxides) such components as SiO 2
(47-56%), MgO (8-19%), Fe2O3 (5-13%), CaO (4-14%), Al2O3 (9-14%). The chemical composition of
sand and basalt samples in terms of oxides, as well as the molar mass of the oxides is presented in
Table 1.
Table 1. The composition of the samples in terms of oxides,%.
Analyte

Sample
Sand

Basalt

Molar mass of the oxide, g/mol

SiO2

58,111

47,752

60,1

MgO

8,473

14,599

40,3

Al2O3

9,291

13,803

102,0

Fe2O3

5,053

13,094

159,6

CaO

14,663

8,289

56,1

0,891

62,0

*

Na2O

-

TiO2

0,783

0,531

81,9

K2O

2,402

0,317

94,2

SO3

0,146

-*

80,1

P2O5

0,618

*

142,0

Cr2O3

-*

0,266

152,0

*

123,2

-

ZrO2

0,040

-

ZnO

0,024

-*

81,4

0,221

153,3

*

BaO

-

MnO

0,319

0,218

70,9

SrO

0,022

0,019

103,6

NiO

0,055

-*

79,5

* - component is not detected
The optimum regime of samples disintegration was defined. This regime means that the minimum
particle size of dispersed samples and the high reproducibility of results for each of the investigated
samples were obtained.
The required reduction ratio of sand was achieved due to dry disintegration by Planetary Ball Mill.
The grinding duration was 120 minutes with the rotary speed 420 rpm. As the result we got dispersed
material with average size 313.4 ± 89.9 nm. The subsequent fragmentation of the aqueous suspension
of the sand sample was carried out on a Colloidal Mill. The grinding duration of the second
disintegration was 30 minutes with the rotary speed 16,000 rpm. The final reduction ratio of the
sample amounted to 102.0 ± 29.9 nm. Fractional composition of the dispersed sample (95%) presented
in Table 2. The test report of sand size determination is shown on Fig. 1.
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Table 2. Fractional composition of the sand.
Grind time t,
min

Fraction size, nm / Content,%
1

2

3

4

5

6

7

Average size,
nm

120

240,5/21

259,9/18

280,9/15

303,6/12

328,2/9

354,7/7

383,4/5

313,4±89,9

30

81,1/25

88,7/20

97,1/16

106,2/12

116,2/9

127,1/6

139,0/4

102,0±29,9

Fig. 1 - Average particle size of sand implemented by Delsa Nano
Basalt is rather stable, hard and abrasive rock. Owing to these causes basalt has a grinding limitation
of using the Colloidal Mill. Therefore, the required reduction ratio of basalt was attained by wet
disintegration on the Planetary Ball Mill for 120 minutes with the rotary speed 420 rpm. In total,
average size of the dispersed basalt grit was 102.8 ± 28.2 nm. Fractional composition of the dispersed
sample (89%) of basalt is presented in Table 3. The test report of basalt size determination is shown on
Fig. 2.
Table 3. Fractional composition of basalt.
Grind time
t, min

Fraction size, nm / Content,%
1

120

77,0/17

38

2
83,7/17

3
90,9/16

4
98,9/ 14

5
107,5/11

6
116,8/8
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Fig. 2 - Average particle size of basalt implemented by Delsa Nano
In order to determination individual energy characteristics of the dispersed objects there are test
models were made. These modelss were produced by compaction of the dispersed samples to the
metal mould with the diameter 10 mm. The compaction value was 1.5 kPa.
The calculation of the critical surface tension (as well as surface energy) c produced due to the cos =
f( zh) graph construction for the samples (extrapolation at cos
1). Also the complex Hamaker
constant was defined owing to the cos -1 = f (1/ zh) graph construction. Those experimental data,
namely the tangent of the inclination line of cos -1 = f (1/ zh), which is multiplied by the constant
12 hmin2, is equal to the value of A* [8] (hmin = 0.24 nm). Functional dependences of cos = f ( zh) and
cos -1 = f (1/ zh) for the samples of sand and basalt, derived from experimental and calculated data,
are shown on Fig. 3 and 4. The Tables 4 and 5 includes values of calculated and experimental data.

Figure 3 - Functional dependence of cos = f (
for dispersed samples of sand and basalt.
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liq)

Figure 4 - Functional dependence of cos -1 =
f(1/ liq) for dispersed samples of sand and basalt.
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Table 4. Coefficients in the equation cos =a.
Dispersed
sample

liq+b

and

c

value for the samples

Approximation accuracy, R2

Coefficient

c,

N/m

b

Sand

-0,018

1,4

0,8

22,6

Basalt

-0,044

2,1

0,9

24,5

Table 5. Coefficients in the equation cos -1=a/
Dispersed sample

liq+b

and complex Hamaker constant for the samples

Approximation accuracy, R2

Coefficient

*.1020, J

b
Sand

0,018

-0,8

0,8

4,0

Basalt

0,034

-1,4

0,9

7,3

With respect to the physic-chemical bases of the crystal energy science of solid materials, energy
density is known as one of the characteristic of the free energy value of solids (minerals) [14]. The
energy density calculation is based on the values of the atomization energy of the substance.

E
V

Ev

(1)

where E – calculated atomization energy, kJ/ mol
V – molar volume of the compound, m3/mol, which is determined according to:

V

M
(2)

where

- molar mass of the sample, kg/mol

- density of the sample, kg/m3.
For the majority of minerals the energy density is already calculated [14]. However, for the raw
materials rock with multicomponent structure, this approach was tested for the first time. The
atomization energy means endoergic effect, with transformation of one mole of a simple substance
into non interacting atoms with free state. Thus, the atomization energy of the crystal is consists of the
total amount of its standard enthalpy of formation and heat of formation of the constituent atoms [15].
The atomization energy E of sand and basalt was counted. According to the percentage in the
complex compound, the molar ratio values were used in this calculation (Table 1). The density of the
dispersed samples of basalt and sand was 3050 kg/m3 and 2070 kg/m3, respectively. Computed values
of the heating effects are shown in Table 6.
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Table 6. Enthalpy of formation of elements and their compounds
Element

The enthalpy of
formation of the
element, Hf,
298,15

Source

Oxide

Al

329,7

[16]

Al2O3

Ba

179

[16]

Ca

177,8

Cr

The enthalpy of
formation of the
element, Hf, 298,15

Source

Calculated
atomization energy
E , kJ/mol

-1675,7

[16]

3082,61

BaO

-548

[16]

976,17

[16]

CaO

-635,09

[16]

1062,06

397,147

[17]

Cr2O3

-1140,6

[17]

2682,404

Cu

337,6

[18]

CuO

-156,1

[18]

742,87

Fe

413,3

[18]

Fe2O3

-823,4

[18]

2397,51

K

89

[17]

K2O

-361,7

[17]

788,87

Mg

147,1

[16]

MgO

-601,5

[16]

997,77

Mn

283,3

[18]

MnO

-382,5

[18]

914,97

Na

107,5

[17]

Na2O

-414,57

[17]

878,74

Ni

430,1

[18]

NiO

-239,7

[18]

918,97

249,17

[19]

-

-

-

-

P

316,4

[19]

P2O5

-1498,12

[21]

3376,77

S

277,03

[19]

SO3

-438,4

[18]

1462,94

Si

450

[20]

SiO2

-910,7

[20]

1859,04

Sr

160,5

[16]

SrO

-590,5

[16]

1000,17

Ti

473,715

[17]

TiO2

-944

[17]

1916,055

Zn

130,4

[18]

ZnO

-350,46

[21]

730,03

Zr

599,293

[17]

ZrO2

-1100,3

[17]

2197,933

Table 7 presents the calculation data such as atomization energy E and the energy density Ev defined
for the test models. These data is indicate a significant free energy reserve of dispersed basalt .That
means, basalt is a material with a high value of energy density. This property can be used to strengthen
the structure of composite materials based on basalt. The dispersed sand can be attributed to the
material with a middle value of energy density [14].
Table 7. The calculated energy characteristics of the investigated materials
Sample

c,

N/m

* .1020, J

E , kJ/mol

Ev, kJ/cm3

Sand

22,6

4,0

1789,8

55,96

Basalt

24,5

7,3

1892

80,97
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4. CONCLUSION
The calculation of the energy density values and the complex Hamaker constant for nanosized
materials were performed. The complex Hamaker constant for the nanosized materials was calculated,
it’s value for basalt and sand was 7.3 10-20 J and 4.0 10-20 J, respectively. In the comparison of
nanosized basalt to nanosized sand, basalt has a more pronounced ability to form rigid interparticle
interactions.
Moreover, obtained data are comparable with the classification of rocks, resulting the dependence of
the surface free energy with the raw material genesis [6]. Thus, a good convergence of our results with
classical ideas about rock energy content, depending on the genesis and the thermodynamic
parameters of the energy density, shows the selected criteria ( c and A *) as characteristic of the
surface energy state of nanosized materials.
REFERENCES
1. Karabasov Y.S. New materials. Moscow: "MISIS". - 2002. 736p.
2. Sergeev G.B. Nanochemistry. Moscow: Moscow State University Press, 2007. 336p.
3. Ryzhonkov D.I. Nanomaterials. Moscow: BINOM. Laboratory of Knowledge, 2008. 365 p.
4. Andrievsky R.A. Nanostructured materials - Moscow: Publishing center "Academy" in 2005.
192p.
5. Gusev A.I. Nanomaterials, nanostructures, and nanotechnology. Moscow: FIZMATLIT, 2005.
416p.
6. Lesovik V.S. Enhancing the effectiveness of building materials production with regard to the
genesis of rocks: Scientific publication. Moscow: Publishing House of the Building
Universities Association, 2006. 526 p.
7. Tutygin A.S., Aisenstadt A.M., Veshnyakova L.A. Thermodynamic approach to the
estimation of the energy surface properties of nanocomposites / Innovative Materials and
Technologies: BSTU, Part 4. 2011. P. 261-267.
8. Frolova M.A., Tutygin A.S., Aisenstadt A.M. Estimation criteria of the surface energy
properties/ Nanosystems: Physics, Chemistry, Mathematics, 2011, 2 (4), p. 120-125.
9. Roldungin V.I. Physical chemistry of surfaces: The textbook, monograph. - Dolgoprudny:
Published house "Intelligence", 2008. - 508 p.
10. Smirnov V.A. Size effects and topological characteristics of nanomodified composites / V.A.
Smirnov, E.V. Korolov, A.I. Albakasov // Nanotechnologies in Construction: A Scientific
Internet-Journal.
: CNT «NanoStroitelstvo».2011.
4 (14). . 17–26. URL:
http://www.nanobuild.ru.
11. Frolova M.A., Tutygin A.S., Aisenstadt A.M. Application of thethermodinamic approach to
the assessment of the surface energy state of the disperse materials / Nanotechnology in
Construction: Research online journal, MA: CNT "NanoStroitelstvo." 2011, 6, p. 13-25;
12. Gelfman M.I., Kovalevich O.V., YUSTRATOV V.P. Colloidal chemistry. 4th ed. - St.
Petersburg.: Publisher "Lan", 2008. – 336p.
13. Tutygin A.S. Natural raw materials of building purpose in the North Arctic region. Mineral
resources base of the Arkhangelsk region. Arkhangelsk: N(Ar)FU, 2011. - 148 p.
42

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
14. Zuev V.V., Potselueva L.N., Goncharov Y.D. Crystal energy as a basis for assessment of the
magnesia properties of solid state materials (including magnesium cements). St. Petersburg,
2006. – 139 p.
15. Zuev V.V. Formation enthalpy estimation of complex minerals with assorted cations and
anions / / Geochemistry, 1988, 7. P. 961-967.
16. Gurvich L.V. Thermodynamic properties of individual substances. Reference book: volume
III. Book 2. Moscow: Science, 1981. 400 p.
17. Gurvich L.V. Thermodynamic properties of individual substances. Reference book: volume
IV. Book 2. Moscow: Science, 1982. 560 p.
18. M. Binnewies, E. Milke Thermochemical Data of Elements and Compounds, Germany, 2002.
942p.
19. Gurvich L.V. Thermodynamic properties of individual substances. Reference book: volume I.
Book 2. Moscow: Science, 1978. 328 p.
20. Gurvich L.V. Thermodynamic properties of individual substances. Reference book: volume II.
Book 2. Moscow: Science, 1979. 344 p.
21. Barin Ihsan, Thermochemical data of pure substances - Weinheim; New York; Base1;
Cambridge; Tokyo: VCH., 1995. 2003p.

43

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
DIRECT DEMOCRACY AS A MEANS OF REDUCING THE GAP BETWEEN
THE GOVERNMENT AND SOCIETY IN LATVIA
Maija Vorslava
Faculty of Economics and Management, University of Latvia
19 Raina Blvd., Riga, Latvia

Abstract
In 2011, a Referendum on the dissolution of the Parliament was held in Latvia. The Referendum
results showed that the majority of the electorate want a change - it is neither satisfied with the
previous democracy form of the parties, nor with the manifestation of them in the activity of the state
and local governments.
This article looks at the tendency to involve the public more broadly in opinion polls, ballots and
referendums on controversial and sensitive issues. The article reveals that the direct democracy forms
of using modern information technology lead to the confrontation with the existing administrative
system and encourages reforming it.
Key words: direct democracy, referendum, initiative agenda, public administration reforms
1.INTRODUCTION
In 2011 for the first time in Latvian history, a referendum on the dissolution of the Parliament was
held. Release of the 10th Saeima was supported by 94.3% of the electorate. 1 The referendum result
was a vivid protest vote and the proof that the authority has alienated itself from the people. The
absence of public confidence is of one of the key problems in Latvia as it is threatens the foundations
of the Latvian State.
A large proportion of Latvian society believes that Latvia’s development is not carried in the right
direction, that the politicians in power do not work for the whole public interest but rather engage in
politics to solve their problems, or to represent the interests of businesses or business groups. The
situation is further aggravated by the socio-economic situation and the negativism in the media.
As a result, a very large part of population expatriate to other countries in search of a better life and
they do not tie their future with Latvia. The remaining part of the public does not believe that the
politicians will be able to foster to the country’s development after its emerging from the crisis.
However, without the restoration of the public confidence in public institutions, stability and growth in
Latvia is not possible.
One of the solutions is a broader involvement of the population by giving everyone an opportunity to
influence the European, the national or the local events.
Education level of the Latvian population and the broad access to the Internet are the factors which
suggest that the form of direct democracy could be one of the ultimate solutions for the public
administration reforms. It can be assumed that the cost cutting will address the country's economic

1

The official website of the Central Statistical Bureau of Latvia <http://www.csb.gov.lv>
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problems, and will lead to the public involvement in the decision-making process to enhance the
public confidence in the authority. Similarly, the modern information technologies provide
opportunities for easier designing and implementation of organizational and technical procedures of
direct democracy and to practically demonstrate their capabilities to the people.
As the result of referendum, the interest of politicians in the application of direct democracy
instruments has increased. The part of politicians who lost the referendum, wants to use the tools of
direct democracy as a political weapon, while the other part of politicians is willing to increase the
public confidence in authority. Social and political agenda of using the direct democratic instruments
is becoming increasingly topical.
Author of this paper examines the existing and the new instruments of direct democracy, their
advantages and disadvantages, as well as the impacts of the new instruments of direct democracy on
the existing administrative system.
2. INSTRUMENTS OF DIRECT DEMOCRACY IN LATVIA
In Latvia are two types of referenda – a mandatory referendum, which must be held according to the
Constitution, as well as the referendum of the people when, by collecting a certain number of
signatures, such a referendum is initiated by the people. The referendum of 2012 on the Russian
language as the second official language has brought the question up of what matters it should not be
permitted to hold a referendum. Certain public opinion holds a view that it is necessary to define a
range of issues that are contrary to the Latvian Constitution.
Currently there is a growing interest in the municipal referenda as well, and the law provides for the
government to prepare an appropriate bill. There is some debate about the issues of the introduction of
local referenda. The key issues raised are:
on what matters it may be wise to vote for in the referendum;
how to make sure before the referendum that the voted will be enforced;
how to make sure that the issues in dispute are not in conflict with the fundamental principles
of the Constitution;
how to technically ensure reliability of the referendum data, if they are organized
electronically or in a hybrid system.
Recently, a new possibility of direct democracy was introduced. Of 1st February 2012, the President
announced Amendments to the Saeima’s Rules of Procedure2, which provides a completely new
instrument for the citizens - a collective application to influence the parliamentary agenda with. The
collective application, as defined in the Saeima’s Rules of Procedure, or the initiative agenda ensures
that a certain amount of citizens may propose a law or amendments to the law to Parliament, which are
to be included in the agenda of the Saeima.
The adopted amendment provides that no less than 10 000 of Latvian citizens, who have reached 16
years of age on the submission date of the application, have the right to submit a collective application
to the Saeima. A collective application should include a claim to the Saeima, its brief justification, as

2

The Saeima’s Rules of Procedure < http://www.likumi.lv/doc.php?id=57517>
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well as the individual authorized to represent the collective application applicants3. Collective
application signatures can be collected also electronically, provided that the signatories' identity and
the personal data protection are ensured.
When considering amendments to the Law of the Saeima’s Rule of Procedure of the collective
application implementation, the core subjects under discussion by the MPs were the following:
the possibility to sign the agenda of the initiative also by the non-citizens and other residents
of Latvia;
the age of citizens who can submit the initiatives;
that 5000 rather than 10,000 signatures would be sufficient;
that there will come many unrealistic and populist ideas;
promotion of the public participation;
the fact that the parties can use the new instrument of direct democracy as a political weapon.4
In Latvia, several ways were previously possible for the public representatives to turn to the Saeima:
a personal application for the Saeima;
Meeting with the MPs;
Attendance at the meetings of the Saeima commissions;
a legislative initiative.
According to 104 paragraph of the Constitution of the Republic of Latvia, everyone has the right to
submit applications to the state and the local government institutions and to receive a substantive reply
within 30 days 5. On average, the citizens submit to the Saeima between 5,000 and 6,000 applications –
both to the Saeima as an institution and to certain MPs. Citizens submit relatively active to the
legislature, but from experience one can say that mostly the citizens’ initiatives are not taken into
account by the MPs, and they remain yet within the Saeima’s Archive. Transcripts of the meetings
rarely bear the references to the initiatives of citizens, but the review of the citizens’ initiatives during
the Saeima commission meetings remains the responsibility of Chairman of the Saeima, as only the
Chair of the Commission may include specific issues in the agenda of the Commission. Up to now,
during the MPs office hours and attending the parliamentary sessions of the Commission, the public
had the opportunity to participate in the parliamentary work. However, the legitimization of collective
application enables to do so by the procedure established by the Saeima’s Rules of Procedure that
would ensure a real involvement of population in the decision-making process.
Arrangement of Application Review is determined by the Application law and in the case of the
Parliament, also by the Saeima’s Rules of Procedure. To date, the Saeima considered one person or 10
000 persons’ applications according to a single Application Review. To author's view, such an

3

Ibid.

4

Plenary agendas. The official website of the Saeima < http://saeima.lv/lv/transcripts/category/17 >

5

The Constitution of the Republic of Latvia <http://www.likumi.lv/doc.php?id=57980&mode=DOC>
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arrangement is not reasonable. If the parties have already joined and have become more motivated, it
is reasonable to set the collective application a different Application Review procedure.
An individual’s application opposed to the initiative agenda does not enter the Saeima’s agenda. Also
the argument in favour of a particular application cannot be heard from the Parliamentary rostrum.
Similarly, the initiative agenda improves the feedback to citizens, when the citizens really see that
their idea is being discussed, as the Saeima in the collective application case is legally obliged to
express its attitude in the issue of concern raised by the public. In accordance with the provisions of
the Saeima’s Rules of Application Procedure, my experience shows that an application is usually
processed by the faction or the responsible committee. However, in the collective application case, the
public representatives receive the views of the whole Saeima, as the Saeima needs to vote on the bill.
Latvia has yet another tool of direct democracy – the legislative initiative, which provides that onetenth of the electorate according to the paragraph 75 of the Saeima’s Rules of Procedure may submit
bills6. It should be noted that the draft legislative proposals are not possible to introduce by the
members of the public in Latvia.
To submit the bill to the Saeima, 10,000 signatures certified by a notary have to be collected, but after
the submission a further one-tenth, which represents approximately 150 000 of citizens' signatures,
and only thereafter the bill can be debated in the Saeima. Legislative initiative also provides that in
case the Saeima does not accept the bill, a referendum shall be held. The Saeima is also not entitled to
change anything in the specific bill. Thus, the bill should be drawn perfectly. On the one hand, the
Saeima cannot correct the bill, but on the other hand, to present an already perfectly drawn bill to the
public is problematic. For this reason, the legislative initiatives are a virtually untapped tool of direct
democracy.
So even before the introduction of the collective application there was the possibility of the legislative
initiative. But the focus should be that, unlike the legislative initiative, which also provides an
opportunity to submit the bill to the Saeima, the criteria for collecting and submitting to the Saeima the
initiative agenda have been eased.
So compared to a legislative initiative, a collective application has several advantages, and a collective
application is also much easier to implement:
The society is asked of just an idea, not a fully prepared and presented bill that would promote
community’s initiative to really engage;
Requires only 10 000 signatures rather than 150 000 signatures as for a legislative initiative
The signature does not need to be notarized, and it has fewer requirements for authentication –
both the banking authentication, the electronic signature and, possibly, the ID cards in the
future can be used for, since Latvia has not implemented them yet;
Submission of a legislative initiative is more expensive than the collective application.
It can be concluded that the public already had an opportunity to address the MPs with their views and
initiatives, but the introduction of a collective application sees an appropriate procedure for the review
of an initiative that, first, eliminates the possibility that the initiative will not be heard and dealt with,
and on the other hand, gives the representatives of society the impression that by addressing the

6

The Saeima’s Rules of Procedure < http://www.likumi.lv/doc.php?id=57517>
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Saeima the processes can be affected in the country that could improve the public involvement in the
decision-making process.
3. COMMUNITY INITIATIVES PLATFORM – THE PORTAL ”MANA BALSS”
Collection of signatures for a collective application cannot be actually achieved if there is no chance
for the potential applicants (through a portal or a meeting place) to discuss various initiatives and to
quickly and easily collect the required number of signatures. In Latvia according to the initiative of
two young people - Janis Erts and Kristofs Blauss - a portal ”Mana Balss” (“My Voice”) was set up.
The above mentioned persons addressed the Saeima with an application for such an initiative, and they
were heard, which led to a conference by the Saeima, and their idea gained support. As a result, the
work on the preparation of amendments to the Saeima’s Rules of Procedure was started. As already
mentioned above - the Saeima reviewed the Amendments in 3 readings and the amendments were
adopted of January 19, 2012.
Population has mostly a number of ideas on how to change the processes in the country, which are
presented in the portals, and brought up in daily conversations. These are the people who feel the
consequences of laws and their amendments in their everyday life best and they probably have their
own ideas of what should be changed in current legislation. A vast majority of the population is not
familiar with the complex processes in the country due to the lack of knowledge about the state and
local government processes and the opportunities to influence them. This can be explained by
deficiencies in the education system. The author's opinion it would be appropriate to establish a school
subject on the state and the local government institutions’ work and the public opportunities to
participate in it.
Society believes that the government hears only the "right" ideas, resulting in the suppressed desire of
population to get involved. In turn, the newly created portal ”My Voice” is simple from the user point
of view; in fact, no understanding is required from people on how proceed with the application. They
can simply sign an initiative, but if they have a desire to initiate a proposal, then there is the
opportunity to consult with the experts involved in the portal, whether the particular initiative is
consistent with the requested Saeima’s Rules of Procedure on which initiative to submit and whether
any legal obstacles might occur. On the one hand, it makes easier to engage, but on the other hand, it
educates the population to the government-related issues.
”Mana Balss” is a platform for community initiatives, where the identity of every voter is confirmed
by a registered online bank in the Latvian Republic. Initiatives can be proposed and signed by every
Latvian citizen from 16 years of age. Every initiative that signed by at least 10 000 citizens in a paper
form or electronically and that meets the Saeima’s legal criteria, reaches the Saeima. To sign, the users
connect to their online bank and the banking system determines the person's identity. The safety issues
are the responsibility of the banking systems. After a successful authentication, the online bank sends
the person's name, surname and identity number to www.ManaBalss.lv, where the personal data is
stored in protected databases and a person can take one vote on any initiative. Publicly available is
only the person’s name and surname. At the request of the Saeima, the signatories’ database is
compared to the public records, which will be able to verify the authenticity of all the signatories by
using its personal database. Similarly, each proposal is evaluated by experts (lawyers) in the group.
This portal provides an opportunity not only to sign the collective applications, but also to discuss and
to justify their own views, as well as to engage in discussions with other users of the portal.
As of now, from the moment of ”Mana Balss” creation, 3 initiative agendas have already been signed:
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Opening of Offshore (the bill is passed), which provides an obligation for the companies
with at least 25% of their owners hidden in offshore mailbox firms, to disclose their beneficial
owners;
Opening of the Saeima (the law is passed), which seek to guarantee the possibility when
collecting 10 000 signatures on the Internet, the public has an opportunity to submit
variety of ideas, proposals and initiatives to the Saeima for the review on agenda;

a

Responsibility for the deputy's perjury (not yet relegated before the Saeima),
which aims at
defining a specific responsibility for the MP's oath (solemn oath) termination7.
Looking at the other 30 currently unfolding initiatives, one can conclude that they relate to the key
public issues, such as a ban of fast crediting, a granting of the Latgalian language a special status, an
introduction of elections over the Internet, and others among them. One of the risks to be mentioned is
the existence of populist initiatives, but the author's opinion it is logical that the initiatives are going to
be different, including those which will not be accepted by the Saeima, but in any case, the
parliamentary majority has a choice to accept or to reject an idea by explaining this to the public.
Another risk factor is the lack of funding (see Fig. 1) for the maintenance of the portal, as currently the
largest contribution to the Public Participation Fund is drawn from the idea initiators’ financial means.
Thus the possibility of raising funds from the public funds or from the European Union funds shall be
considered that would not only allow maintaining the portal, but also improving it.
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Fig.1. Public Participation Fund supporters, LVL investments 8.
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The Internet Portal ”Mana Balss” <http://www.manabalss.lv>
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The funding issue is also related to the activity in the portal. If there was an opportunity to promote
and advertise the portal, then probably a large proportion of population who are not yet aware of this
possibility would become informed and possibly get involved.
Portal ”Mana Balss” is a new tool for the e-democracy field worldwide. The German parliament
investigates the current Latvian situation; also the United States President Barack Obama during the
presentation to the UN meeting refers to Latvia as one of the top examples of open administration,
while the British, the American, the Brazilian, the Spanish and the Scandinavian democracy activists
are interested both in Latvian and www.ManaBalss.lv experience.
4. CONCLUSIONS
Direct democracy is one of the solutions for bridging the gap between the society and the public
authority.
The possibility of a referendum to dissolve the Saeima has awakened the population and the parties’
interest in the forms of direct democracy.
Technological progress creates more opportunities for direct democracy applications.
There is a growing interest in local referendums in Latvia, but it is still an ongoing debate as to their
implementation problems.
In Latvia a new initiative is being proposed, when a large number of citizens may propose laws or
amendments to the laws, which must be considered in the Saeima.
The new initiative - the collective application - is a cost-effective and an easy way to:
influence the Saeima’s agenda;
make citizens socially and politically active;
enable the population to submit bills and to feel afterwards the consequences for their decision
themselves, which could make the citizens more responsible;
increase the citizens' knowledge of the fundamentals of the Saeima;
mark the themes for the MPs which are topical to the public.
The attitude in society and among the politicians to the new possibilities is not unambiguous and thus
requires a further research.
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Abstract
This paper describes an approach to the simulation of cognitive functions. The technological aspects
of the technical implementation of adequate communication systems (ACS) are under review. The
theoretical justification of the adequacy of the construction of semiotic systems based on neural
structures is also provided.
Key words: cognitive function, "human-machine" system, adequate communication system (ACS),
physiological patterns, ACS main useful function (MUF).
1.

RELEVANCE OF RESEARCH AND PROBLEMS OF RESEARCH OF "HUMANMACHINE" SYSTEMS

Currently, there is a need for quality changes in the principles of interaction between humans and
computer technology by switching to fundamentally new hardware and software that interpret
commands in the natural language, which are known as adequate communication systems (ACS)
[Sharonov 2011].
The need to switch to such systems is obvious, as the computational tools are increasingly used in
everyday life and at work. The complexity of industrial, scientific, and information systems that
employ the achivements of computer technology are constantly growing. At the same time, there are
problems of management of such systems, of interaction with them, of provision of certain
intelligent features to them, which features are usually carried out by humans.
We are talking about the availability of these systems to any user who has poor understanding of the
internal organization of such a system. The main criteria are the simplicity of interaction with the
system, ease of operation, possibility of using a computer system to solve any social problems. The
machine should become socially oriented!
The key issues, the problematics of which should be developed in such a situation, can be
summarized as follows. What should be the "human-machine" interaction system? What qualitative
changes are needed in order to obtain an adequate level of interaction between humans and
electronic computer technologies? What is adequate interaction? What are the quality of interaction
and high-quality interaction? And similar questions.
Certainly, the answers lie initially in the explaination of the principles of interaction of the humans
themselves, both among themselves and with the world around them. On this basis, we can talk
about developing such interaction analogs with respect to the activity models [Korochkov, 2009] of
"human-machine" systems.
The problematics associated with such modeling is related to the study of the phenomena of nontraditional fields of science and technology and has a direct analogy with the study of cognitive
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activities of the human brain and of other phenomena of speech communication. The use of the
methods and the means of technical sciences [Revenkov, 2009, Komarcova, 2002] may help
disclose the answers to the questions about the nature of the principles of human nervous system
functioning that perform cognitive activities.
The question arises as to the manner in which the use of ACS models will help make a transition to
qualitatively new technologies and principles of interaction between humans and computer
technology.
2.

ANALYSIS OF PROBLEM SITUATIONS

This article focuses on the development of an ACS model, ACS language interface, and methods of
ACS operation.
ACS main useful function (MUF) – "interaction with the user in natural language" (hereinafter,
"interaction") in order to improve the overall efficiency of the "human-machine" system.
In particular cases, this MUF can be made by a device representing a hardware-software complex (Fig.
1), including specialized software, interfaces, and hardware. The implementation of the ACS can also
be based on the use of the open structure of the neural network.
ACS interfaces – software and hardware environment that implements, in general, two functions:
internal and external. The external function provides interaction of the ACS interface with the user; the
internal, interacts with the hardware part of the ACS.
Thus, ACS interfaces have external functions: the function of conversion of commands written in a
natural language into control signals understandable to ACS hardware; and the function of conversion
of control signals into the user-friendly natural language.
In addition, the ACS interfaces implement the following internal functions: selection of the actuator
that distributes control signals between the ACS hardware actuators; delivery of the control signal to
the ACS hardware actuator; delivery of the control signal of completion of the ACS hardware actuator
activity.
ACS hardware part – a set of software and hardware that controls the cycles of the internal activity of
the ACS, processes the input control signals from the ACS interface, and formation of the output
control signals for the ACS interface in order to interact with the user and manage ACS resources.
ACS

ACS hardware part

ACS functionality (MUF
implementation result)

ACS interfaces

ACS peripheral devices

user

Interaction (MUF
implementation result)

ACS resources

Fig. 1 - "Human-machine" block interaction diagram.
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Thus, ACS basic functionality includes functions of both interfaces and hardware in the above
interpretation. The MUF is represented by several auxiliary functions (refer to Fig. 2).

ACS interface

ACS hardware

ACS interface-hardware
interaction
ACS interface-user
interaction

ACS resource management

User
Conversion of hardware
control signals to the
natural language

Peripheral devices –
user interaction
organs

Internal activity cycle
management
Formation of input
control signals for the ACS
interface

Formation of peripheral
device control signals
Conversion of the
commands in the natural
language to hardware
control signals

Processing of input
control signals from the
ACS interface

Fig. 2 – ACS MUF detailing
The considered main useful function is inherently an analog of the cognitive activity of the human
brain. It is also similar to speech communication phenomena [Holl, 2007].
In our understanding, cognitive function is a function of consciousness or model of consciousness,
which provides conversion of information or its properties in the transition from one level of the
nervous system hierarchy to another. For humans, this corresponds to the transition from one state of
the nervous system to another [Holl, 2007].
In this case, the cognitive function (ACS) is a variant of the excitation of a neural network that
transfers the ACS from one known state to another, as a result of the impact of a particular input signal
on it. Thus, the ACS MUF is to transform input data flows from the user into internal cognitive
functions that activate various ACS target states. Similarly, we can assume that the inverse
transformation is implemented in the similar way.
Thus, the essence of the existence of cognitive functions in humans is the need to convert one type of
information to the other both inside and outside his or her body. Therefore, it is necessary to clarify the
principles of information processing at different levels of the human nervous system, as well as to
study the methods of impact of different methods of external objects on these levels.
3.

ACS-USER INTERACTION MODEL

Without going into detail on the description of internal processes pertaining both to the ACS and to
the user, it is possible to describe their interaction as follows (see Fig. 3).
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For example, the user has a certain goal for the interaction with the ACS and expects of a particular
result of the ACS. This goal is the motivating factor for the user's nervous system, which encourages
him to interact with the ACS. To do so, the user uses his or her organs to produce target impact on the
ACS interfaces.
In the course of the interaction of the hardware and software system, the ACS removes it from the
equilibrium cycle of internal operations and the ACS with the use of available resources, performs
certain activity connected with the performance of certain functions of the ACS that satisfies the
specific purpose of the user. Following the implementation of the objective function, the motivational
effect on the user's nervous system is terminated, and the cycle of interaction with the ACS is
completed. The system then reverts to the equilibrium cycle of internal operations.

User-ACS
interaction
purpose
1

ACS
functions
5

User’s
nervous
system

Activity
result
expected
from the
ACS

5

User’s
target
impact on
the ACS

1

2

5

1

Motivating cycle lines
Auxiliary cycle lines

User’s
sensory
organs and
impact
organs

ACS
hardware
and
software set

ACS activity

3

2

1

4

2

4

ACS
interfaces

3

ACS
resources

Standard user motivation cycle
Standard ACS cycle

Fig. 3 – User-ACS interaction model.
This example illustrates the principle of interaction between the ACS and the user. The relationship
between the internal processes in the ACS and the user are clearly defined.
To ensure adequate functioning of this theoretical model of interaction, it is necessary that the form of
representation of the a certain possible command from the user interface be clearly perceived by the
ACS interfaces. In other words, it is necessary to ensure full compatibility of the ACS and the user in
terms of both the number of methods of transfer of information (for the user) and the number of
communication interfaces that can handle this or that information flow generated by the user (for the
ACS).
In a given situation, one can either reduce the number of methods of user interaction with the ACS or
increase the number of ACS interfaces that can perceive certain kinds of information flows.
Otherwise, the ACS must provide for such a structure of interfaces that will provide for the conversion
of any information to be transmitted to the ACS at the input to the information that it can understand.
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The set of user-generated commands either independently or through the ACS peripheral device
systems must be converted into signals of the available ACS interfaces. With the help of its cognitive
(information, recognizing) devices (neural systems), the ACS will be able to perceive them as a
specific reference to a certain action (i.e., the excitation of certain environment, status, pattern in the
ACS neural network).
4.

BASIC ACS ORGANIZATION PRINCIPLES

There are two basic principles that are used in this paper. They are presented by B.T. Chuvin in his
paper [Chuvin, 2006] by revealing the basic operation of the human nervous system. The first
principle is the definition of information as the "data that is passed from one system to another in the
process of interaction" [Chuvin, 2006: 30]. The second principle is the fact that "in order for some data
to become information, it needs a system that perceives this data as information" [Chuvin, 2006: 30].
Guided by these principles, we find the only rule that can provide adequate performance of ACS in the
course of user interaction. The rule is as follows: in the process of interaction with the user, the ACS
must ensure the conversion of any information received at its inputs into information that can be
understood both by the system itself and by the user. This rule is a criterion of adequacy for the
interaction between the user and the ACS; in the case of human interaction, it is the cause of the
communication phenomenon.
Let us consider a simple information processing model (see Fig. 4) using the interaction of an external
stimulus with the receptors of a certain simplest ACS that simulates the response to the stimulation, as
an example. Such an ACS includes a receptor, a receptor neuron, a target state actuator neuron, and a
target state actuator.

Fig. 4 - Information processing model in the course of interaction between two systems.
Let us consider, step by step, the chain of information transformation (pattern [Chuvin, 2006], seme
[Plotkin, 1993, Osipov, 1992, Trubeckoi, 2000, Gorelov, 2009, Sharonov, 2011], meaning [Sharonov,
2011], impulse [Gorelov, 2009] etc.), as it is transferred from the supersystem into the ACS and back:
1. The ACS is at rest (i.e., fixated on the processing of the program of internal states).
2. The external stimulus creates a stimulation pattern (in order to receive a target state from the
ACS).
3. The stimulation pattern impacts the ACS receptor.
4. The ACS receptor creates a reaction pattern for stimulation.
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5. The reaction pattern for stimulation impacts the receptor neuron.
6. The receptor neuron creates a sensation pattern.
7. The sensation pattern impacts the actuator neuron.
8. The actuator neuron creates a state invocation pattern.
9. The state invocation pattern impacts the target state actuator.
10. The target state actuator creates an ACS target state, which becomes a supersystem element.
It should be noted that the patterns that are created in the process of conversion of the information are
like "pictures" of signals with certain properties (characteristics, attributes). These properties share
common features (for example, the same waveform) and, at the same time, bear certain similarity to
the phenomena described by the following terms: sense, seme, impulse, signal, sensation, desire,
feeling etc.
Let us consider more deeply the process of transformation of the pattern during the transition from the
supersystem to the ACS at the following stages: 2, 3, and 4 (refer to Fig. 5).

Fig. 5 – The conversion process of a pattern during the transition from the supersystem to the ACS.
When exposed to the ACS, the stimulus creates characteristic signals of irritation with the help of N
stimulation organs available to it, each of which is characterized by the omissions of, or the ability to
create, N' modes of impact. Modern physiology claims certain receptors in the human body to be
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strictly oriented to the perception of a particular mode of impact (refer to Fig. 6). We will use a similar
approach in the case of the ACS.

Fig. 6 – Vitgenshtein's explanation of the phenomenon of the name (word).
Figure 5 shows that each ACS receptor is able to capture N*N' modes of impact and establish, as per
such number of modes, N*N' modes of operations that will be clearly perceived by the ACS.
In sum, the external stimulus signals will fill some of the big picture of the system stimuli, forming a
certain level of abstraction of information therein. In this configuration of the overall stimulation
picture, we will obtain a pattern of sensations (color, light, odor etc.) that possesses similar
characteristics to the sum of the stimulation signals at the inputs of the system.
The signal that possesses a particular configuration (pattern), duration, and intensity will affect the
receptors until the system produces sufficient capacity to transmit specific information to the next
level of information abstraction. The operation will continue until the information reaches the
maximum level of abstraction or is sent to the target state actuator.
It is worth paying attention to the fact that the ACS target state actuator can be either a particular
element or a combination of operation or interaction of several elements. Semiotic signs and their
systems can be considered a special case of complex target states. This effect makes it possible to
build ACS models that operate a complex structure consisting of the simplest objects.
REFERENCES
1. Vitgenshtein L. Blue and brown books. Novosibirsk: Siberian University, 2008.
2. Gorelov I.N. Nonverbal communication components. M.: LIBROKOM, 2009.
3. Komarcova L.G., Maksimov A.V. Neurocomputers. M.: MSTU named after N.E. Bauman, 2002.
4. Korochkov A.V. Computer modeling of grapheme-phoneme conversion in English (based on
traditional reading rules). Saransk: Mordovsky University, 2009.
57

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
5. Osipov B.I. Fundamentals of Russian phonetics (lectures on modern Russian). Omsk: Omsky
University, 1992.
6. Plotkin V. Ya. Phonological quants. Novosibirsk: Nauka, 1993.
7. Revenkov A.V. Rezchikova E.V. Theory and Practice of Technical Task Solutions.
2009.

.: FORUM,

8. Trubeckoi N.S. Fundamentals of Phonology. M.: Apex Press, 2000.
9. Holl M. Bodenhamer B. Complete NLP Course, Spb.: Prime-EVROZNAK, 2007.
10. Chuvin B.T. Human nervous system and sensory organs: structure and functions. M.: Drofa, 2006.
11. Sharonov M.A. Mochenov S.V. Technology of structural and parametric synthesis of senseforming components in the Russian language system. Journal of International Scientific
Publications: Language, Individual & Society ISSN: 1313-2547, Volume 5, Part 1, viewed 30
January in 2012 <http://www.science-journals.eu/lis/5/isp-lis-5-1.pdf>, accessed September 2011

58

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
COMPARATIVE EXPERIMENTAL STUDY OF THE INFLUNECE OF DIFFERENT
CONTROLLABLE HIGH-VOLTAGE SWITCHES OVER THE FORMATION OF
DISCHARGE PULSE IN LIQUID MEDIUM
Milena D. Ivanova1
1

Technical University f Varna,

1, Studentska Str, Varna 9010, Bulgaria

Abstract
Various technological applications are adapted to the usage of a discharge in liquid medium. When
talking about formation of a high-voltage discharge pulse, the discharge circuit follows to include two
discharge mediums, one of which functions as a controllable high-voltage switch. Both of the
discharge mediums influence on the parameters of the formed high-voltage discharge pulse.
The present work is dedicated to experimental study of a high-voltage discharge pulse formation in
liquid medium with the usage of a trigatron (controllable air discharger) and a thyratron as
controllable switches. The obtained results could be used in development of different devices for
certain technological applications.
Key words: high-voltage discharge, discharge in liquid medium, controllable high-voltage switch,
trigatron, thyratron
1. INTRODUCTION
Formation of a high voltage pulse discharge in liquid medium can be decomposed into two circuits:
System for capacitive energy accumulation;
High voltage discharge circuit, which forms the pulse discharge in liquid medium;
The discharge circuit should include a controllable high voltage switch. Most often are used two types
of such switches:
Trigatron – a three-electrode controllable discharger – fig.1, which suggests development
of discharge in air in uniform electric field. It is created between sphere-sphere electrodes
after formation of a discharge between the control electrode 1 and electrode 2 – fig.1 and
saturation of the inter-electrode space with current carriers.
Pulse thyratron – an example variant of a power pulse thyratron is shown on fig.2. The
discharge happens in hydrogen medium at low pressure, by which are accomplished both
high electrical strength and high speed of the ionization and deionization processes i.e.
possibility for generation of steep pulses. The possibility for hydrogen absorption from the
walls of the metal-ceramic lamps is compensated by an internal hydrogen generator. The
thyratron is a three-electrode gas-filled lamp where the discharge occurs between the anode
(A) and the cathode (C). The cathode is heated and ribbed for achieving large emission
area. Beginning of the discharge is controlled by the grid (G), which is situated at a
distance of few milimeters from A, by feeding a positive pulse with respect to the cathode.
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The thyratron is kept in off state if G has zero potential compared to the cathode. In the
conducted experiment is used thyratron a
1-1000/25.

Fig.1 Trigatron

Fig.2 Thyratron

1-1000/25.

In fig.3 is shown the control pulse, which is applied to G. It can be seen that the steepness of the
leading edge is in the order of 1500V/µs.
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Fig..3 Control pulse, applied to the grid G of the thyratron
In fig.4 and fig.5 are presented the circuit diagrams for the experimental study respectively with a
trigatron and a thyratron. High-voltage discharge pulse in the liquid medium occurs after charging the
capacitor battery (CB) C by supplying a control pulse to the thyristors T1 and T2.

Fig.4 Circuit diagram for realization of a pulse discharge in water with the usage of trigatron as a
high-voltage switch
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Fig.5 Circuit diagram for realization of a pulse discharge in water with the usage of thyratron
as a high-voltage switch
The purpose of the current work is to conduct an experimental study for the two controllable
dischargers (CD) – fig.4 and fig.5 with respect to the following parameters:
Discharge current – i=i(t);
The voltage to which CB–
remains charged– fig.5,after breaking up of the gas-discharge
channel in CD (suspending of the discharge process) - uc* ;
energy given in the gas-discharge interspace – W;
resistance R=R(t) of the high-voltage circuit,
at parameters capacitance of CB and voltage to which it is charged before formation of the discharge
pulse Uc.
ANALYSIS
The character of the discharge pulse with a CD – trigatron is shown on fig.6. The discharge appearance
is connected with supplying high-voltage high-frequency pulses between the control electrode 1 and
electrode 2 – fig.1. These pulses are formed by the discharge of C3 through the primary winding of the
high-voltage transformer HVTr 2 after turning on of the thyristor T1 – fig.5.
The change of the discharge current i=i(t), immediately after applying a high-voltage high-frequency
pulse in the first few microseconds can be followed in details on fig.7.
After these high-voltage high-frequency pulses follows some time for increasing of the current carriers
concentration – approximately 160 µs. This time depends on the geometry of the trigatron and the
parameters of the packet with high-voltage high-frequency pulses and is almost uninfluential of the
capacitance =0,5÷2µF of CB, and the voltage to which it is charged –UC= 9,5÷11,5kV.
The reason for the above effects is that there exist two spatially decomposed gas-discharge channels in
two different discharge circuits. The first channel is between the control electrode 1 and electrode 2 –
fig.1 and the second one is between electrodes 2 and 3.
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Fig.6 Time diagram of the discharge process at parameters C=0,5µF, UC=11,5kV

Fig.7 Time diagram of the discharge current
Development of a periodically attenuating pulse discharge starts after the necessary concentration of
current carriers is reached.
The character of the discharge process with a CD - thyratron is shown on fig.8 and fig.9. The
dependency i=i(t) in fig.8 presents a periodically attenuating process, and i=i(t) – fig.9 is aperiodic
process, which develops at smaller accumulated energy in CB – C – fig.5.
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Fig.8 Discharge current and voltage at parameters UC =11kV, =1,5µF

Fig.9 Discharge current and voltage at parameters UC =10kV, =1,5µF
The change of the wrap curve formed by the oscillation amplitudes of the current in the high-voltage
circuit can be traced in fig.10 to 13, where the graphics with index “a” refer to a CD-trigatron and
those with index “b” – to a CD-thyratron.
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) trigatron

b) thyratron

Fig.10 Wrap curves of the current oscillation amplitudes at capacitance of CB - C=0.5 µF

) trigatron

b) thyratron

Fig.11 Wrap curves of the current oscillation amplitudes at capacitance of CB - C=1 µF
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) trigatron

b) thyratron

Fig.12 Wrap curves of the current oscillation amplitudes at capacitance of CB - C=1.5 µF

) trigatron

b) thyratron

Fig.13 Wrap curves of the current oscillation amplitudes at capacitance of CB - C=2 µF

The circuit including the charged capacitor battery (CB) - C (fig.5), the connecting conductors and the
CD can be examined as a RLC circuit where:
R=R(t) – non-linear resistance of the gas-discharge interspace in the CD;
L – inductance of the connecting conductors and parasitic inductances of the connected in
parallel and /or series capacitors of the CB;
– capacitance of the CB.
The change of the discharge current can be defined by equation 1 [5]:

d 2i
dt 2
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where:
-

When

2
0

R
- coefficient of attenuation
2L
1
- circuit resonance frequency
T 2
LC
0,

the change of the current has a periodically attenuating character – fig.14. The condition

L
C

can be also presented as R<2 , where

is the characteristic resistance. For low-resistance gas-

discharge circuits is uppermost valid the above condition.
Fig.14 specifies the change of the discharge current in time.

Fig.14 Time diagram of the discharge current
When R=const is valid equation 2:

A1
A2

A2
A3

e

T

const ,

(2)

where:
– decrement of attenuation.
The formed gas-discharge channel in CD is a non-linear, unstationary dynamic load with randomly
changing geometry in space.
The examined CD has three electrodes with two independent discharge circuits and two different in
space gas – discharge channels which develop consecutively in time. One of them ensures the
beginning of the discharge on the basis of a packet with high-voltage high-frequency pulses, and the
other one forms a high-voltage pulse discharge based on the accumulated energy in the capacitor
battery. [1,4]
The shown curves in fig.10,11,12 and 13 give a possibility also to define R=R(t).
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It is accepted that the curve R=R(t) is discretized for time intervals equal to the period of the
attenuating periodic oscillation i.e. in the range of one period R=const. Consequently, the task for
defining R=R(t) turns into determination of R=R( i), where i=1..n.
If in equation 2 is accepted that

A1
A2

;

1

A2
A3

RTi

2

2

..

Ai
Ai 1

i

ln Ai

ln Ai

- fig.2, than for RTi is valid equation 3:
,

1

(3)

L
.
C

where

As far as L includes the inductance of the connecting conductors and the parasitic inductances of the
capacitors in CB, than its defining could be done by measuring the period of the attenuating periodic
oscillations T, according to equation 4:

L

T2
4 2C

In fig.15÷18 is presented the change of RTi for the first four periods at parameters

(4)
and UC.

Fig.15 Dependency R=R( i) at a parameter C=0,5µF for a trigatron
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Fig.16 Dependency R=R( i) at a parameter C=1µF for a trigatron

Fig.17 Dependency R=R( i) at a parameter C=1,5µF for a trigatron
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Fig.18 Dependency R=R( i) at a parameter C=2µF for a trigatron

The above curves refer to a CD – trigatron.
Fig.19 and fig.20 display the dependency R=R(Ti) with a controlled discharger - thyratron.

Fig.19 Dependency R=R( i) at a parameter C=2µF for a thyratron
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Fig.20 Dependency R=R( i) at a parameter C=3µF for a thyratron
The voltage - UC* UC* (UC ) , to which the CB remains charged after discontinuation of the discharge
at a parameter C, is shown in fig.21a (for trigatron) and fig.21b (for thyratron).

Fig.21 Dependency UC*
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Fig.21b. Dependency UC*

UC* (UC ) with the usage of a thyratron

The change of UC* depends on the parameters of the processes in the discharge interspaces as well as
from the capacitance of CB – C – fig.5 and the voltage Uc, to which the last is charged.
The change of UC* UC* (UC ) influences over the discharge pulse energy W. In fig.22 is shown the
change of W=W(U ) at a parameter capacitance of the CB.

Fig.22 . Dependency of the energy from the voltage to which the capacitor battery CB is charged
W=W(U ) with the usage of a trigatron
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Fig.22b. Dependency of the energy from the voltage to which the capacitor battery CB is charged
W=W(U ) with the usage of a thyratron
CONCLUSIONS
In this research are studied experimentally the commutational capabilities of:
a three-electrode, controllable air discharger- trigatron, which works at atmospheric pressure,
with two separated discharge circuits and two spatially different gas-discharge channels. They
are connected with the development of the discharge and formation of a high-voltage
discharge pulse;
a thyratron

1-1000/25.

The experiment is conducted with two discharge circuits, each with two connected in series discharge
interspaces:
a trigatron and a discharge in water;
a thyratron and a discharger in water,
at parameters – capacity and voltage to which is charged the capacitor battery in the discharge circuit.
The results of the comparative analysis are:
The energy of the formed high-voltage discharge pulse in both cases is approximately the
same and changes in the range of 14÷124 J.
When using a controllable discharger – trigatron, the discharge pulse is periodically
attenuating with frequency 36÷71kHz and duration of about 100µs. When using a thyratron
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and with higher energy stored in the capacitor battery, the high-voltage discharge pulse also is
periodically attenuating, but with a lower frequency of 10÷20kHz and a changing duration in
more wide range of 50÷100µs. When the stored energy in the capacitor battery is lower than
the formed discharge is aperiodic with a duration of about 30µs.
The maximum discharge current for a controllable discharger - trigatron changes in the range
of 0,6÷2,8kA at a capacitance of the capacitor battery =0,5÷2µF and voltage, to which it is
charged U = 9,5÷11,5kV.
For a thyratron, the maximum values of the discharge current are 30÷35% lower, but change
(decrease) significantly less in the range of the discharge pulse.
The voltage over the capacitor battery, immediately after the discharge has stopped, at both
controllable dischargers is approximately the same ( UC* = 2÷6,5kV) and depends on the
capacitance of the battery and the voltage, to which the last has been charged.
The obtained results could be further used for designing of start-control apparatuses for formation of
high-voltage discharge pulses in liquid medium, which could be used in different technological
applications.
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Abstract
Suitability of Jatropha curcas and Pongamia Pinnata oils as a stock for biodiesel production in
Pakistan was investigated. Biodiesels were tested in direct injection diesel engine and results were
compared with those of regular diesel fuel. Result analysis was supported by an investigation of fuel
injection and combustion characteristics. Engine fuelled with neat Jatropha biodiesel showed
increased fuel consumption, decreased brake efficiency, increased nitrogen oxides emission and
reduced unburned hydrocarbon emissions and exhaust opacity. Test results of Pongamia biodiesel
showed the same trends with slight variation in values. Based on test results conclusion was made that
both oils can be used for commercial production of biodiesel in Pakistan.
Key words: Diesel engine, efficiency, emissions, biodiesel, Pongamia Pinnata, Jatropha curcas
1. INTRODUCTION
Fatty Acid Methyl Esters (FAME), termed biodiesel, are made from vegetable oils by
transesterification process and used as a conventional diesel fuel (D) substitute. The main purpose of
the use of bio-fuels is to decrease the consumption of fossil fuels in internal combustion engines and
reduce greenhouse effect. The use of non-edible vegetable oils as a feedstock for biodiesel is
encouraged, especially in developed countries. In Pakistan Pongamia Pinnata and Jatropha curcas oils
are considered as a potential source of biodiesel. Oils used for biodiesel production must satisfy
several criteria. One of them is that biodiesel or biodiesel/diesel fuel blends must provide satisfactory
performance and emissions of the diesel engine preferably without or with a little engine modification.
Effects of biodiesel on engine performance and emissions depend on their physical and chemical
properties such as viscosity, density, bulk modulus, cetane number, heating value etc. In turn, those
properties are completely determined by the fatty acid composition and the properties of the individual
fatty esters in biodiesel.
It was found that cetane number, heating value and viscosity of fatty compounds increase with
increasing chain length and decrease with increasing unsaturation [1]. Also biodiesels with higher
degree of unsaturation have lower cetane number and show increased emissions of nitrogen oxides
(NOx) [2]. Aging also changes properties of FAME. Biodiesel, having high amounts of highly
unsaturated methyl ester compound such as LME, is easily oxidized. Oxidation increases biodiesel
viscosity and cetane number [3]. High bulk modulus and viscosity of biodiesel change injection
pressure and start of injection [4].
Extensive experimental data on the effect of biodiesels of different origin on diesel engine
performance and emissions are available in literature. Most of research papers have reported up to
10% increase in NOx emissions from diesel engines fuelled with biodiesel [5]. This fact imposes
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limitation on the wide use of biodiesel, therefore impact of biodiesel on NOx emission is the main
concern of research in this area.
Some data have been published on testing Pongamia [6-9] and Jatropha [10-16] biodiesels in diesel
engines. Analysis of papers revealed that published data is insufficient to make a firm conclusion on
effect of Jatropha and Pongamia biodiesels on engine performance. The reasons for that are:
differences in engine design, different settings of fuel delivery system and, sometimes, incorrect
experimental procedure. Moreover, only in few papers data analysis was supported by an investigation
of the fuel injection and combustion characteristics obtained from indicator diagrams. The absence of
such analysis makes it difficult to formulate the ways for improving engine performance and emission
with biodiesel.
The goal of the present research was the further investigation of the performance and emissions of
diesel engine fuelled with Jatropha and Pongamia biodiesels and formulating the methods of using
biodiesel without engine modification.
2. FUELS
Fatty acid compositions of Pongamia Pinnata and Jatropha curcas oils given in Table 1 were obtained
by the chromatographic analysis in Laboratory of Lugansk, Ukraine.
Table 1. Fatty acid composition.
Fatty acid

Structure

Formula

Mass fraction, %
Jatropha curcas

Pongamia Pinnata

Miristic

C 14:0

C14H28O2

0.076

0.039

Palmitic

C 16:0

C16H32O2

13.424

7.894

Palmitoleic

C 16:1

C16H30O2

0.824

0.063

Stearic

C 18:0

C18H36O2

6.777

4.405

Oleic

C 18:1

C18H34O2

42.242

49.030

Linoleic

C 18:2

C18H32O2

35.883

17.222

Alpha-Linolenic

C 18:3

C18H30O2

0.244

4.040

Arachidic

C 20:0

C20H40O2

0.214

1.111

Eicosenoic

C 20:1

C20H38O2

-

2.388

Heneicosanoic

C 21:0

C21H42O2

0.033

-

Behenic

C 22:0

C22H44O2

-

3.007

Erucic

C 22:1

C22H42O2

0.098

9.272

Docosadienoic

C 22:2

C22H32O2

0.034

0.174

Lignoceric

C 24:0

C24H48O2

-

0.904

Nervonic

C 24:1

C24H46O2

-

0.301
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Pongamia seeds were collected from the trees growing on GIK Institute campus and oil was extracted
in the local mill. Pongamia biodiesel was prepared by transesterification with methanol in a device
designed and fabricated by undergraduate students of GIK Institute.
Jatropha biodiesel was provided by PSO. The diesel fuel was obtained from local fuel station.
Properties of fuels tested are given in Table 2.
Table 2. Fuel properties.
Property
Density @ 15ºC, kg/m

3

Method

B100 Spec

ASTM D1298

Report

D

J100

P100

831.9

881.8

893.7

Kinematic viscosity @ 40ºC, cSt

ASTM D445

1.9-6.0

3.348

4.62

5.14

Flash point, ºC

ASTM D93

130 min

65.0

148.0

138.0

Total acid No., mg KOH/gm

ASTM D664

0.80 max

NA

0.44

0.23

Cloud point, ºC

ASTM D2500

Report

NA

+3

+15

Pour point, ºC

ASTM D97

-

-6

NA

NA

Distillation @ 90% recovery, ºC

ASTM D86

360 max

355

250

NA

Lower heating value, MJ/kg

ASTM D240

-

42.41

38.3

37.74

Cetane index

ASTM D976

47 min

50

47

NA

Free glycerine, %wt

ASTM D128

0.020

NA

0.006

0.08

Total glycerine, %wt

ASTM D128

0.24

NA

0.086

0.17

3. EXPERIMENTAL
Experiments were conducted in FME Heat Engine Lab of GIK Institute. Fuels were tested in the single
cylinder four-stroke naturally aspirated direct-injection diesel engine. Engine specification is given in
Table 3.
Table 3. Engine specification.
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Rated power, kW

5.0

Rated speed, rpm

3600

Maximum torque, Nm

15.6 at 2650 rpm

Minimum stable speed, rpm

1000

Combustion system

Direct injection

Bore/Stroke, mm

76.2/66.67

Engine displacement, l

0.304

Compression ratio

18.5

Injection timing (static), degree BTDC

26
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To load the engine a swinging field dc machine was used. When biodiesel was used the fuel delivery
was increased by adjusting governor rod in order to achieve the same power output as with diesel oil.
To avoid mixing of biodiesel with diesel fuel in the leak-off and return pipes fuels was changed using
following procedure. Engine was stopped, fuel system was drained and then primed with another fuel.
Nitrogen oxides, carbon monoxide (CO), and unburned hydrocarbons (THC, as Hexane)
concentrations and exhaust opacity were measured dry by AVL DiCom 4000 gas analyzer with
resolution of 1 ppm for NOx and THC, 0.01% for CO, and 0.1% for exhaust opacity. Gas analyzer was
calibrated using certified calibrating gas mixtures. Brake specific emission was calculated in
accordance with ISO 8178-1:2006(E).
AVL 488 TDC sensor was used to determine position of the Top Dead Center. Cylinder pressure was
measured by the AVL quartz pressure transducer QC34D, fuel line pressure was measured by the
AVL SL31D-3000 strain gauge sensor. Both sensors were used along with the AVL MicroIFEM
Combi 4CH SDC amplifier. Lift of needle valve of injector was measured by an inductive sensor
along with the Bridge Amplifier 3010A01.
Pressures and injector needle lift data were recorded by the AVL IndiModul 621 indicating system
used along with a high resolution (0.1 cad) AVL angle encoder 365CC.
Recorded pressure and needle lift data were processed by IndiCom software for calculation of an
indicating mean effective pressure, rate of heat release and other important fuel injection and
combustion characteristics.
Engine was tested on type G2 cycle in accordance with ISO 8178-1, ISO 8178-3, and ISO 8178-4
standards. The measurements of load, air and fuel flow rates, temperatures, exhaust gas composition
and exhaust opacity were made simultaneously.
4. RESULTS AND DISCUSSION
Neat Jatropha biodiesel (J100) and its blends with diesel oil (J80 and J20) were tested in diesel engine
and results were compared with regular diesel fuel (D). It should be noted, that J20 was prepared by
authors, but J80 was provided by PSO. Engine performance characteristics at engine speed of 3600
rpm over range of load are shown in Fig. 1. As seen from Fig.1a, brake specific fuel consumption
(bsfc) at all loads is lowest for diesel fuel and highest for J100, that of J20 and J80 lying in-between.
Also, increase in bsfc for blends is approximately proportional to their composition. Brake efficiency
(Fig. 1c) shows the opposite but still proportional trends (decreases from D to J100) except of J80,
which falls out of proportionality. The reason for that may be different properties (most probably
heating values) of Jatropha biodiesel and diesel fuel used to prepare J80 blend. These results cannot be
simply explained by difference in viscosity, bulk modulus etc. of biodiesel and diesel fuel. Discussion
must be supported by fuel injection and combustion analysis.
Indicator diagram, rate of heat release, fuel line pressure and injector needle lift vs. crank angle are
shown in Fig. 2 a, b, c and d correspondingly. Higher values of bulk modulus and viscosity of
biodiesel resulted in higher fuel pressure (Fig. 2c) and earlier start of fuel injection (Fig. 2d). The
earlier start of injection would increase ignition delay period, since fuels were injected in a lower
temperature cylinder charge. But as seen from Fig. 2b combustion of diesel fuel starts earlier than that
of biodiesel, which is indication of better biodiesel ignition quality. At the same time, cetane index
(determined by PSO) of Table 2 is higher for diesel fuel than for Jatropha biodiesel. This discrepancy
may be explained by following. Cetane index is just an approximation of cetane number and its
calculation is based on API gravity and mid-boiling point [17]. Cetane index is a close approximation
of cetane number of regular diesel oil, but cannot be used for biodiesel as proved by data of Fig. 2.
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Fig. 1. Engine performance characteristics. N = 3600 rpm.
Combustion start earlier for biodiesel at all loads, as seen from Fig. 1c. Regardless of earlier start of
combustion the exhaust temperature is higher for biodiesel. This is the result of the increased
consumption of biodiesel needed to maintain the same load as with diesel fuel. Increased amount of
biodiesel injection is evident from the increased injection pressure (Fig. 2c) and longer injection
duration (Fig. 2d).
Closer inspection of data of Table 2 and Fig. 1a and 1b shows that only part (10 %) of the increased by
about 20% consumption of J100 above that of diesel fuel may be explained by lesser by 10% heating
value of J100, but the rest should be attributed to the reduced by 10% brake efficiency.
Heating value of biodiesel is determined by its composition and cannot be increased. But negative
effect of biodiesel properties on fuel consumption can be mitigated by improving engine efficiency.
Fuel conversion efficiency equals the ratio of power to fuel energy content (fuel mass flow rate
multiplied by fuel heating value). Fuel conversion efficiency is a normalized parameter and does not
depend on fuel heating value. It is solely determined by the shape of indicator diagram, in particular
peak pressure and its position with respect to TDC. For fuels tested in this experiment, decreasing
cetane number of Jatropha biodiesel (and its blends with diesel oil) would result in the retarded start of
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combustion, decreased negative compression work and, as a result, increase in brake efficiency. So,
formulation of biodiesel by additives can be used to mitigate the negative effect of biodiesel on engine
performance by increasing the fuel conversion efficiency.

Fig. 2. Fuel injection and combustion characteristics. Bmep = 5.1 bar, N = 3600 rpm.
Engine emission characteristics are given in Fig. 3. It should be noted that brake specific emissions of
gaseous species are given rather than volume concentration. Dry gas concentrations are not
representative of engine emissions because they depend on the fuel composition and air mass flow
rate. In this experiment, for example, dry gas analysis showed increased NOx concentration with J100
at some loads, whereas, as follows from Fig. 1a, brake specific NOx emissions (bsNOx) are higher for
biodiesel. General observation concludes maximum 25% increase in NOx emission with J100 as
compared to D and decrease in exhaust opacity and unburned hydrocarbons emissions. Brake specific
emission of carbon monoxide increases at high load and decreases at low load.
Such a change in engine emissions is in line with most of papers published for testing Jatropha
biodiesel. The natural question arises, can engine emissions be controlled (to some extent) by fuel
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additives as it is suggested for efficiency? The answer is yes for NOx emissions and hardly ever for
others.
Oxides of nitrogen, mainly nitric oxide (NO), form in high-temperature burned gas from atmospheric
nitrogen and oxygen [18]. In IC engines, the NO formation process is kinetically controlled and the
amount of NO emitted is determined by a trade-off between NO formation and decomposition and,
eventually, by the temperature history. In diesel engines NO x emission is very sensitive to dynamic
injection timing, ignition delay period and start of combustion. Thus, changing properties of biodiesel
by additive it will be possible to control NOx emission along with efficiency.

Fig. 2. Engine emissions characteristics. N = 3600 rpm.
Decreased emissions of smoke and unburned hydrocarbons are due to oxygen content in biodiesel and
cannot be changed significantly by start of combustion. At the same time decreasing combustion
duration would be beneficial for their emission. Unexpectedly increased at high loads carbon
monoxide emission requires further investigation. One of the reasons for that may be the poor
atomization of biodiesel and fuel-air mixing of biodiesel.
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Test results of Pongamia biodiesel showed the same trends as those with Jatropha with a slight
variation in values [19]. This is not surprising, since both Jatropha and Pongamia biodiesels have close
composition and properties (Table 1, Table 2). Thus, discussion of test results of Jatropha biodiesel
may be extended to Pongamia biodiesel.
5. CONCLUSIONS
Jatropha and Pongamia biodiesels and their blends with diesel oil were tested in direct injection diesel
engine. Results were compared with those of regular diesel engine. Result analysis was supported by
an investigation of fuel injection and combustion characteristics. Based on results following
conclusion have been made.
1. Use of biodiesels and their blends with diesel oil results in reduced engine efficiency and increased
fuel consumption.
2. Emission of nitrogen oxides increases at all loads, whereas slight increase in carbon monoxide was
observed at high load. Unburned hydrocarbons emission and exhaust opacity have been reduced.
3. Blends of both biodiesel with diesel fuel (J20, P20) can be used in diesel engine to provide
satisfactory performance and emissions without engine modification.
3. Engine efficiency with biodiesel can be optimized by using additives, and this matter requires
further investigation.
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Abstract
Here the experiment results of pulsed electron beam influence on the structure phase state of alloy
Zr1%Nb are represented. It is demonstrated that such treatment leads to forming of complex
morphology martensite in the surface layer of the alloy. The processes of hydrogen absorption by
zirconium alloy with modified surface have been studied.
Key words: zirconium alloy, pulsed electron beam, hydrogen

1. INTRODUCTION
One of the important requirements to the products from zirconium alloys of reactor core is low
hydrogen absorption. In most cases, hydrogen saturation leads to decrease of plasticity and fracture
strength of alloys, meanwhile brittle hydrides extraction in stress concentration zones can become the
cause of product destruction [1, 2]. In order to solve this problem the following directions in research
can be identified: composite compound improvement; new alloys development and production;
various protecting coatings application and development of new methods of products surface
modification. To improve performance characteristics of metals and alloys the methods of
modification by concentrated energy flows (electron beams, laser irradiation, ion implantation) of
structure phase state of material near-surface layer are considered to be promising. High energy
effectiveness and homogeneity of power density in cross-section flux, good impulse reproducibility
are the advantageous characteristics of pulsed electron beams (PEB) [3, 4]. While irradiation of metal
pulsed electron beam, the conditions for the formation of the surface layer of amorphous, nano- and
submicrocrystalline structures are created, which, in turn, can lead to improved physico-mechanical
properties of the material [5]. However, in comparison with high-power ion beams, which are also
used for surface modification, electron beams are generated with a high efficiency and do not require a
special radiation protection due to as well as the accompanying X-ray radiation is screened by the
walls of the working vacuum chamber [5]. The physical nature of the interaction between PEB and a
solid is that the kinetic energy of accelerated electrons in their inhibition as a result of heat dissipation
becomes a component of the internal energy of the target substance (kinetic energy of accelerated
electrons dissipates as heat component of internal energy of target substance). At the end of the beam
pulse a heated layer quickly is cooled by the process heat in the depth of the material. As a result of
changing the properties of the surface layer (changing the microstructure, phase composition changes,
etc.) occurs. Since ranges of power and energy concentration in high pulse beam are varied, it is
possible to obtain virtually all types of thermal effects on the surface layers of solids: heating to
specified temperatures, melting and evaporation at very high speeds. The subsequent sharp cooling is
usually accompanied by high-speed melt crystallization and hardening phenomena. Treated material
while experiencing heat shock, which leads to the appearance of the powerful waves of mechanical
stresses in the bodies. In the works [6] it was demonstrated that pulsed electron beam irradiation with
the power density from 15 to 25 J/cm2, electrons energy – 18 kV, three impulses with duration of 50
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µs leads to increase (up to 40 %) of micro- and nanohardness of Zr1%Nb alloy. It was established
that modification of zirconium alloy leads to significant decrease (in 2 – 3 times) of hydrogen amount
which penetrates the alloy volume in comparison with the bearing alloy, it should be pointed out that
the method of hydrogen saturation doesn`t play any role – whether it was electrolytic method or from
the vapor phase. Based on thermal design it was shown that high-speed heating ~ 109 /s in the
process of pulsed impact and subsequent near-surface layer cooling create conditions for phase and
structure transformations. The character of phase transformations and 6different phase formation are
related to Nb concentration in zirconium and the speed of material cooling. It is known [7] that under
thermal processing the structure transformations with fixed under the indoor temperature conditions
metastable structural state in zirconium-niobium alloys are observed. In weakly doped alloys as a
result of quenching the lath martensite is being formed. In high-concentration alloys the martensite has
the laminated morphology. Increase in cooling speeds leads to the boundary shift of transition from
lath martensite to laminated one in favor for lower concentrations. Presence of such structures in nearsurface layers of zirconium alloys can provide a considerable influence on the processes of material
and hydrogen interaction. In the present paper the structure phase transformations of alloy Zr1%Nb
surface as a result of irradiation by pulsed electron beam are discussed, the mechanisms of hydrogen
interaction with modified surface are considered.
2. MATERIAL AND RESEARCH METHODS
Samples of zirconium alloy Zr1%Nb (alloy grade E110) with size of 50 × 50 mm and thickness of 0,7
mm served as material for research. Irradiation by pulsed electron beam was performed on the set up
«Solo» in the Institute of High Current Electronics of Siberian branch of Russian Academy of
Sciences. The influence was performed from both sides of the sample with power density from 15 up
to 25 J/ m2. Current density constituted from 10 up to 50
m2, electron energy was 18 kV, each
sample was irradiated by three impulses with duration of 50 µs. In order to study the structure of the
alloy surface the methods of scanning and transmission electron microscopy were implemented.
Structure phase composition was investigated by the method of X-ray diffraction analysis on the
diffractometer Shimadzu XRD 6000 (Cu
– radiation). Measurements of zirconium alloy hardness
were performed on the setup "Nano Hardness Tester" produced by CSEM. Measurements were made
with a load of 300 mN to 10 mN. Hydrogen saturation of samples was done on the set up PCI «Gas
Reaction Controller». Absolute hydrogen concentration in the sample under study was determined on
the RHEN 602 produced by LECO.
3. RESEARCH RESULTS
As research has revealed irradiation by pulsed electron beam causes considerable transformations of
Zr1%Nb alloy microstructure. Figure 1 and 2 represent the images of zirconium alloy surface
transformations in the central part of pulsed electron beam impact given by raster (Fig.1) and
transmission electron microscopy accordingly.
In the central part of pulsed electron beam influence the surface acquires high finish with the traces of
melting grain boundaries are being formed and emerge. As a result of high speed cooling (107 – 108
/s) of the irradiated samples martensite forming of complex morphology occurs. Detailed study of
fine structure with the help of transmission electron microscopy revealed that martensite laminas
completely fill the grain. The plate sizes are from 0,1 up to 0,3 micrometer (mainly about 0,1
micrometer). In their turn, martensite laminas have their own morphology. As it is seen (Fig. 2 a)
nanoparticles aggregations of the size of about 15 nm are observed in their structure. Peculiarity of
formed structure is the presence of twins in some laminas (Fig. 2 b). Results of X-ray diffraction
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analysis confirm and complete electron microscopic study. The texture of primarily orientation of 32
% is vividly observed in the initial state. After irradiation the samples are practically isotropous. X-ray
pattern development revealed that in Zr1%Nb alloy in the bearing state in the whole interval of angles
of incidence the lines of -phase Zr with hexagonal lattice occur. The lattice parameters constituted a
= 3,2357 Å and c = 5,1471 Å. Phase Nb(Zr) was not detected by the method of X-ray diffraction
analysis in the virgin samples. Influence by pulsed electron beam leads to evident change in structure
phase state of material. The lattice parameters Zr phase after irradiation constitute a = 3,2262 Å and c
= 5,1376 Å. The decrease in zirconium lattice parameters after irradiation is related to forming of
martensite phase Zr.

Fig. 1. Microstructure of Zr1%Nb alloy surface irradiated under 15 J/ m2 ( ) and 18 J/ m2 (b)

Fig. 2. Electron microscopy image of near-surface layer structure of Zr1%Nb alloy after irradiation
Studies of the dependence of microhardness of the load on the indenter were carried out for the central
region of the impact of EPI and the source material. Found at low loads (at a depth of up to 2 µm)
have high values of microhardness due to the presence of a thin and durable modified layer. At a depth
of 5 - 10 µm microhardness decreases due to structural transformations. Studies of hydrogen
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absorption process by zirconium alloy in dependence of the type of surface treatment were held within
the temperatures range from 673 up to 823 K. Relation of chamber pressure to hydrogen saturation
time for T = 723K and T = 823 K are given in Figure 3 a, b. Hydrogen sorption speed was determined
by differentiating the pressure curves in the measuring chamber.

Fig. 3. Changes in hydrogen pressure in measuring chamber during hydrogen saturation: 1 – initial; 2 samples after pulsed electron beam modification
Pulsed electron beam irradiation leads to changes in kinetics of hydrogen sorption (Table 1). Thus, the
rate of hydrogen sorption speed by samples after pulsed electron beam modification under the
temperature = 873 K is three times lower than by the virgin samples. The minimal temperature
under which hydrogen absorption for the alloy with bearing state is observed is = 673 K, after
irradiation = 723 K.
Table 1 – Temperature relation of zirconium alloy sorption speed in the bearing state and after pulsed
electron beam irradiation
Hydrogen saturation
temperature, K

Hydrogen sorption speed *10-5 m 3

2/(s·

m2)

initial

pulsed electron beam

673

2,9

-

723

3,1

1,5

773

3,7

2,5

823

12,1

3,8

Analyzer LECO firm studied the effect of electron beam irradiation on the volumetric accumulation of
hydrogen in zirconium alloy Zr-1% Nb for the three modes of irradiation. It is established that the
hydrogen content in the source material was 0.00102 wt%. After hydrogenation the hydrogen
concentration in the specimens of zirconium, not subjected to electronic processing, was 0.0128 wt%
(an increase of more than an order of magnitude compared to the original material). In specimens
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irradiated with the total contributed by the energy beam 15, 18 and 20 J/cm2 hydrogen concentration
was 0.00733, 0.00465 and 0.00809 wt%, respectively. Thus, the hydrogen concentration in the
specimens treated with an electron beam in the regimes of 15 and 20 J/cm2, is less than 1,7 times, and
for treatment 18 J / cm 2 - 2,5 is less than 3 times compared to the starting material, saturated with
hydrogen. These results suggest that irradiation by electron beam forms a surface layer which retards
the penetration of hydrogen into the material. After hydrogen saturation from the gaseous phase the
surface hardening is observed for initial samples as well as for the samples irradiated by pulsed
electron beam (Fig. 4, 5).

Fig.4. Distribution of zirconium alloy hardness in the bearing state after hydrogen saturation
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Fig.5. Distribution of zirconium alloy hardness in the bearing state after modification and hydrogen
saturation
The peculiar feature for the modified samples is that increase of hardening is observed for the depths
about 1,7 micrometer, at the same time the zirconium alloy in the bearing state after hydrogen
saturation is characterized by high hardness also in the depths of more than 3 micrometer. Increase in
hardness in this case is related to forming hydrides during the hydrogen saturation process. Thus, the
effect of decrease of hydrogen sorption by modified surface of zirconium alloy Zr1%Nb is determined
by forming specific quenching structure under the irradiation impact up to the temperatures that
exceed the melting temperature and subsequent high speed surface cooling. Such layer becomes the
barrier layer for hydrogen penetration into material volume. By concentrating in modified surface
hydrogen causes surface hardening of samples.
CONCLUSIONS
The held complex of research activities allows to make the following conclusions: 1) Specifics of
irradiated samples structure is the presence of martensite texture with single twins in surface layer.
The size of martensite laminas are from 0,1 to 0,3 micrometer. 2) Modification of Zr1%Nb alloy
surface by pulsed electron beam considerably decreases hydrogen absorption speed. Sorption of
modified alloy under the temperature of 723 K constitutes 1,5 m3 2/( m2) and 6,0 m3 2/( · m2)
under the temperature
= 873 K accordingly, this is respectively in three times lower that in
comparison with the initial material. 3) Formed as a result of pulsed electron beam irradiation surface
layer prevents hydrogen penetration into material volume.
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Abstract
These studies concern the theoretical approaches to the improvement of antifriction properties of
rubbers due to the optimum combination of methods of their surface modification. The model involves
formation of a net related system of ingredients in the form of spherical particles with reduced friction
coefficients, which is imbedded in the surface layer (including the modified one) of elastomer. There
is shown, that in this case the areas of reduced and increased friction are initiated under a normal
load, and these areas result in a significant change of a sliding friction overall coefficient of a surfacemodified elastomer even under a low concentration of spherical particles. As an example was viewed
a variant of realization of this model parallel with friction reduction by the surface fluorination of
rubbers, such as rubber on the base of fluorine.
Key words: antifriction properties, friction coefficient, mathematic simulation, elastomer, metal
Reduction of the friction coefficient and rubber wear is an important problem in application of indus
trial rubber goods for the sealing of sliding friction assemblies in an elastomer–metal couple. Tradition
ally, these problems are solved by means of addition of antifriction ingredients to the rubber
composition or by modifications of the rubber surface. In the first approach, the most popular are
various fluorine compounds, such as polytetrafluorethylene [1], fluorinated oligomers [2, 3], and
various fluorine monomer compounds [4]. In the second approach, the rubber surface is modified by
means of treatment in a glow discharge plasma in the presence of fluorinecontaining compounds [5]
or, for example, by means of fluorination [6]. Combined treatment of rubbers by means of surface
(fluorination) and spatial modification is very promising [7]. However, both of these methods have
several disadvantages. Thus, in the first variant, a modifying agent is introduced into the rubber bulk,
whereas this substance is functionally required mainly in the surface layers; that is, the added amount
is significantly higher than the required level, and this is not cost efficient and in certain situations can
impair other rubber properties. In surface modification of rubber, there is a problem of long lifetime of
the modified layer; its thickness, as a rule, is not higher than several microns. In this respect, it would
be very interesting to consider theoretical models that optimally combine the methods of spatial and
surface modifications with a structure construction approach. This approach can consist not only in
selection of optimal elastomer counterbody structures but also in nano, micro, and macroformation of
structures in the elastomer, pro moting positive properties in combination with modifying approaches
[8]. As a case study of the structure construction approach, let us consider a model involving the
formation of an interconnected network system of ingredients in the form of spherical particles 4 with
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a low friction coefficient imbedded in the surface layer (including the modified one) of elastomer 1
(Fig. 1). Under impact of normal load N and tangential load , the mechanism of action of such a
network structure in the surface layer can be illustrated with the model of elastic springs with various
elastic constants. More elastic springs 3 (spring constant gnet) correspond to a formed network
structure containing spherical particles. Such particles can be, for instance, PTFE, graphite, and MoS 2
and be characterized by the positive property of reduction of sliding friction. We assume that the
springs of lower elasticity 2 (spring constant gE < gnet) simulate the response of the elastomer
crosslinked structure to normal load and have no effect on variations of sliding friction coefficients in
terms of counterbody 5. The overall volume of the elastomer sample is affected by deformation; Fig. 1
illustrates only the surface layer where the interconnected network structure is located.

Fig. 1. Spring model of sliding friction in elastomer–metal couple

Fig. 2. Schematic diagram of a possible mechanism of reduction of sliding friction in the vicinity of
spherical particles
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When a normal load occurs owing to higher rigidity of the network structure, the spherical particles
“exit” to the surface of contact with the counterbody, and at the points of exit, there are formed regions
with reduced friction owing to positive properties of spherical particles (Fig. 2). In this case, the
modified (fluorinated) elastomer surface layer is protected against increased wear, while maintaining
the contact with the counterbody for sealing the friction assembly. Let us denote the portion of the
reduced friction region corresponding to the interconnected network structure with spherical particles
in the overall sample area as net and the sliding friction coefficients of elastomer and spherical
particles as kE and knet, respectively (kE > knet).
Let us assume that the network structure has such links with the crosslinked structure of the
elastomer that allow the springs to be considered independently of one another. In addition, let us
assume that the counterbody surface and the sample itself are deformed slightly, so that there are no
additional tan gential forces preventing the sample motion across the counterbody. Taking into
consideration the aforementioned assumptions, the total coefficient of sliding friction of the overall
modified elastomer sample under occurrence of a normal load can be estimated as follows:

(1)

Let us convert Eq. (1) to a form more convenient for analysis:

(2)

k

where

k

knet

knet
kE

g net

g net
gE

tot

tot

kE

is the normalized friction coefficient of a modified sample;

- the normalized friction coefficient in the “outcome” areas of spherical particles;

- the normalized stiffness coefficient of a network structure.

The total sliding friction coefficient of the elastomer sample obtained on the basis of the
aforementioned assumptions does not depend on normal load N or on tangential load (Fig. 1).
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Fig. 3. Normalized friction coefficient of a sample ktot as a function of the fraction
of reduced friction zone

net

for values of gnet equal to (1) 1, (2) 3, and (3) 10.

The dependences ktot= f net) for various values of the normalized rigidity coefficient of the elastomer
interconnected network structure at knet= 0.1 are illustrated in Fig. 3. As can be seen in Fig. 3, for
sufficiently rigid inter connected network structures (gnet 5), significant reduction of the total sliding
friction coefficient of as urface modified polymer is possible even at moderate values of net, which
corresponds to low surface concentrations of spherical particles. Fabrication of an interconnected
network structure with rigidity many times higher than that of an elastomer cross linked structure is
probably a very complicated task. In this case, the required reduction of the total sliding friction
coefficient can be obtained by means of increasing the portion of reduced friction area net. The limit
of reduction of the friction coefficient depends on the properties of spherical particles and is equal to
knet . The sections of dependence for moderate values of net are more interesting from the practical
point of view, that is, when constructional modification of the elastomer does not result in significant
modifications of its main properties (wear resistance, elasticity, permeability, sealing ability, and the
like).
Much more interesting is the variant when the couple of network structures begin to work
asynchronous under a change of the load volume. The imitation of this dependence effect of overall
friction coefficient on the load volume (depending on the load range the friction coefficient is reduced
or increased) will be realized later on, but as for now the complexity of the practical realization of this
model is obvious. The combination of “spring” models and surface modification, especially critical
parts, e.g. of fluorine rubber, seems to be interesting. The investigation of the surface fluorination of
rubber on the basis of fluorine rubber was realized on the samples as shown in the table 1. The
fluorination was realized under standard conditions [7], under the temperature 20° , modification time
was 3 hours.

94

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Table 1. The investigated samples of rubber and degree of its fluorination
No.

Sample key (type of
elastomer and filling
material), manufacturer
VA-13 DB (SKF-26,
TU) Hydrosoft
Company

1

2

Fluorination
degree F·103,
kg/m2

1,2

No.

4

1,1
3

FER-70 (fluorine
rubber),

Fluorination
degree F·103,
kg/m2

0,4

Ena-Holding

D-928 (fluorine rubber
with addition of PTFE)
Hydrosoft Company
17423 (Viton Gf600S – copolymer
VF/TFE/PFMVE)
Dupont

Sample key (type of
elastomer and
filling material),
manufacturer

5

Aflas-70
(copolymer
TFE/VF), EnaHolding

0,2

-66 (modified
Aflas), Reamt-RTI
Company, Russia
0,9

6

0,3

On the table 1 we can see that under the action of fluorhelium composition on the stated samples of
rubber there is noticeable fluorination of surface layers in residual C-H link (fluorination degree is
from 0,2 to 1,2 10-3 kg/m2 respectively) and in other hydrogenous ingredients; at the same time, as the
photography of the surface shows (under the enlargement up to 10000-times) made with an electron
focused beam microscope Stereoscan-360, producing company is Cambridge Instrument, there are no
changes of the surface morphology of the samples in contrast to the carbochain rubber of other
rubbers type [7]. It is natural to assume that the nearer is the structure of the original rubber to its
structure after the fluorination, the smaller are the changes of surface morphology after the
fluorination of rubber.
For the estimation of the effect of surface fluorination on the friction properties of fluorine rubber
there are realized the tests according to the shifting circuit of plane rubber samples relative to the
horizontal metal surface under a low standard load. As is well known the friction force of two
contacting surfaces in general case is determined by deformation and adhesive components. It was
expected that the dominant role in the definable sliding friction coefficient will act in our case its
adhesive component. The tests were conducted on the serial friction machine Masplast “Delta” under
a standard load 2 H and a conveying speed of rubber samples 200 mm/min (contact area: 9·10 -4 m2 )
relative to the plates of stainless steel, duralumin or bronze with the 9th cleanliness level of the surface
as well as the plates of tool steel with the 14th cleanliness level of the surface (Johansen plate) (Table
2).
As the received data indicate, the surface fluorination of rubber results in a evident reduction of the
friction coefficient on the metal surfaces. It is significant that the distinctions of the received values of
th
th
fc for the steel surfaces with the 9 and 14 cleanliness level of the surfaces are small. It is caused
probably by low values of standard load on the counterbody, and is as a sequent an insignificant
contribution of the deformation component to the friction force. Thus the observed reduction of the
friction coefficient
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Table 2. The values of the kinetic friction coefficient of the check samples and the fluorine rubber
samples
No.

Brand mark of the
sample

Type of the
sample

Duralumin

Check sample

0,90

0,80

0,90

0,60

(SRF-26)

Fluorine sample

0,31

0,40

0,60

0,18

FER-70

Check sample

1,50

1,40

1,80

2,10

(Fluorine rubber)

Fluorine sample

0,54

0,34

0,74

0,55

D-928

Check sample

1,25

1,10

1,40

1,00

(Fluorine
rubber+PTFE)

Fluorine sample

0,50

0,56

0,57

0,40

Aflas-70

Check sample

2,43

1,70

3,11

2,80

(copolymer
TFE/VF)

Fluorine sample

0,16

0,24

0,23

0,08

RC-66

Check sample

2,84

3,38

4,06

2,03

(Modified Aflas)

Fluorine sample

0,18

0,15

0,30

0,20

Check sample

2,84

2,45

4,33

2,43

Fluorine sample

0,31

0,30

0,36

0,40

1

3

4

5

-13

6

17423
(copolymer
VF/TFE/ PFMVE)

Bronze

fc

Stainless
steel

(rubber type)

2

Kinetic friction coefficient,

Steel
(Johansen
plate)

should be referred obviously to the significant reduction of the interaction in the rubber – metal
couple.
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Abstract
In this work the magnetic and mechanical characteristics of magnetic elastomers named as hard and
soft magnetic rubbers (HMR and SMR respectively) based on chloroprene, isoprene and butadieneacrylonitrile rubber binders and nanostructural Rare-Earth-3d-Metal-Boron (MQP-B brand) and
nanosized -Fe powder fillers have been studied in details, particularly their ability to be attracted
(“adhered”) by ferromagnetic media, caused by the forces of magnetostatic interaction.
Experimentally, the dependences of magnetic-force parameter – specific attraction force (F) of HMR
to the surface of a steel sheet on: a) filler concentration; b) HMR thickness; c) magnetic poles
density (number); d) SMR thickness closing the back magnetic poles on HMR surface; e) air gap
width between HMR and steel sheet surfaces have been inferred. As the final result, the HMR
samples with F= 0.3-0.4 kg/cm2 at the thickness of 1.5-2.0 mm have been manufactured.
Key words: hard magnetic rubber, soft magnetic rubber, magnetic elastomers, Nd-Fe-B type
nanostructural magnetic powder, specific magnetic attraction force.
1. INTRODUCTION
In few past years due to the fast development of nanotechnologies nanocrystalline and nanosized
systems are widely introduced into traditional fields of application and create new ones at the
consumer market of functional materials. The separate place among them belongs to magnetic
materials based on iron and nanostructural Rare-Earth alloys with iron and boron, which possess
extremely high values of saturation magnetization (M s), intrinsic coercivity (Hc) and maximal
magnetic energy product ( )max (Bushow et al. 1988).
For now the application of these materials as fillers for polymeric composites is not reported in
literature. Meanwhile, such composites, which may be defined as “magnetic rubbers” or “magnetic
rubber materials” (MRM) might find wide applications provided appropriate stability of their physicalchemical properties. For instance, practically advantageous are MRM made in form of thin elastic
sheets with high magnetic attraction force (F) to ferromagnetic bodies. It is clear a priori that the value
of F is proportional to the magnetic energy stored in MRM, which in turn depends on the magnetic
characteristics of the filler, its content in composite, the degree of magnetization of MRM, and the
configuration of magnetic poles (“magnetic picture”) created on the surface of MRM sheet.
Therefore the objective of the present study was to prepare magnetic rubber material based on
industrially available rubbers filled with soft magnetic powder ( –Fe) and hard magnetic powder
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(nanostructured rare-earth-3d-metal-boron alloy), to characterize its physics-chemical and magnetic
properties, and to explore the possibility of manufacturing thin elastic sheets with high attraction force
to ferromagnetic bodies.
2. EXPERIMENTAL
Comercial rubbers: polyisoprene (SKI-3, GOST14925-79), polychloroprene (PCP, LANXESS), and
copoly(butadiene-18%-nitrile) (CKN-18, TU 38.103488-89), were used as polymer binders for MRM.
The molecular characteristics of polymers are given in Table 1.
The following magnetic fillers were used in composites with these binders: nanostructured hard
magnetic powder MQP-B (MAGNEQUENCH Int.), produced by extra fast quenching of Nd-Fe-Co-B
alloy and soft magnetic iron nanopowder produced by the electric explosion of iron wire in argon.
Specific surface area of these powders was determined by low temperature nitrogen adsorption (BET)
(Greg S. 1984) using vapor sorption analyzer TriStar3020 (Micromeritics). SEM micrographs, which
present filler particle morphology and size (Figure 1) were obtained using Karl-Zeiss LEO982. The
properties of magnetic fillers are given in Table 2. Magnetic rubber composites SKI-3/MQP-B,
PCP/MQP-B, SKI-3/nano-Fe, SKN-18/nano-Fe were prepared according to the following: 40 mL of
5% solution of rubber binder in mixed solvent toluene/ethylacetate (1:3) were homogenized with 0.04
g of sulfur, 0.03 g of accelerator
Table 1. Characteristics of polymeric binders
Polymer type

Monomer chemical structure

Molecular mass

d, g/cm3

w

SKI-3

12*105

0,92

PCP

4*105

1,15

SKN-18

3*105

0,94

sulfeneamide C, and 0.03 g of stearic acid. This solution was mixed with weighted portions of
magnetic powders to provide 10, 25, 50, 75, 90% (mass) of filler in final magnetic rubber
composition. Dispersion of filler in binder solution was provided by 10 min sonification of the
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Figure 1. SEM photographs of MQP-B (left) and nano- Fe powders (right) used as rubber fillers
Table 2. Some characteristics of used powder fillers
Filler

Density,
g/sm3

Typical size
(SEM)

Shape

SBET,
m2/g

Br, kGs

Hc,kOe

MQP-B

7,55

0,5 – 10 m

Irregular
polygrains

0,16

8500*

8,96

nano-Fe

7,87

10 – 100 nm

Sphere

9,35

800*

0,2

(*) – the value of induction is calculated based on the specific residual magnetization in zero field.
mixture in Cole-Palmer CPX750 processor. To prevent overheating the treatment was made by
alternating 10 sec pulses and pauses. The film of magnetic rubber composition was prepared by
casting the suspension onto PTFE surface. The solvent was removed in vacuum at 50oC. The raw
composites were cured in thermal press at 2 atm: SKI-3 composites at 135 oC for 40 min, PCP
composites at 143 oC for 20 min, SKN-18 composites at 150 oC for 50 min. The samples were made as
2 mm thick sheets for mechanical studies and 1-3 mm thick 28 mm diameter disks for specific
attraction force (F) measurements. Double-layered MRMs, with magnetically hard and soft layers
were made by duplication of cast composition films and their co-curing according afore-mentioned
regimes.
Magnetic properties of cured MRMs were studied using vibrating sample magnetometer VM-112.
Magnetic field specific magnetization dependencies (m=f(He)) have been measured in the external
magnetic field range He= ± 15 kOe, with the error ±3%. From these data the values of residual specific
magnetization (mr), residual induction (remanence) (Br) and intrinsic coercivity (Hc) of initial filler
powders and manufactured MRMs were determined. Mechanical study of MRMs was performed
using bench-top mechanical tester RZM-3. Stress-strain plots up to break were obtained at 70 mm/min
elongation rate at ambient conditions. Stress-at-break, breaking strain, and modulus at 20% elongation
were measured with 4% accuracy. Attraction force of MRM to the 10 mm steel plate was measured by
lab-modified dynamometer.
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3.RESULTS AND DISCUSSION
3.1 Magnetic and mechanical properties of magnetic rubbers
Figure 2 presents demagnetization curves m = f(He) for MRM samples with 50% filler content
previously magnetized in external field e=+15 kOe. The plots for the samples with other filler
content look alike. Based on the value of the residual specific magnetization mr and the density of
compositions the values of the residual magnetic induction Br were calculated.
The value of mr is in general the function of the magnetization of the filler and its content in the
composition. The specific magnetization of MRM filled with nano-Fe in e=+15 kOe field is
approximately 1.5 times higher than that for MRM filled with MQP-B at the same filler content. It
stems from the higher value of saturation magnetization of nano-Fe as compared to that of MQP-B
(Table 2)

m, Gs*cm 3 /g
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Figure 2. Demagnetization curves for MRM with 50% (mass) of magnetic filler for compositions:
1 - SKI-3/MQP-B, 2 - PCP/MQP-B, 3 - SKI-3/nano Fe, 4 - SKN-18/nano-Fe.
Figure 3 presents the dependence of the remanence (Br) on the volume fraction of magnetic filler in
the composition (c). One can see that Br linearly increases with the volume fraction of the filler in
polymer matrix. MRMs filled with MQP-B show higher Br values than MRMs with nano-Fe in the
entire range of filler content. Points, which correspond to compositions with different rubber binders,
fit well the same linear regression. It means that remanence does not depend on the type of rubber
binder but is exclusively the function of the type of magnetic filler and its content in MRM.
The dependence of intrinsic coercivity of MRM on the filler volume fraction (Hc=f(c)) is presented in
Figure 4. Unlike Br discussed above intrinsic coercivity of MRM non-linearly depends on
c
indicated that polymeric matrix influences Hc. Dependences Hc=f(c) for hard and soft composites
are different. In the case of MRM filled with magnetically soft nano-Fe H c values are low (0.2-0.4
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kOe) and decrease with the filler content. The strongest changes correspond to the filler content up to
25%. At higher filler content intrinsic

Figure 3. MRM remanence dependencies on the volume concentration of magnetic filler for the
systems: 1-SKI-3/MQP-B, 2-PCP/MQP-B, 3-SKI-3/nano-Fe, 4-SKN-18/nano-Fe.

Figure 4. RMM intrinsic coercivity dependencies on the volume fraction of magnetic filler for the
systems: 1-SKI-3/MQP-B, 2-PCP/MQP-B, 3-SKI-3/nano-Fe, 4-SKN-18/nano-Fe.
coercivity is almost independent on it. The type of rubber binder does not influence Hc of magnetically
soft compositions. It means that surface interactions between binder and magnetic particles dispersed
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in MRM based on SKI-3 and SKN-18 do not affect magnetic properties of soft MRMs. Fe
nanoparticles dispersed in MRM are single-domain, having mean diameter 10-100 nm (Table 2),
which is lower that critical magnetic domain size for crystalline Fe (Paine T. 1961). Magnetization
reversal of these particles likely occurs due to the coherent rotation of magnetization vector Ms.
Rotation of Ms to the opposite direction can happen across the activation barrier, which depends on the
morphology of particles and the magneto crystalline anisotropy energy of Fe particles lattices. Thus,
the value of Hc should be proportional to the anisotropy field
=
/ Ms ± n*Ms, with - being
numerical coefficient, – magnetic anisotropy constant of Fe provided by its crystalline structure, n
– the demagnetization factor difference between a short and a long particle axis’s if its shape differs
from a sphere. As it was shown for ESD-magnets ( Eisurovich A.S. 1959), the second contribution in
the given equation is substantial only at relatively low filler content, when the magnetic particles are
more or less independent and their own fields do not influence the neighboring particles. Due to the
increase in filler content the particles get closer and their magnetic moments begin to interact. As a
result n values for separate nanoparticles diminishes to zero. This effect is more pronounced up to
25% of filler content. Above this threshold value magnetic interactions between nanoparticles are
strong and nullify magnetostatic contribution to magnetic anisotropy field and hence to H c. Based on
the spherical form of Fe nanoparticles (Figure 1) one can evaluate the mean diameter of Fe particle
using the specific surface area of Fe -nanopowder (Table 2) according to the following equation:
d

6
,
SBET

(1)

where SBET – specific surface area,
- density of material. Thus, the mean diameter of Fenanoparticles is around 80 nm. Based on the threshold volume fraction 25% the mean interparticle
distance for effective magnetostatic interaction might be estimated by 35-40 nm.
The dependence Hc=f( ) for magnetically hard MRMs filled with MQP-B lays within 8.1 – 8.9 kOe
range. Hc values increase with filler content and achieve saturation both for SKI-3 and PCP
composites. The influence of rubber binder on Hc reveals at low and moderate filler content. In the
case of SKI-3/MQP-B intrinsic coercivity saturates at 10% of filler content, and it changes are
relatively low. The intrinsic coercivity of PCP/MQP-B changes more substantially, almost linearly,
and saturates at c =50%.
The possible explanation of these features might be as follows. Although the particles of MQP-B are
strongly irregular in shape, their crystal structure is isotropic, because it consists of chaotically
oriented grains of magnetically uniaxial highly anisotropic Nd2Fe14B phase with mean grain size 20
nm and nano-grains of -Fe with approximately the same size in exchange interaction (Kudrevatykh
N.V. et al. 2011). Each polycrystalline microparticle is adhesively bound to polymeric matrix, which
can provide mechanical stress upon magnetic particle in form of elongation or contraction. The
magnetostriction of rare-earth alloys is substantially higher than for Fe (Andreev A.V. et al. 1986),
therefore these mechanical stresses originating from polymeric matrix can substantially contribute to
the magnetic anisotropy of nano-grains of Nd2Fe14B and influence exchange interactions between
grains as well. We think that it is the underlying reason for the decrease of H c of hard MRMs at low
filler content. If the volume fraction of magnetic filler is increased, the polymer content in
composition decreases so does the mechanical stress that polymeric matrix applies upon magnetic
particles lower. As a result Hc values saturates at the level, which is close to that for the individual
MQP-B powder. If interfacial interaction between magnetic particle and polymer matrix is strong, like
in the case of polar PCP (Petrov A.V. et al. 2010), the mechanical energy stored in polymer matrix is
high, therefore its influence on Hc is stronger and remains up to higher filler content.
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Interactions between magnetic fillers and rubber binders affect the mechanical properties of MRMs,
which are the major concern in practical application of these composites. The values of breaking
strain, Young’s modulus at 20% elongation, and stress-at-break for all MRMs under study are
presented in Table 3. For all composites the increase in filler content results in consequent increase in
Young’s modulus and the decrease in breaking strain. The comparison of mechanical properties
between composites with different type of binder but the same filler content reveals that the increase in
the polarity of binder results in the decrease of and the decrease of at any filler content.
Table 3. Mechanical properties of MRM
SKI-3/MQP-B

Filler
conte
nt

,%

,

10

1070

25

PCP/MQP-B
,

,%

,

0,76

1,9

630

960

0,88

2,1

50

910

1,04

75

860

90

530

SKI-3/nano-Fe
,

,%

,

1,95

9,9

950

545

2,32

8,4

1,7

460

2,94

1,40

1,9

440

2,90

1,3

60

SKN-18/nano-Fe
,

,%

,

,

0,73

4,5

420

2,16

1,9

865

0,91

6,1

440

2,35

2,2

5,8

770

1,45

10,2

390

4,06

3,9

5,48

3,6

530

2,84

9,8

150

10,2

5,3

8,95

1,7

120

10,5

2,3

12

42,7

5,4

% wt

Although the trend of the increase of E with filler content is the same for all composites, the specific
features for different MRM could be readily notices from Table 3. In general, mechanical properties
of composite depend in very complicated and integral way on type of polymer matrix and the filler,
structural properties of composite and the interfacial energy between matrix and immersed particles.
Young’s modulus of MRM filled with nano-Fe at high loading is substantially higher than that of
MRMs filled with MQP-B. The possible explanation is the different morphology of particles for these
two fillers. It is clear from Figure 1 that MQP-B particles have irregular shape, which is very
unfavorable for the uniformity of applied mechanical stress distribution in polymeric matrix. The
nano-Fe particles have regular spherical shape that provide more uniform distribution of mechanical
stress, which effectively leads to the higher values of Young’s modulus of composition.
Even stronger influence of the irregular morphology of MQP-B particles might be clearly traced out
considering the stress-at-break values for composites. MQP-B particles have multiple sharp edges
(Figure 1), which are fatal for the continuity of polymeric matrix under the applied stress. Therefore,
the stress-at-break diminishes with the increase of MQP-B filler content in MRM. On the contrary, the
increase of filler loading in the case of nano-Fe results in the strengthening of MRM and higher values
of . If the filler improves the mechanical properties of filled composite it is considered as “active”,
in the opposite case it is defined as “inactive” (Gul’ V.E. 1966, Lipatov Yu.S. 1967). From this
conventional point of view nano-Fe powder should be classified as an active filler, while MQP-B as an
inactive one.
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3.2.A study of specific attraction force (F) between steel and MRM sheets
As it was already mentioned, the desirable shape of MRM for technology purposes might be the thin
elastic sheet with strong attractive force (F) to ferromagnetic bodies and surfaces. This force mostly
depends on the magnetic energy stored by MRM upon its magnetizing, which is proportional to the
maximum energy product of the filler ( )max, filler content, sheet thickness and “magnetic picture”
on its surface – namely the area, shape and positions of magnetic poles created on the MRM sheet
during its magnetizing by special inductor. Magnetic picture should be determined by the desired
properties of MRM sheet, which stem from the specific objectives of its application.
These may for example include a requirement of maximum possible specific attraction force (F) of
HMR to the surface of ferromagnetic material at the fixed thickness MRM (if using MRM as seals or
special coatings to surfaces of details made of ferromagnetic materials) or requirement of maximum
extension of magnetic field generated by MRM magnetic poles (in case of their use as applicators or
magnetizers of surrounding environment). In this regard, it is obvious that the number of magnetic
poles on the surface of the sheet and the geometrical pattern of magnetic poles, as well as the internal
magnetic structure of magnetic domain (a volume with the same average orientation of residual
magnetization of filler particles) should depend on the specific assignment of MRM. The studies on
attractive force F value depending on the geometrical and magnetic characteristics of MRM are
presented below.

Figure 5. – Magnetic poles patterns picture on the surface of MRM disk D=28 mm, named as –
“eight-petal rose” (8r) after its magnetizing by special electric current inductor. Patterns have been
visualized with a help of an indicator magnetic film.
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Experimentally, the dependences of magnetic-force parameter – specific attraction force (F) of MRM
to the surface of a 10 mm thick steel sheet have been studied on:
) the concentration ( ) of a magnetic hard powder filler - F(c) ( =70; 80; 90 % wt.), at constant:
disk thickness ( ) =2,0 mm; magnetic poles pattern –“eight-petal rose” (8r); (Fig. 5); total “back’
magnetic poles closing with the help of silicon-iron plates (d= );
b) the hard magnetic rubber (HMR) disk thickness ( ) – F(H), (H= 1.0÷3.0 mm) at constant:
concentration ( ) of a magnetic hard powder filler ( =90%); magnetic poles pattern –“eight-petal
rose” (8r); total “back’ magnetic poles closing with the help of silicon-iron plates (d= );
c) Magnetic poles number (n) at the HMR disk surface – F(n) having the “Kittel” like magnetic poles
picture (parallel to diameter “magnetic strips” of the same widths) (n=1 ÷ 6) at constant:
concentration ( ) of a magnetic hard powder filler ( =90%); disk thickness ( =1.7
); total “back’
magnetic poles closing with a help of silicon-iron plates (d= );
d) the thickness (d) of a soft magnetic rubber (SMR) layer closing the “back” magnetic poles with a
85% soft magnetic powder (nano-Fe) filler concentration - F(d) (d= 1.0 ÷3.5
) at constant:
concentration ( ) of a magnetic hard powder filler ( =90%); magnetic poles pattern –“eight-petal
rose” (8r); disk thicknesses
= 1.2, 1.6. 2.2. 2.6 ;
e) the air gap size (h) between HMR and a 10 mm steel thickness sheet surfaces – F(h) (h=0 ÷1.0
)
at constant: concentration ( ) of a magnetic hard powder filler ( =90%); disk thickness ( =1.7 mm);
magnetic poles pattern –“eight-petal rose” (8r); “back’ magnetic poles closing with a help of siliconiron plates (d= ) and SMR band on the -Fe filler base (c=85%) with d= 1.7, 2.2 mm.
On the basis of the study, the combinations of c, H, d, n, h have been empirically found, which provide
F 200 g/cm2. Their values are listed in Table 4. The study clearly shows that the higher values of
attraction
Table 4. The values of a disk shape MRM parameters having the specific attraction force to the steel
2
plate surface equal to 0,2
or more.
(%)

(mm)

70

Not realized

80

Not realized

90

1,2

d (mm)

h(mm)
0,0

8r

0,0

2.5

0

8r

0,0

1.2

2.6

8r

0,0

2.2

1.2

8r

0,0

2

0,0

4

0,0

6

0,0

8

0.15

4

0.50

1.7
2.2

1.7

1.7
1.7

1.7

2.2
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force F are attained at a multipolar magnetic pole patterns on the surface of the MRM disk. In this
connection, the question of the optimum number of magnetic poles, giving the maximum values for F
arises. The answer we were searching both theoretically and experimentally. Theoretical calculation
was performed with a special computer program (Program Package Comsol Multiphysics) under the
following conditions: HMR sheet thickness - 2.0 mm, concentration filler c= 90%, sheet width W = 28
mm, length = , magnetic poles picture – “Kittel” like, the back poles are not closed. The theoretical
dependence F=f (h) on the air gap between HMR and steel sheet is shown in Figure 6 for the samples
with different number of magnetic strips (n). As it is seen when the strips number (n) increases (at the
fixed MRM sheet) the F(0) value sharply grows. However when the air gap between MRM sheet and
the steel plate surface appears ( h 0) the F(h) value diminishes on h much steeper for MRM samples
with higher n. This relationship was confirmed by the experiment when magnetized bipolar HMR disk
was cut into strips with different width, which then were rearranged to form alternating poles sequence
(Figure 7).
Thus, computations and experiments show that for each particular geometry of magnetic poles pattern
on the surface of magnetic rubber sheet there is an optimal value of n, when the specific attraction
force is reasonably high not only at zero gap but at some distance as well. This can serve as a
guarantee for reliable magnetic rubber sheets "adhesion” not only to the flat steel surfaces but also to
waved ones and those having corrosion places. However, it should be noted that a large number of
magnetic poles on a limited HMR area might not be achievable due to the impossibility of constracting
an adequate magnetizing device (inductor).

Figure 6. The calculated dependences of specific attraction force of HMR sheet to the steel plate
surface on the air gap width (h), having a different number of magnetic poles (strips) (n) at the fixed
sheet area surface. Poles (strips) number is pointed in insertion frame.
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Figure 7. Experimentally determined specific attraction force value of HMR disk with 28 mm
diameter to the 10 mm thickness steel plate on the gap size width between them at different thickness
of back poles closing SMR layer. Magnetic poles disk pattern is “eight-petal rose” (8r); back poles
are closed by three different soft magnetic material plates: , – made from SMR (c=85%) with
thickness respectively 2.2 and 1.7 mm; – from Fe-Si plate of 2,0 mm thickness.
3.3. Magnetic inductors for HMR magnetizing with multi poles patterns
Multipolar magnetizing of HMR sheets in the pattern of alternating magnetic pole strips – “Kittel” like
structure (the easiest one to implement magnetizing option) or more complex patterns - “eight-petal
rose”, "chess board" is a non-trivial technical challenge. It requires a special geometry of the magnetic
inductors capable to carry a high-power electric current through them, generating large magnetic fields
capable to magnetize a magnetic filler up to the full magnetic saturation (inside of magnetic domain).
In addition, the inductor must cover by poles as much HMR surface area as it possible, i.e. to provide
the minimal width of the transitional zones from one pole polarity to the other. The inductor, which is
a flat lattice of parallel conductors of electric current with alternating direction meets this requirement
the best. A scheme of this inductor is shown in Figure 8.
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Figure 8. Diagram of a simplest inductor for multipolar HMR sheet magnetizing. Inductor represents
a flat lattice of parallel conductors having an electric current from alternating directions it goes.
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The desired maximum value of the magnetic field generated by inductor is determined by the
magnetic characteristics of the filler. In the case of Nd-Fe-Co-B alloy filler, its value must be 20 kOe
(1600 kA/m) and above. It can be seen from Figure 9, where the values of intrinsic coercivity (Hc)
and specific
residual

0
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Figure 9. Experimentally determined values of intrinsic coercivity -Hc ( ) and specific residual
magnetization -mr ( ) dependencies for Nd-Fe-Co-B type (MQP-B) nanostructured alloy filler as a
function of external magnetizing field (Hm).
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magnetization (mr) as a function of magnetizing field (Hm) are presented. Such magnetic field intensity
can be created at least using a iron-core electromagnet. However, in case of a core free wire coils, such
field generation requires a very large electric currents. We have calculated the values of normal
magnetic field component (Hz) produced by inductor shown in Figure 8, as a function of an xcoordinate at different distances t between the inductor and magnetized HMR sheet with a 0.5 mm
step. A semi period d in conductor lattice made of the 2.7 mm diameter wire was varied from 5 up to
20 mm. The value of electric current power was taken as 1000 amperes. A typical magnetic field
Hz(x) topology picture for the d=10 mm is shown in Figure 10.

Figure 10. Calculated magnetic field Hz(x) topology picture produced by shown in Fig. 8 inductor for
d=10 mm and 1000 A passing electric current at different distances (t) between an inductor and MRM
planes:
1 – t=0.0 mm; 2- t= 0,5 mm; 3- t=1,0 mm; 4 - t=1,5 mm; 5- t=2,0 mm; 6- t=2,5 mm; 7 - t=3,0 mm; 8t=3,5 mm; 9 – t=4,0 mm; 10 – t=4,5 mm; 11- t=5,0 mm; 12 – t=5,5 mm; 13 – t=6,0 mm.
In general, these calculations have shown that there is an optimal distance between conductors, when
the inductor is capable to create the desired magnetic field intensity for HMR magnetizing throughout
its total depth (thickness). But the Hz-field component at a current intensity of 1000 A was too low
for full magnetizing of 2 mm HMR sheet filled with MQP-B powder. Such inductor needs to be feed
by the electric current of 30 times lager. In practice, a single unipolar electric current pulse from a
special power supply is used. The best of them is electric capacitors battery about 10 -50 mF which
are charged up to several thousand volts (Nesterin V.A. 1995). The disadvantage of this technique is
the necessity to cool the inductor, which is overheated during frequent pulses of a strong current. In
addition, a large current creates the so-called ponderomotoric forces that can destroy or make shorting
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of inductor wires. In this regard, the construction of such inductors has to be enhanced by special
bandages that further complicate the manufacturing and increase the cost. It should also be noted that
the weak point of this method of multipolar magnetizing is its low productivity because a current pulse
“prints” magnetic poles picture on a relatively small MRM sheet surface area. Alternative is the
magnetic system composed of the permanent magnets. This option is economically preferable because
it omits inductor manufacturing, an electric energy power supply, a charger and discharger devices,
and of course, an additional electric power consumption from the AC power net.
We have made the calculation of such permanent magnetic system shown in Figure 11 using the above
mentioned computer program. Its basic element is a high-energy Nd-Fe-B type permanent magnets
with (BH) max > 40 MGsOe. Their volume is determined by the size of the gap (the width and height),
as well as the required intensity of the magnetic field in the gap. The following parameters were set:
width of pole tip w = 8 mm, spacing between the poles (d) = 2.5 mm, the magnetic field intensity in
the gap -at least 25 kOe. Of course, this system would be able to magnetize large HMR sheet when it
is pulled out through the gap making only one "magnetic" stripe with a width of about 8-9 mm. For
multipolar magnetizing it will require repeated entries of HMR sheet to the gap space with its 180
degrees rotation around the horizontal axis and
sideward shift at the pole tip width. Visualized calculation results
According to

w

are presented

in Fig. 12.

d
T
t

W
Figure 11. Magnetic circuit configuration from the permanent magnets, pole pieces and iron york
used in computer calculation: t-thickness of a permanent magnet; W-width of a rectangular permanent
magnet, T is the height of a conical pole tip; t – base pole height; d- spacing between the poles; w- tip
width. Adjacent to the magnets rectangles made from soft magnetic material form a york.
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these data the establishment of such system is possible using 8 pieces of Nd-Fe-B type permanent
magnets of 30 x 25 x 10 mm in size. The manufactured system with such geometry design is presented
in Fig. 13. The magnetic field intensity in the gap was 20 ± 1 kOe that fits well the calculated value.
Thus both by computer simulation and experimentally we have shown that HMR sheets filler with
hard magnetic Nd-Fe-Co-B powder can be magnetized practically up to saturation without an electric
current inductor (with much lower operating costs) but by pulling them through the gap space of a
specially designed magnetic system. This way we performed multipolar magnetizing of 110 x 110 x 2
mm HMR sheet. Being placed between two steel tiles this HMR sheet can attract them with the force
not less than 20 kg (fig. 14).

Figure 12. The distribution of magnetic field z-component (in color) around the permanent magnets
system shown schematically in Fig. 11 plotted on the base of computer calculations.

Figure 13. The photo of created magnetic system with permanent magnets for a “Kittel” like
magnetic poles picture formation on the surface MRM sheets. The magnetic field intensity in cavity
is 20 ± 1 kOe.
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Figure 14. Demonstration of the "work" of magnetized rubber. Placing it between two steel tiles it
gives them the attraction force of not less than 20 kg.
4.CONCLUSIONS
The main results of the study are:
1. The development of methods of synthesis and samples manufacturing of “magnetic rubber
materials” (MRM) based of synthetic rubbers filled with the powders of hard and soft magnetic
materials (respectively hard magnetic rubber - HMR and soft magnetic rubber –SMR).
2. The determination of MRM residual magnetization and intrinsic coercivity dependence on the
volume content of hard and soft magnetic powder fillers with different types of polymer resins.
3. The determination of mechanical characteristics of MRM and confirmation that the typical elastic
rubber properties remain.
4. The calculation and experimental verification of a specific attraction force (F) between MRM and
steel sheets on: a) filler concentration; b) HMR thickness; c) magnetic poles density (number); d) soft
magnetic rubber thickness closing the back magnetic poles on HMR surface; e) air gap width between
HMR and steel sheet surfaces. Preparation of MRM bilayered samples with F= 0.3-0.4 kg/cm2 at their
thickness 1.5-2.0 mm.
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5. Design and manufacturing of magnetic system on the basis of high magnetic energy product Nd-FeB type permanent magnets, which allow producing multipolar MRM sheets magnetizing to extremely
high values of residual magnetization in magnetic "stripes".
6. Manufacturing of 110 110 2 mm MRM sample based on polymeric SKN-18 binder filled with
MQP-B brand powder with attraction force to the surface of the steel plates of similar area not less
than 0.2 kg/cm2 (total attraction force more than 20 kg).
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FORMATION OF AN ION-CLUSTER BEAM FOR MATERIAL PROCESSING
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Abstract
In this paper the possibility of accelerating gaseous cluster-ion beams for nanomaterials processing
are discussed. In order to realize surface processing technology, a high-energy gas cluster ion beam
irradiation system was developed. The results of the experimental study of formation of an intense
cluster-ion beam of argon and nitrogen are presented. The fundamental phenomenon influences on the
main parameters of cluster-ion beam (cluster-ion size, energy, at al.) are considered.
Key words: supersonic jet, gas cluster, molecular beam, ionization, cluster ion, surface processing
1. INTRODUCTION
Today beams of atomic or molecular ions are in fact become an integral part of many modern
technologies (Giannuzzi and Stevens, 2004, Orloff, 2008). Conventional now ion cleaning, etching,
implantation, sputtering and deposition of thin films of various materials - all of which are based
essentially on the individual collisions (or a cascade of binary collisions) of incident ions with nearsurface atoms. A completely different situation occurs during a collision the energetic large clusters
with the surface. In this case, nearly simultaneous interaction of many particles of cluster around the
same number of atoms in a solid occurs. This leads to deposition a high-energy density into a very
small volume of the target material, and strong nonlinear effects: lateral sputtering, dry etching, and
shallow implantation. Recently it was shown that the accelerated gas cluster ion beams have a number
of unique advantages that allow them to be considered a promising basis for new technologies,
including nanotechnologies (Popok and Campbell, 2006, Yamada, 2007).
Cluster we call the aggregates of a few units up to tens of thousands of atoms or molecules, combined
into a single complex. The properties of the clusters are in the middle between the individual
molecules and bulk matter. Under laboratory conditions, the clusters are formed during a supersonic
expansion of gases through a nozzle into vacuum. It’s known that in supersonic jet due to free
expansion the gas temperature drops down to cryogenic values and clusters can form (Pauly, 2000).
Forces, holding molecules in the cluster, could effect on the threshold energy of activation and
ionization of molecules in a clusters, and result to broadening of energy levels (Korobeishchikov et all,
2005, Zarvin et all, 2008).
One of the distinguishing features of cluster ions is the possibility to widely regulate an energy
corresponding per one unit of the cluster. By varying the size of the cluster and its energy it is
possible, for example, to generate an intensive flow of material with a specific energy of several
eV/molecule. As is well known it is very difficult to do using the traditional monomer ion beam due to
the effects of repulsion. Thus, we can successfully implement the various modes of irradiation: from
the deposition of the soft mode before scattering of the irradiated target.
It was be found (Yamada, et all., 2003), that for the purpose of modifying the surface requires
intensive flows of clusters of up to thousands units with energy up to 30-40 keV and radiation doses
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up to 1015-1017 ions/cm2. Apparently, the only source that can provide high-intensity clusters flow is
molecular beam generated from the supersonic gas jet. Having picked geometry of a nozzle and by
varying the parameters of gas (stagnation pressure and temperature) clusters of different sizes can be
obtained.
However, kinetic energy, obtained the cluster during the free supersonic expansion is determined by
the initial enthalpy of stagnation gas and generally does not exceed 0.1 eV per particle (atom or
molecule) that it is not enough for surface treatment. To speed up the cluster it is necessary to ionize a
cluster, and then accelerate this up to the desired energy in the electric field. It is known that the
ionization energy threshold (~ 10-20 eV) significantly greater than the binding energy of the particles
in the gas cluster (from 0.1 to 5 eV). Obviously, the ionization may lead to collapse (fragmentation) of
the cluster, what may lessen the intensity of cluster-ion beam. Thus, the formation of high-intensity
accelerated cluster ion beam is a complex physical and technical task that depends on many
parameters which cannot be solved analytically.
In this paper we present the first results on the formation of intensive cluster ions beams from the
supersonic jets of Ar.
2. EXPERIMENTAL
The work was performed on an experimental setup LEMPUS of Novosibirsk State University. A
detailed description of the stand is given in (Zarvin et all, 2000). To perform this work has been
upgraded the setup. General view of the experimental stand is shown in Fig. 1. Now the stand is
equipped with high-vacuum system is completely oil-free: turbomolecular pumps Shimadzu TMP2203LMC, TMP-1003LM and oil-free mechanical pumps Anest Ivata ISP-500, ISP-250 (Japan). The
source of the jet is located inside the expansion chamber at the three-component coordinate
mechanism. Capacity pumping system is on the expansion chamber - 2000 l/sec, on the ionizer
chamber - 1000 l/sec.
Schematic diagram of the formation of a cluster ion beam is shown in Fig. 2. The experiments were
carried out with a supersonic conical nozzle having a throat diameter of d* = 0.19 mm and angle =
12 . The molecular beam was formed by a skimmer with a diameter of the inlet ds = 1 mm. Stagnation
pressure P0 was varied from 1 to 10 bar, stagnation temperature T0 was fixed 295 C. Ionization of the
clusters was carried out by electron impact. The electron source was a tablet of lanthanum hexaboride,
heated up to a temperature of 1800 C. The electron current was 50-200 mA.
To determine the optimal parameters for the formation of an intense cluster beam measurements of the
total intensity of the neutral molecular flow were made by varying the stagnation pressure P 0 and the
distance of the nozzle - skimmer x ns. The measurements were performed using a closed ionization
pressure sensor located on the axis of the molecular beam. Since the clusters are completely destroyed
by collisions with the walls inside the sensor, the equilibrium density of the gas in the sensor is
proportional to the intensity cluster molecular beam (Alexandrov and Kusner, 1989, Handbook of
Nanophysics 2, 2011).
To register the distribution of cluster ions to the energy classical method of retarding potential was
used. After differentiation of the recorded curve, we obtained the distribution of cluster ions by size.
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Fig. 1. General view of the experimental setup LEMPUS-1.

Fig. 2. Scheme of the formation of the cluster ion beam.
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3. RESULTS AND DISCUSSION
In Fig. 3 shows the values of pressure on axis of molecular flow Pa and background pressure in the
ionizer section Pb, measured simultaneously at a fixed pressure P0 = 5 bar at different nozzle-skimmer
distances. Here and further the distance nozzle - skimmer is measured in caliber (diameter of the
nozzle throat), x/d*. There is an arrow shows the position of the boundary of the jet - direct shock
wave (Mach disk), calculated from the known empirical formula:

xM

0.67 * P0 Pk ,

(1)

where Pk is background pressure in the expansion chamber. Obviously, the background pressure in the
ionizer chamber may influence the correctness of the sensor readings of the intensity of the molecular
beam. Therefore, the true pressure in the molecular beam P mb defined as:

Pmb

Pa

Pb

(2)

When moving from the Mach disk to the nozzle increases leakage of gas through the skimmer into
ionizer chamber according to the isentropic density distribution of gas in the jet (~ 1/x 2, on the figure
the dotted line). As a result, the background pressure Pb increases proportionally. The pressure of the
molecular beam Pmb also dramatically increased in proportion to ~ 1/x2 after leaving the Mach disk
(x/d* < 330). However, the increase in background pressure leads to molecular beam scattering, which
leads initially (at x/d* ~ 240) to a deviation from linear growth, and then (at x/d* < 200) and a pressure
drop Pmb. Thus, for these conditions the molecular beam is formed with a maximum intensity at
distances nozzle - skimmer 150-200 calibers.
Using this algorithm of measurements, we calculated the intensity of the clustering molecular beam
for several fixed stagnation pressure (Fig. 4). Despite the fact that the size of the jet (the distance to the
Mach disk) changes markedly with increasing P0, the optimum distance of the nozzle - skimmer of
about the same - 150-200 calibers. The maximum intensity (~ 2*1018 molecules/sm2*sec) is attained at
P0 = 6 bar.
It should be noted a significant non-linearity depending on the maximum intensity of the clustering
molecular beam from the pressure P0: at P0 = 1 bar, the maximum intensity of more than 15 times
smaller than at P0 = 3 bar. One of the reasons is the influence of background gas in the expansion
chamber. At low pressures transient regime of expansion formed with a blurring of shock waves
limiting outside the core of the jet and, consequently, with a noticeable penetration of background gas,
resulting in a decrease in the intensity of the molecular flow. In this case, at P0 = 1 bar, there is no
central Mach disk (calculated position - x/d* = 280).
Another important reason is the various stages of condensation of gas flow in a supersonic flow. As
you know, in a free jet heavy particles (in this case – clusters) are concentrated at the jet axis as a
result of gas-dynamic separation [6]. Accordingly, the intensity of the beam is determined clustering
molecular condensate fraction (fraction of gas in a bound state) and the size of the clusters. For our
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Fig. 3. The pressure on axis of molecular flow, Pa, background pressure in the ionizer section Pb, and
pressure in the molecular beam Pmb depend of nozzle-skimmer distances at P0 = 5 bar.
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Fig. 4. The intensity of cluster molecular beam (molecules/sm2*sec) depends of pressures P0 and
nozzle-skimmer distances.
conditions, we calculated the dimensionless similarity parameters for flows with condensation,
Hagena`s parameter:

* k * (d eq ) 0.85 * P0

T0

,

(3)

where deq is the equivalent diameter of the nozzle (Hagena, 1992).
Calculations show that at P0 = 5 bar flow is in the phase of massive condensation, which is
characterized by a sharp increase in the proportion of the total condensate, and relatively weak growth
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of the average cluster size. As a result, the intensity of the clustering molecular beams growing much
faster than linear growth stagnation pressure. When P0> 2 bar flow moving into the development phase
of condensation, in which the condensate fraction reaches a constant value (25-30%), and the average
cluster size increases significantly. As a result, at this stage, the intensity of the molecular flow
increases linearly with pressure P0. The figure also shows the average cluster size N for the
corresponding pressures calculated from empirical formulas (Hagena, 1992):

Fig. 5. The intensity of cluster molecular beam depends of pressures P0 and nozzle-skimmer distances.

N

38.4 * (

*

)1, 64 for 300 < * < 1800,
1000
N
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At maximum pressure the average cluster size reaches a value of 22 000 molecules/cluster, whereas at
P0 = 1 bar, the average size of 80 molecules/cluster.
Using the mean cluster sizes intensities of the molecular beam were calculated in terms
cluster/sm2*sec, the results are shown in Fig. 5. It is seen that, except for the very low pressure, with
increasing P 0 the flow of clusters on the axis of the jet decreases. This is explained by the previously
mentioned factors - the proportion of output saturation and condensation on the continued growth of
the average cluster size. Thus, the condensation at this stage continues, mainly due to consolidation of
small clusters. So under such condition it is possible obtained a cluster beam very high intensity: up to
4-1014 clusters/sm2*sec.
In Fig. 6 shows the distribution of cluster ions Ar in size, recorded by the retarding potential method at
several P0. As expected, the average size of cluster ions increases with increasing stagnation pressure:
at P0=2 bar average size of cluster ions is near 500 units, at P0=5 bar - near 800 units, at P0=6 bar near 1000 units. Comparison with the calculations of the initial cluster size shows that the ionization
of the neutral cluster is a marked decrease in its size.

Fig. 6. Ar cluster size distribution at P0=2 bar, 5 bar, 6 bar measured with the retarding potential
method. Ie=105 mA, Ue=100V, Uext=50V
4. CONCLUSIONS
As a result of experimental investigations the optimal conditions for the formation of a clustering
molecular beam from supersonic jets of argon have been determined. A maximum intensity of 4*1014
clusters/cm2*sec for the clusters with an average size of 1000 molecules, and 8*10 13 for clusters with
an average size of more than 20,000 molecules have been reached. The distributions of cluster ions in
size have been recorded. It was found that the average size of the ionization of cluster ions is several
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times smaller than the source of the neutral cluster. At present, works are underway to optimize the
regimes of ionization in order to increase the current of clustering ion beam.
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Abstract
The selective wet-etching of laser and electron beam irradiated Sb-Se thin films was performed. The
irradiation effects of the radiation from an excimer laser on Sb-Se thin films are compared with those
from electron beam studies. Both types of irradiation were found to induce changes in the structure of
Sb-Se thin film. Characterization of the structure and surface of studied films by AFM methods has
been done and potential application is suggested.
We have realized direct, one-step e-beam recording of surface reliefs. An experimental study of the
possibility to fabricate grey scale optical elements and 3D structures in resist was carried out.
Key words: laser, electron beam, thin film, irradiation, relief
1. INTRODUCTION
Chalcogenide glass possesses unique characteristics, such as photoinduced diffusion in multilayer
systems (Debnath, Nusbar, & Fitzgerald, 2005), (Romero, 2004) changing their structure under the
influence of light (Lyubin,Victor, 2009), photodarkening (TANAKA, KYOHYA, & ODAJIMA,
1984) photo-induced volume changes (KUGLER, HEGEDÜS, & LUKÁCS, 2007), remarkable
sensitivity to the ionizing radiation (Mietzsch,K, n.d.), (ELSAYED, 2004), etc. These materials can
be used in the photolithography, where they serve as high resolution registering media or inorganic
photoresists. The utilization of chalcogenide thin films in lithography is based on different dissolution
rates of exposed and unexposed parts of the film. The different etching rates occur as a consequence of
photostructural changes induced by band- or sub-band gap energy exposure (Tanaka, 2003). Such
media provide a resolution capability of the order of several nanometers due to their amorphous
structure (Utsugi, 1993) and ability to produce surface relief after exposure and treatment. In a present
work we will study the structures in chalcogenide glasses which are imaged and produced using HeNe laser and scanning electron microscopy (SEM).
2. EXPERIMENTAL
Thin film was prepared by thermal evaporation technique from bulk glass samples of composition
Sb40Se60 in vacuum 10-5 Torr onto BK-7 glass substrates at room temperature. The substrate was
equipped with pre-deposited Ni layer of 100 nm thikness. Film thickness was controlled during
evaporation by means of interference technique at wavelength of 650 nm, as it was shown in
(Gerbreders, Teteris, Sledevskis, & Bulanovs, 2007). Thickness of prepared film was about 100 nm
for electron irradiation and 130 nm for laser treatment. The composition and structure of the deposed
layers have been analyzed using the INCA x-act detector, EBSD system and X-ray difractometer
SmartLab Rigaku.
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Characterisation experiments for Sb40Se60 thin films were carried out for both, photo and e-beam
exposure. Local laser treatment of Sb40Se60 thin films was carried out using He-Ne laser, = 633 nm
and output energy 16mW for 30 min. E-beam irradiation of the samples was performed by scanning
electron microscopy on a SEM TESCAN VEGA LMU. The accelerating voltage was 30 kV, spot size
- 210 nm, current of the electron beam - 0.23 nA and exposure time was 10 min.
Optical microscopy (confocal laser-scanning microscope Leica TCS-SPE) and scanning electron
microscopy, SEM (TESCAN VEGA) were used to study the modification induced by e-beam
irradiation of thin films. The topography of the structures drawn on the substrate was measured using
Atomic Force Microscope (AFM) Veeco CP II in tapping mode.
Leica TCS-SPE was used for in-situ observation of thin film etching process as shown in (Shiman,
Gerbreders, Sledevskis, Bulanovs, & Pashkevich Valfrids, 2011). Organic based solution e.g. amines
was used for selective etching thin films. The etching solution were not stirred and kept at laboratory
temperature during etching process.
3. RESULTS AND DISCUSSION
It is well known that an electron-beam bombardment can induce structural changes and generate
micrometer and nanometer patterns in many materials, including chalcogenide glasses where its effect
is rather similar to the light-induced changes (NEILSON, KOVALSKIY, VLCEK, JAIN, & MILLER,
2007). Fig. 1 shows the surface pattern produced by the electron beam and laser. For the tests
presented here, dot patterns were exposed. It is seen that e-beam irradiated surface is modified while
laser treated area has uniform surface. Laser-treated unetched sample (Fig. 1a): the space between the
crystallites is probably filled with amorphous Sb40Se60.

(a)

(b)

Fig. 1. AFM image of the surface topography in 3D for the Sb20Se80 photocrystallized (a) and e-beam
treated (b) non-etched thin films.
Figure 2 shows the reflected signal versus etch time for Sb40Se60 thin films. Very high etch selectivity
was detected in the samples: non-irradiated regions are completely dissolved, whilst locally laser or
electron beam treated areas remain intact: intensity of the reflected signal remains practically
unchanged as it is schematically depicted on Fig. 2. The etching rate of amorphous phase is 1.8 nm/s.
High etch selectivity is connected with changing of the structure upon the irradiation.
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Fig. 2. Kinetics of dissolution of crystallized and non-crystallized areas of Sb 40Se60 in organic etcher
(room temperature).
Laser-treated unetched sample has uniform surface without height discontinuity. In the process of
etching the amorphous regions are dissolved, whilst homogeneously crystallized areas represent
structures with clearly/sharply defined edges. It was confirmed that undissolved Sb40Se60 island
crystallites were 100 nm in height (Fig.3). The height of the crystallites are equal to the film thickness.

Fig. 3. AFM image of the surface topography in 3D for the Sb40Se60 laser crystallized etched thin
films.

After the laser crystallization process Sb40Se60 thin film sample surface becomes more flat and smooth
compared to the amorphous region. Fig. 3 shows typical AFM images of the surface topography in 3D
for the stoichiometric compound thin films in crystalline phase: the small grains had coalesced,
resulting in a uniform surface with some additional big grains observed on the film surface.
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Fig. 4. AFM image of the surface topography in 3D and cross-section for the Sb40Se60 electron beam
exposed etched thin films
In the beginning of electron beam (EB) irradiation process, a dimple is formed at the EB irradiation
point, and the shrinking volume increases radially and in-depth with increasing exposition time. As
exposition time increases further, a cone is produced at the center of the dimple. The height of the
cone increases with radiation time. With increasing an exposure time, depth and width (spot size) of
the dimple increases regardless of beam parameters. After 10 minutes exposure the dimple parameters
reach their maximum value: 17 m in width and 97 nm deep, whilst a total thickness of the
chalcogenide layer is 100 nm (Fig. 4).
4. CONCLUSIONS
Sb40Se60 thin films have been exposed to the laser and electron beam irradiation with followed by
etching in organic based solution e.g. amines. We showed the etching possibilities between local
irradiated/non-irradiated Sb40Se60 thin films with regard to the surface quality. In all cases the
irradiated area is more resist to organic etching solution in comparison with the non-irradiated area.
We confirmed that, similar to exposure by suitable photons, exposure of Sb-Se films by electron beam
significantly enhances their chemical resistance to alkaline amine based solutions. Thus smooth,
shaped microstructures can be easily fabricated in these films. The direct surface relief formation
during the exposure process by e-beam was obtained. It is very promising for practical application
enabling the possibility to simplify technology of the surface patterning. Rather smooth and
homogeneous surface of the samples after the photo- stimulation and after etching process as well as
fine crystalline structure makes the Sb40Se60 composition attractive and promising for micro- and even
nano-scale lithography.
Potential application of selective etching could be expected in the field of micro optical elements
fabrication i.e. grids, waveguides, microlenses, highlighting phase change type recording memories.
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Abstract
This paper contains short description of
-algorithm for the approximation of the function with two
independent variables by the sum of products of one-dimensional functions. It is easy to describe the
construction of the best
-approximation with the given accuracy level. The structure of the
construction of the best
-approximation usually repeats this structure with some differences
concerning with the algorithm for the eigenvalue problem and some additional possibilities like visual
control. Some realizations of this algorithm based on B-splines are presented here. Few examples
concerning with compression in the solving of approximation problems are described and discussed.
Key words: data compression,
eigenvalue problem.
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1. INTRODUCTION
In last few years we can observe growing interest to digital methods of processing of signals and
images. It is caused by that the digital methods of processing in comparison with analog are exacter,
reliable, flexible and simple in realization. The interest to algorithms of processing of the images is
initiated due to development of characteristics of computer facilities on the one hand, and occurrence
of tasks connected to job on processing of the images on the other hand. For example, the widely
widespread communication technologies recently are based on transfer of digital signals and images
on the large distances in the distributed systems.
Data compression is one of the most significant components of the modern information processing
systems. It is related to the development of digital measuring equipment, possibilities and comfort of
using computers in processing, transferring and keeping incoming data. Meanwhile, size of kept and
transferred information is usually large-scale. With that comes the problem of effective data
compression, either lossless or with allowable level of loss.
There are lots of effective data compression methods at the moment. This algorithms encode data
without any information losses. They are based on replacing repeated sequences with short codes
(coding with Huffmann or Lempel-Ziv algorithms). This methods, though well-suited for text and
monochrome image coding, are absolutely ineffective in real data (such as tables and experimental
evidences), gray-scale and chromatic image compression.
This article suggests using
- approximation algorithm, very effective bidimensional data
compression method. This algorithm is based on approaching function with two variables by the sums
of products of one-dimensional functions.
This method was suggested for the first time in Schmidt’s paper in 1907. Schmidt has shown
(E.Shmidt, 1907) that every square-integrated function of two variables f(x,y) can be approximated in
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average quadratic with desired accuracy level using finitely many terms, if each term represents
product of function from x on function from y, also, the minimum of norm of an error of such
expansion can be reached on Schmidt's fundamental functions (x, y) which correspond to singular
values of the integrated operator with a kernel f(x,y).
Optimization of these approximations in the average quadratic for functions of continuous or discrete
argument was considered by various authors (E.Shmidt, (1907), M.R.Shura-Bura, (1957),
V.V.Pospelov, (1978), R.D.Baglaj and K.K.Smirnov, (1975)). The most general statement and
computing algorithm of the solution were given by V.A.Vasilenko (1990).
The offered method of approximation can be used for compression of any two-dimensional
information, for example, for compression of experimental data, for packing of tables, for video
information compression. Thus the data is restored with the given accuracy level.
2. APPROACHES, TOOLS, DATA, DOMAINS AND NESTING
2.1. Theoretical background
In the modern formulation the problem of the best
-approximation means the following. Let
( x ) and ( y ) be two Hilbert functional spaces over multidimensional domains
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with respect to these coefficients. Without lost of generality we assume that
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one can see that the optimal strategy is the search of eigenvalues in order of decay to provide the best
minimization of E n( s, m) ( , ) .
Using the well-known trick based on the Cholessky decomposition A = LL*, =MM* of the Gram
matrices, it is possible to reduce the generalized eigenvalue problem (4) to usual eigenvalue problem
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( L 1 FM * 1 ) * ( L 1 FM * 1 )

2

(7)

of the order n or m.
It is easy to describe the main steps in the construction of the best
accuracy level > 0 (O.E.Baklanova&V.A.Vasilenko,1993):

-approximation with the given

Step 1. Choice of the basic Hilbert spaces X and Y
Step 2. Definition of the Hilbert tensor product X

Y corresponding to the suitable cross-norm

Step 3. Choice of the finite dimensional subspaces X n

X , Ym

Y and their basis

Step 4. Assembling of the Gram matrices A and
Step 5. Assembling of the rectangular n x m matrix F
Step 6. Consequent determination of the eigenvalues and eigenvectors to provide the given accuracy
level in
-approximation
The structure of the software for the construction of the best
- approximation usually repeats this
structure with some differences concerning with the concrete algorithm for the eigenvalue problem
and some additional possibilities like visual control.
3. APPLICATION VALIDATION
3.1.
Let

-approximation and polynomial splines
x

[ a, b],

y

[c, d ] , and X (

x

H s (a, b), Y (

)

y

H r (c, d ) the Hilbert spaces with

)

the scalar products
b

[uv u ( s ) v ( s ) ]dx

(u , v) H s ( a ,b )
a

(8)

d
( r ) (r )

(u , v) H r ( c ,d )

[uv u v ]dy
c

The tensor product H s , r ( ),
[a, b] [c, d ] of these two spaces with respect to the suitable crossnorm consists of the function of 2 variables with the norm
b d

u ( x, y )

u

H s ,r ( )

s

u
xs

2

a c

2

r

u
yr

2

s r

u
xs yr

and corresponding scalar product.
Let us divide the intervals [a,b] and [c,d] by some mesh points,
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suitable smoothness. It is well-known fact that the basises of the local functions (B-splines) do exist in
three spline spaces (C.De.Boor,1978). If the function f(x,y) belongs to the space Hs,r ), then the
prescribed
- procedure can be applied to approximate f(x,y) by the sum of products of onedimensional splines.
3.2. Using the discrete splines for data compression
If the initial two-dimensional function is given in the discrete form ƒ(i,j), like the image after
scanning, then it is natural to apply the discrete splines instead continuous polynomial splines in
algorithm of data compression. Let
x=
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where s and r mean the finite difference differentiation with respect to 1-st and 2-nd variable.
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, where kx, ky are also integer. It

is easy to connect with the "uniform mesh" 1, , 2 , ..., k the space of discrete splines with the basis
of discrete B- splines; these B-splines can be obtained by the few discrete convolutions of the mesh
piecewise constant function

(i )

1,
0,

i
2
2
otherwise.

3.3. Compression of colour images
In the red-green-blue (RGB) representation the colour image is the vector function of these
components. At first we extract from the colour image the half-tone component by the following law:
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every colour pixel ( ri , g i , bi ) corresponds to the scalar ai
image consists of the pixels (ri

min{ri , g i , bi } . The rest part of colour

ai , g i ai , bi ai ) . Formally we divide the initial colour image into
{ai } , I 2 {ri ai } , I 3 {g i ai } , I 4 {bi ai } . Each of these

four half-tone components I 1
components is the scalar mesh function of two integer variables, and for each of this functions we
apply
-algorithm based on discrete one-dimensional splines with = 1. In this case the "degree" of
the splines does not matter, and the norm which we choose is H0,0 -norm.

There is no way to demonstrate the compressed and the initial colour image in this edition because
colour photographs are impossible here. By these means we give only an expert evaluations for some
colour 320 x 200- images. To provide the exact restoration of this image we need 200 terms in
approximation. But the visual control shows that the number of terms is extremely less, especially for
the components I2, I3, I4. We show the expert evaluation of the colour image quality in the following
table 1.
Table 1. The expert evaluation of the colour image quality
Number of eigenvalues

Expert evaluation

I1

I2

I3

I4

50

1

1

1

fair

50

3

2

3

good

50

7

6

10

excellent

4. SOME EXAMPLES FROM THE NUMERICAL EXPERIMENTS
4.1. The examples of

-approximation and polynomial splines

To estimate the compression coefficient we consider bicubic spline f(x,y) connected with the uniform
6x6 rectangular grid in the unit square which interpolates the function
f ( x, y )

sin xy exp( x 2

y2 )

with the accuracy 10-3 in H2,2 -norm (see Fig. l). The exact representation of this spline with twodimensional B-splines requires 8 X 8 = 64 coefficients. If we construct
-approximation based on
the one-dimensional cubic splines with the same accuracy level 10-3 in H2,2 -norm, then only 2
eigenvalues are necessary to provide this error, and a number of coefficients in
-approximation is
2x8x2=32; thus the compression coefficient is 64/32 = 2.
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Fig. 1 The bicubic spline with coefficients

b ij

sin

3

(10 (

1

i
31

)2

10 (

j 1 2
) )
31

4.2. The examples of using the discrete splines for data compression
We describe now an example of data compression with the discrete splines. Let the function

f ( x, y) sin(4 ( x 2

y2

xy))

be given at the unit square [0,1] x [0,1] (see Fig. 2).

Fig. 2.
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We consider the corresponding mesh function at 130 x 130 uniform grid and approximate it with the
accuracy level 0.01 in the mesh H2,2 -norm by the
-function with one dimensional discrete splines,
corresponding to
= 3. We need only nine terms to provide this accuracy, and compression
coefficient in this case is about 41.4.

5. CONCLUSIONS
For experimental data compression were developed specific computing circuits of compression with
needed accuracy level based on
- approximation algorithm using continuous and discrete splines.
- approximation algorithm was formulated on the basis of general methods of approaching which
allows to considerably extending the class of functional dependencies and estimation types for receipt
of desired accuracy.
So, in this paper was examined the task of continuous and discrete spline dependencies from two
variables compression. As generally know, polynomial spline from two variables storing also needs
storing its expansion factors for every cell of the grid. If this grid contains too many nodes,
information size can be pretty large. And also, in practice estimating the value of the spline is often
needed for the point with low accuracy. In this situation
- approximation algorithm allows to
replace the spline of two variables by a few one-dimensional splines, and thus considerably reduce the
amount of stored factors. Moreover,
- approximation algorithm is a bit easier for this task.
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THE ROLE OF AUDIT AUTHORITY IN EUROPEAN UNION FUNDS
MANAGEMENT AND CONTROL SYSTEM
Olita Janberga
Ministry of Finance, Latvia, Riga, 1 Smilsu street

Abstract
The aim of this paper is to define the Audit Authority’s of European Union funds current role and
model in European Union’s funds management and control system, as well as to evaluate possible
improvements to the Audit Authority’s actions. Strictly segregating the Audit Authority's role, the
necessary measures for strengthening the Audit Authority’s role in European Union funds
management and control system are defined in the conclusion of the paper. It is concluded that one of
the prerequisites for funding is the creation of Audit Authorities as part of European Union funds
management and control systems, which would provide assurance to the European Commission that
the management and control systems are effective in providing reasonable assurance that the
expenditure presented to the European Commission are correct, and a consequence reasonable
assurance that the underlying transactions are legal and regular.
Key words: Audit Authority, European Union funds, management and control system
1. INTRODUCTION
EU funds in 2007 to 2013 planning period are regulated by a number of EU laws and regulations, the
most important of which is the Council Regulation No.1083/2006 of 11 July 2006 laying down general
provisions on the European Regional Development Fund (ERDF), European Social Fund (ESF) and
Cohesion Fund (CF).9
EU funds management in Latvian legislation is regulated by the EU Structural Funds and Cohesion
Fund Management Law, under which the following is stated:
rights and obligations of the institutions involved in the EU funds management as well as
rights and obligations of the EU funds beneficiaries
the decision making and appeal procedures of the institutions involved in the EU funds
management
the Cabinets of Ministers responsibility
The planning process of EU funds is also done at both EU and national level – according to EU level
strategy (Community Strategic Guidelines), national strategy (National Strategic Reference
Framework) and national Operational programmes.10

9

European Commission, Council Regulation (EC) No 1083/2006 of 11 July 2006 laying down general provisions on the
European Regional Development Fund, the European Social Fund and the Cohesion Fund and repealing Regulation (EC) No
1260/1999, 31.07.2006, 25 p.
10

The Investment and Development Agency’s of Latvia homepage
<http://www.liaa.gov.lv/uploaded_files/00JAUNIE00/Sfondi/KAN/Mainamie/APA2/Programma_11_01_11.pdf>
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According to the decision of the Council of the EU on long-term financial framework for 2007 - 2013,
Latvia has received EUR 4.53 billion (EUR 4'530'447'634) for achievement of Cohesion Policy goals
through acquisition of the EU funds (ERDF, ESF and CF).

Fig.1. Division of EU funding by operational programmes from total EU funding EUR 4.53 bill.
In the programming period 2007-2013 the EU fund assistance is mainly directed to public education,
technological distinction and flexibility of enterprises, as well as development of science and research
to facilitate knowledge-based national economy and strengthen other pre-conditions for sustainable
economic development and living conditions in Latvia in general (to achieve average development
indicators in the EU Latvia through acquisition of the EU funds has to implement national
development strategy prescribed in the National Development Plan. Priority of the national
development strategy is educated, creative and enterprising man, but the key goal is national economy
based on education, science and competitive enterprises).
Overview - the total EU funding in Latvia for the 2007 to 2013 planning period is 4.5 billion EUR,
which is the third part of the Latvia’s budget. According the Table 1 major part is in the transport
sector, than follows environment sector with 17 %. In education sector it is planned to allocate 10 %
of funding and for Science 6 % of funding, but in health 5 % of funding.
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Table 1. Allocation of EU total funding of EUR 4.5 billion
Support field

Funding EUR

%

1 362 367 215

30%

Environment

776 217 384

17%

Entrepreneurship and Innovations

494 661 724

11%

Education

444 047 357

10%

Employment and Social Inclusion

290 882 904

6%

Transport

Table 1. Allocation of EU total funding of EUR 4.5 billion (cont.)
Support field

Funding EUR

%

Urban Environment

274 506 106

6%

Science

267 784 169

6%

Health

226 872 579

5%

Energy

200 335 963

4%

Assistance for the EU Funds Management (Technical
Assistance)

111 075 818

2,5%

Culture

33 203 018

1%

Administrative Capacity Building

26 493 391

1%

Tourism

22 000 000

0,5%

4 530 447 628

100%

Total

According to the information provided in the figure 2 the management system of the EU funds in
Latvia consists of multiple levels of authorities – starting from the EU funds final beneficiaries who
receive the financing.
The next level is cooperation institutions. The cooperation institutions are six state agencies. They
ensure selection and evaluation of the EU funds project applications and ensure project
implementation monitoring and control, carry out on-the-spot verifications of individual projects at the
premises of beneficiary and carry out administrative verifications in respect of each payment claim
received from the beneficiary at the premises of the cooperation institutions.
The next level is responsible institutions. The responsible institutions are eight line Ministries.
Responsible institutions have the following functions: participate in the development of the planning
documents including Operational programmes, develop EU funds project evaluation criteria, ensure
project implementation monitoring, analyse the problems of the EU funds and project implementation
and submit to the managing authority proposals for the improvement of the implementation of EU
funds activities and projects.
The next level of the EU funds management is the managing authority, functions of which are
performed by the Ministry of Finance, and it is responsible for ensuring EU funds management and
implementation. The managing authority, in cooperation with the responsible institutions and in
consultation with the social, non-governmental and regional partners, developed national planning
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2. THEORETICAL BACKGROUND
The Latvian institutional framework of the EU funds management can be seen on the following figure.

Fig.2. Latvian institutional framework of the EU funds management
documents including Operational programmes for the period from 2007 to 2013, thus ensuring the
partnership principle in the preparation of the planning documents, as well as ensuring coordination
between structural and cohesion funds sectors. Moreover, the managing authority ensures
development of computer-based EU funds management information system and evaluation of the EU
funds and communication management.11
The State Treasury performs functions of the paying authority and the certifying authority. The State
Treasury is responsible for making payments concerning EU funds projects and for financial
accounting of payments made. The State Treasury prepares and submits to the European Commission
certified expenditure declarations and payment claims, thus confirming that the expenditure
declarations are correct and results from the reliable accounting systems and are based on the
verifiable supporting documents, as well as the expenditure declared complies with the applicable
Community and Latvian law and are made in respect of operations selected for funding under the
programme, the applicable criteria and complying with Community and Latvian legislation.
In order to prepare and submit to the European Commission certified expenditure declarations
and payment claims, certifying authority must take a series of controls to make sure the incurred
costs are real. The certifying authority shall carry out checks of the data included in the interim
expenditure declarations, in the final expenditure declarations and sample checks of the payment

11

Audit Authority of the Republic of Latvia, Annual Control Report for the period from 01.07.2010. to 30.06.2011.
(Approved 23.12.2011.).
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claims supporting documentation. Moreover for obtaining assurance, certifying authority has the
right to propose and carry out on-the-spot verifications of individual projects on a sample basis.
Audit authority is the last element of the EU funds management system, functions of which are
ensured by the Ministry of Finance. Audit authority’s functions are strictly separated from the
managing authority’s functions. The purpose of the Audit authority is to provide independent and
objective statement to the European Commission, regarding the efficiency of the functioning of the
management and control system of the EU funds and the legality and accuracy of the declared
expenditure. Audit authority is independent in the planning of the functioning thereof, the carrying out
of audits, the preparation of reports and the provision of an opinion, and it operates in compliance with
the International Standards on Auditing and the Code of Ethics. In order to achieve its target the Audit
authority performs:
audits of the management and control system in the institutions involved in the management of
the EU funds and follow up the progress of implementation of the recommendations expressed
as a result of audits
audits of operations in the institutions involved in the management of the EU funds, as well as
at the final beneficiaries and follow up the progress of implementation of the
recommendations expressed as a result of audits
The Latvian management and control system of EU funds is a part of the overall European EU funds
management system and accordingly European institutions reserved rights to perform controls at a
national level as well. 12 The first controlling authority at a European level is the European
Commission, which, chooses either to rely on the work carried out by the national audit authority or
otherwise – makes are-examination of the work carried out by the Audit authority or carries out
independent controls.
The highest authority at a European level is the European Court of Auditors, which examines the
effectiveness of the European Commission's work, as well as performs DAS test (checks individual
project applications on a sample basis).
Summarising all before mentioned and as described in Figure 2, in the management and control
system in the EU funds programming period from 2007 to 2013 in Latvia consists of multistep
structure – starting from the EU funds final beneficiaries, above which are cooperation institutions and
responsible institutions, followed by the managing authority, then certifying authority and Audit
authority as well as on the EU level by the European Commission and the European Court of Auditors.
Each of the mentioned institutions takes place a system to ensure that EU funds are spent properly.
3. RESEARCH
EU funds control research was based on the management and control system audits carried out by the
Audit Authority’s during 2011 in the institutions involved in the management of the EU funds in
2007-2013 planning period – managing authority, certifying and paying authority, responsible
authorities (8 line ministries and State Chancellery) and cooperation authorities (6 agencies). In total
results of 15 management and control system audits were analysed. Peripheral research was carried
out on audits of operation at the final beneficiaries. In total results of 127 EU funds projects’ audits
were analysed.

12

Janberga O., 2012, EU Funds Project Controls, Project Management Development – Practise and Perspectives, Conference
Proceedings, pp.82-91.
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In addition, results from audit mission of European Commission DG REGIO and DG EMPLOY in
2010 and 2011 were taken into account. Information on 27 European Union member states’ European
Union's management and control systems and Audit authorities’ structure was also analyzed.
The Audit Authority is essential element for EU funds and foreign aid financial management and
control system.One of the prerequisites for funding is the creation of Audit Authorities as part of
European Union funds management and control systems, which would provide assurance to the
European Commission that the management and control systems are effective in providing reasonable
assurance that the expenditure presented to the European Commission are correct, and a consequence
reasonable assurance that the underlying transactions are legal and regular.
Until middle 2011, Latvian Audit Authority functions were decentralized. Part of Audit Authority
functions – performance of system audits – was delegated to institutions involved in EU funds
management and control system – cooperation institutions, responsible institutions, certifying
authority internal audit unit, 15 institutions in total. This kind of decentralization for many institutions
created risk and legitimate concerns about Audit Authority’s delegated functions improper
implementation, as well as complicated and expensive control and monitoring procedure for delegated
functions.
Overall supervision of delegated functions performed Ministry’s of Finance Internal Audit
Department, which was responsible for all functions of Audit Authority. Audit Authority provided
functions in accordance with International internal auditing standards.
During the rest of European Commission's internal control system design, it was concluded, that
almost 50% of EU Member States Audit Authorities’ functions were provided by Internal Audit units.
As a result of numerous European Commission's General Directorate’s audit missions to Latvian
Audit Authority in 2010 and 2011, fundamental changes in EU funds management and control system
were performed. As a motivating measure for changes suspension of financing has been used.
Starting with 2011, internal audit union functions of all 17 institutions involved in 2007-2013 planning
period’s European Union funds’ management and control system were concentrated at the Audit
Authority at the Ministry of Finance. In carrying out its functions the Audit Authority transferred from
the International internal auditing standards to the International Standards on Auditing issued by the
International Federation of Accountants. According to the standards mentioned above significant
changes in methodology for carrying out system audit and audits of certified expenditure were made.
In addition as result of its mission European Commission has identified a significant risk to Audit
Authority’s independence.
Condition imposed - to concentrate all Audit Authority’s functions in the Ministry of Finance, reduced
to minimum the risk of audit independence, which could have occurred, primary because each internal
audit division of institutions involved in European Union funds’ management is directly subordinate to
that institution’s management, thus not creating confidence, that audit results, findings, possible errors
or irregularities and discrepancies will be reported to Audit Authority. As a result, starting with June
2011 all Audit authority’s functions was concentrated at Ministry of Finance.
To implement European Commission's requirement for Audit Authority’s independence, changes in
Audit Authority’s functional subordination were made. As a result Audit Authority’s functional
subordination to the Minister of Finance has been established. But administrative subordination to the
State Secretary of the Ministry of Finance was maintained.
In addition to that, changes to Law on Management of European Union Structural Funds and the
Cohesion Fund were made. It was determined that the Audit Authority shall inform the Cabinet of
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Ministers of the current year audit’s results by March 1 of current year, using as intermediate the
Minister of Finance. If the Audit Authority is aware that the EU funds are likely to be significantly
affected, Audit Authority shall inform the Cabinet of Ministers immediately.
In addition to that, head’s of Audit Authority right to sign the documents was authorized; as a result
Audit Authority’s documents don’t need additional ordination.
Any document signed by the head of Audit Authority will reach the destination without additional
agreement from higher-ranking institutions.
As another important aspect of ensuring independence for Audit Authority, starting with second half
of 2011 Audit Authority was granted right to report to European Anti Fraud Office in cases of
suspected or detected fraud.
Each year up to December 31, Audit Authority has to submit the Annual control report and opinion on
management and control systems to European Commission. In the Annual control report there is a
description of the results of evaluation of established system and opinion on their compliance with
provisions of Regulation on management and control systems. In these documents Audit Authority has
defined included information’s, evaluation’s and opinion’s legitimacy, since they are among the
principal elements which European Commission relies upon in context with divided management of
Community’s budget.
Directly on these documents assurance is based on whether Member States are using financial support
in accordance with applicable rules and principles necessary to protect Community financial interests.
To ensure a proper scope and effectiveness of the audit as well as audit’s performance in accordance
to the same standards in all Member States, to prepare an Annual control report and an opinion on the
management and control systems and eligibility and the legality of certified expenditure the Audit
Authority shall carry out:
management and control system audits
audits of operations.
Given that currently there are active preparations for the formation of EU funds management and
control system for the next 2014-2020 planning period, an important issue is the role of Audit
Authority in new planning period. As until 2011 the Audit Authority’s functions were performed by
Internal audit the question remains, whether in the next period this function will be assigned to
Internal audit or an existing structure, or an independent body, or perhaps the highest control body in
the state - State Audit Office.
During the analysis of current period’s EU funds management systems analysis in other EU countries,
it was found that in some of them Audit Authority’s functions are performed by the highest national
control authority – State Audit Office, but in some of them, particularly in new EU Member States, by Internal Audit.
During analysis, identifying positive and negative aspects of Audit Authority placement in the next
programming period, it was found that Audit Authority's role in the next programming period of 20142020 is possible, first of all, within the Ministry of Finance as an independent body, identical to
current planning period. Second, State Audit Office may carry out functions of Audit Authority.
Third, the Audit Authority’s functions may ensure the new independent authority. As the fourth least
possible option is that the Audit Authority functions would provide Internal Audit.
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Each of the variants has advantages and disadvantages. The question of the location of Audit
Authority in new 2014-2020 EU funds’ planning period is the issue for further research.
4. CONCLUSION
The research on the role of Audit Authority in EU funds management and controls system provides
following conclusions:
if the EU funds management and control system does not include Audit Authority in
compliance with European Commission's requirements, it creates a risk that EU funds’
financing will be stopped
Audit Authority established in 2011 for EU funds 2007-2013 planning period in the Ministry
of Finance is an independent body
independence was ensured from the second half of 2011, stating that the Audit Authority is:
directly subordinate to Minister of Finance
independent from other institutions involved in EU funds’ administration, with the
obligation to report directly to Government - the Cabinet of Ministers
performance of its functions - to provide an opinion to the European Commission - is
separated from the Internal audit, accordingly changing the use of International Internal
Audit Standards to International Standards on Auditing
the transition from a decentralized to centralized Audit Authority’s functions performance has
been made by concentrating all functions in one institution, rather than in 15 institutions
mentioned above
the problem has been identified concerning the place and role of Audit Authority for the new
programming period (2014.-2020.).
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POLYPROPYLENE TAPES WITH CONTROLLED OPTICAL AND MECHANICAL
PROPERTIES FOR THE “SMART’’ PACKAGING
A.P. Kondratov, V. N. Buldyrev, I.N. Ermakova
Moscow State Ivan Fyedorov University of Printing Arts
2A, Pryanishnikova Street, 127550 Moscow

Abstract
There is detected the effect of an intensive light diffusion by transparent polypropylene tapes under an
insignificant cyclic tension, which can be localized on a narrow tape zone and could be used for
information recording. The information recording is realized by a short-time thermomechanical effect
on stiff-elastic polypropylene. It is proposed by changing of the tape edge (narrowing) and local
applying of high adhesion ink layers, using printing equipment, to get the “smart” package elements,
which ensure its identification, counterfeit protection, control of storage temperature and shelf time.
By method of a differential scanning calorimetry (DSC) the recording conditions are determined, and
the mechanism and the optimal conditions of mechano-optical effect are investigated.
Key words: “smart” packaging, tag, label, stiff-elastic polypropylene, light diffusion, differential
scanning calorimetry (DSC)
1. INTRODUCTION
The polypropylene films are wide used in the production of flexible packaging and various details of modern
packaging for various mass consumption goods [1] on which the printed information and protective marking
are applied by printing methods. The package printing, the making of protective construction units of these
packing materials and the marking are connected by certain idea of designer and are directed on the solving of
several important problems: the attraction of attention of consumers to the goods, information about the quality
and the manufacturer of product, as well as about their authenticity and useful time. The visual demonstration
of company packed product authenticity and the control of its originality by consumer’s simple manipulations
are taking on special significance in the unfair competition of manufacturers of original and counterfeit
products. The verification tests should be easily realizable by any consumer without special background or
experience of such tests directly in the sales area according the rules printed on the packaging using of standard
techniques or organoleptical study.
As regards the foodstuffs and other mass consumption goods the application of organoleptical methods of
authenticity identification of packaging is preferably; these methods are based on the application of packaging
materials with special texture and mechanical properties or optical effects for counterfeit exception, as the
consumers may assume. The development of packaging materials with special properties is an all-important
problem of polygraphic material science.
Recently it was offered to use the films made of stiff-elastic polypropylene for production of counterfeit
protected label and tags of various forms [2]. The offer is recognized as an invention and is assumed as a basis
for some construction variants of flexible packaging protective elements made of polymeric materials protected
by patents [3-5]. The new direction of counterfeit protection of goods and packaging, made of film materials is
based on results of research and application of new mechano-optical effect of reversible transparency change of
nanomodified polymers in stiff-elastic state [6].
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The control of the form and flexibility of local zones of film made of stiff-elastic polymer allows
manufacturing of materials for production of protective packaging elements with marking in form of "watermark" which appears and disappears in process of highly elastic strain. The object of research consists in
formation conditions, structure and properties of interval materials with reversible changeable transparency. In
the theoretical part of this work were used the morphology presentations of polyolefine crystal structure and its
effect on physical properties of the films manufactured by various methods expanded in classical monographs
of known authors and in present-day reviews [7,8] .
2. THE RESEARCH SUBJECTS AND METHODS
The subject of inquiry are the films made of melt of isotactic polypropylene of
type by slot extrusion
method by accelerated fivefold jet-stretching with cooling on a temperature-controlled steel cylinder by a
patented technology of production of work materials for microcellular membranes [9]. The investigated
pultruded films had strongly pronounced stiff-elastic properties and birefringent ability, insignificant opacity
corresponding with transmission density of 0,01-0,05.
At the repeated straining of films lengthways, the preferred orientation results in effect of thixotrophic
softening, typical for cross-linked elastomer [10] as well as in effect of reversible change of transparency [3].
The reversible change of transparency of stiff-elastic polypropylene films could be strictly localized on one
narrow part of a material sample or in turn (periodically) on several narrow alternate areas. The film with such
a structure is called an interval film [11] and can be made of nanomodified polymer by local thermal
processing under pressure.
The interval thermal processing is a technological basis of the developed method of marking of polymer
packaging and allows modification of local nanostructure of films made of amorphous-crystalline polymer
which mechanism is not adequately explored. We have made an attempt of physical simulation of conditions
and of experimental investigation of change processes of films crystalline structure by thermalphysic and
mechano-optical methods.
The most applicable for manufacturing of packaging of consumables and mass printed products is amorphouscrystalline polyolefine: polypropylene and polyethylene.
The study of thermalphysic properties of stiff-elastic polypropylene was realized on a differential scanning
calorimeter DSC 204 Phoenix/firm NETZSCH.
At the choice of program of temperature tests the heating-cooling interval is prescribed usually on the basis of
±30 . As the investigated sample of polypropylene film was manufactured under the conditions far from
being in equilibrium, and in addition it was treated at a high heating speed; it was decided to expand the
temperature span of experiment. The heating and the cooling were realized at the temperatures from 50 to
220 at an expected fusion temperature of polypropylene of 165 . The tests of 10 samples were realized
under the equal conditions by sequential increasing the maximum heating temperature with thermostating of
samples and cooling them at a constant speed of 10 K/min. At each point of change of cooling/heating segment
the temperature isotherm was set for 10 minutes.
3. THE RESULTS AND THEIR DISCUSSION
The differential scanning calorimetry heating curves (DSC curves) of an original unmodified sample of stiffelastic polypropylene are shown on the figure 1. With a green line (curve 1) is marked out the first fusion of
polymer in a DSC mesh; with a blue one (curve 2) – the repeated fusion. By the first fusion of stiff-elastic
polypropylene is being broken down the non-equilibrium structure, which meets its stressedly-deformed state,
and was formed while material manufacturing. Therefore the curves of the first fusion of the sample are
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imaging its technological background; the curves of the second fusion represent an equilibrium state and
properties of polymer, i.e. polypropylene of a certain type of which this film was made. The crystallization of
polypropylene in the thermostatically controlled and repeated fused samples is realized in a DSC mesh off-site
of processing equipment, under the conditions closer to equilibrium, i.e. under the “free" conditions.
As evident from these curves (fig. 1), the DSC curve has a flow form, and the crystallinity grade defined on the
fusion peak area is considerably lower. The original stiff-elastic polypropylene sample is fused in the
temperature range from 120ºC to 175º . The heat maximum, by heating is the mean fusion temperature of
polypropylene for the first fusion is 168,9ºC, and for the repeated fusion - 167ºC. At the precision of
temperature measurements of ±0.1 , taken by a device, is the temperature difference of 1,9º an established
fact and tell the difference between the crystalline forms resulting by cooling of polypropylene in a DSC mesh
and the crystalline forms of original film.
The crystallinity grade of a source material - defined in the NETZCH Proteus program as a relation of the
fusion enthalpy for each case to the fusion enthalpy of a perfect crystal of polypropylene – equals to 5 percent;
and for the repeated fusion - to 60 percent. The essential decrease of the crystallinity grade is caused by various
conditions of crystallization of high-molecular polypropylene and by a great difference between the "age" of
crystals in original film and in the sample, preaged by heat cycling in a DSC mesh.

2

1

Fig.1. The DSC curve for an original unmodified stiff-elastic polypropylene sample.
The green curve (1) is the first fusion, the blue curve (2) – the second fusion.
The curve of a repeated fusion shows the properties of polymer of which the film was made, i.e. polypropylene
of the given type. For the unmodified and the various modified samples the curves of the repeated fusion are
analogous and are only of methodical interest as a method of additional confirmation of reproducibility of serial
experiment conditions.
In this work is suggested and investigated the thermal modification of stiff-elastic polypropylene film by which
the original crystalline structure of polymer undergoes some changes making for the subsequent mechanooptical effects (fig. 2), assumed as a basis for the water-mark conception on a polymer film printing material
[6].
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2
3

1

Fig.2. The mechano-optical showing up and disappearance effect s of "zebra" ornament (1) in a figure
cut of a multilayer label tag (2) by tension of the tape made of modified stiff-elastic polypropylene (3) up to the
various deformation rates.

Fig.3. The DSC curves of the first fusion of original and modified samples of stiff-elastic
polypropylene: the original sample -1; samples, heated to the temperatures:
150 ºC - 2, 155 ºC - 3, 160 ºC - 4, 165 ºC - 5, 220 ºC - 6
For imitation of thermal modification of film and for definition of its effect on the crystal structure and the
parameters of thermophysical properties of polymer were realized: the heat penetration of stiff-elastic
polypropylene samples in a mesh of differential scanning calorimeter to the temperatures of 150, 155, 160 and
165 , the postheating stage at the given temperature for 10 minutes and the subsequent cooling at the speed of
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10 K/minute. After cooling of warm samples to the indoor temperature was realized their full fusion standard
testing. The received curves were compared with the curves of an original sample, i.e. a cold sample.
As a result of the tests were received the DSC curves in the temperature range of 21-220OC for each sample
with two fusion and crystallization cycles of polymer. The DSC curves of the first fusion of the sample to the
full fusion temperature of polymer are of a special interest, as exactly this field is depending on the
technological background of the sample, i.e. on the method and mode of its formation, the speed and the
method of cooling (and accordingly its crystallization mode) as well as on the thermal processing, which causes
by modification (in the second case) a considerable change of optical properties of the sample on the location
area of a latent mark ("water-mark"). The received curves are shown on the figures 1 and 3.
On the figure 4 are shown the dependences of the key parameters of fusion process of the samples, defined as
results of the tests. These diagrams of dependence of crystallinity grade, enthalpy and fusion temperature of
polypropylene on the thermostating temperature at the conditions of heating and cooling at a constant speed.

Fig. 4. The change of crystallinity grade (curve 1), fusion temperature
(curve 2) and fusion
enthalpy H (curve 3) of stiff-elastic polypropylene after its thermostating in a DSC mesh at various
thermostating temperatures .
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The received diagrams demonstrate visually the presence of a temperature interval of a rapid precrystallization
of polypropylene in stiff-elastic state. By heating to the temperatures of 150-168 at the speed of 10 K/min.
the conditions for the ending of crystallization processes in stiff-elastic state are provided, that has an effect on
the raise of crystallinity grade and fusion temperature. The heating to the temperature above 168 results in
full fusion of a non-equilibrium crystalline structure of polymer and in formation of an equilibrium structure,
corresponding with the thermostating conditions.
It is significant, that by the rise in temperature of preheating of polypropylene from 150OC to 160 , the fusion
temperature and crystallinity grade of polymer raise on 12,5 grades and 13 percent accordingly. The increase of
crystallinity grade by the rise in temperature is caused obviously by the fact that at heating of film samples to
the temperature of modification one part of crystals of polymer, which are probably fine and defective, are
fused, and then under the conditions of thermostating and by cooling is realized the formation of crystalline
particles of enlarged size with perfect structure, which have a higher fusion temperature than the fused crystals.
The structure becomes less defective (there are less amorphous inclusions), what results in a substantial raise of
crystallinity grade of polymer which increases from 62±1 to 72±1,5 percent.
The effect of increase of the average fusion temperature of stiff-elastic polypropylene in experiments with
thermostating and repeated heating of film samples in a DSC mesh is probably a polymorphous transformation
of polypropylene crystals. It is known [8, 12] that polymorphism phenomenon is typical for polypropylene.
Polypropylene has 3 crystalline modifications with various fusion temperatures; the formation conditions of
these modifications and the crystallographic description are represented in the known literature [12].
By manufacturing of stiff-elastic polypropylene films by extrusion of melt and with simultaneous stretch
forming to 5-15
one part of polypropylene is crystallized in a beta ( ) modification through a strong
orientation of macromolecules. The most of crystals of stiff-elastic polypropylene are fused at the temperature
of 140 – 160 ºC (figures 1 and 3). But at the thermostating at the temperature upwards of 150 degrees one part
of beta-crystals is fused passing into a harder (high-melting) alpha modification, thereby raises the total average
fusion temperature of polymer. In addition the lamels of an oriented structure in stiff-elastic polymer [13] could
be result of the aftercrystallization of defective places of alpha crystals and amorphous phase between the
lamels.
At the raise of temperature of film preconditioning before the fusion in a DSC mesh to the temperature of
165ºC and higher are reduced the heat quantitative characteristics. The fusion temperature and crystallinity
grade change not symbatic, i.e. after the thermal processing the peak fusion temperature of the samples is
shifted towards higher temperatures zone by 5-7 ºC in relation to the maximum fusion enthalpy. The level of
both fusion characteristics after the thermal processing is 4 - 5 percent lower than the reference level. At the
preprocessing of polymer at the temperature of 168ºC and higher the average fusion temperature, crystallinity
grade and polymer fusion enthalpy are practically constant due to the new crystallization conditions.
The fact of constancy of average fusion temperature of polypropylene at the thermal processing in the
temperature range higher than the fusion temperature of all crystalline formations confirms an assumption
about the determining influence of the conditions and first of all of the cooling speed on the crystalline structure
of films.
For the selection of optimal temperature for production of interval films with transparency gradient the stiffelastic polypropylene sample was modified on the RDM TEST EQUIPMENT, a laboratory table simulator for
sealing and thermal processing of polymer films at the constant programmable temperature and pressure.
The quality of produced samples of stiff-elastic polypropylene interval film with “zebra» water mark was
visual estimated according to a seven-mark-scale.
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On the table 1 is shown a matrix of values as an example of dependence of “zebra” image quality on the
temperature and the pressure for the time of withstand pressure of 1 second.
Table 1. The Definition of optimum modification temperatures and pressing pressure of welding
elements at the pressing time of 1 second
,

120

130

140

150

160

170

180

208 (30)

2

3

4

4

5

4

6

276(40)

2

3

4

5

5

5

6

345(50)

2

4

5

5

5

5

6

414(60)

2

4

5

5

5

5

6

483(70)

3

4

5

5

5

6

6

P,
(psi)

On the basis of analysis of the whole of received data array including the results of thermal processing of
samples within 0,1-1 second, at the pressure from 210 to 480
and at the temperatures of 120-175 it was
ascertained that the best samples were produced at following conditions:
1) T = 140O , t = 2 c, P = 414
2) T = 160

O

(60 psi);

, t = 1c, P = 414

(60 psi)

3) T = 170 O , t = 1c, P = 345

(50 psi)

4) T = 150

O

, t = 1c, P = 483

(70 psi)

For the further investigation of stability of interval films and mechano-optical tests the sample number 4 was
selected, as on this sample the modified interval in the form of a strip on "zebra" ornament had the most sharply
defined frames, did not disappear after repeated extension, and retained its visual characteristics within 6
weeks.
4. THE CONCLUSION
In this work was experimentally proved the possibility of control of a repeatedly reversible change effect of
stiff-elastic polypropylene film transparency. The conditions of manufacturing of interval films with a
changeable transparency of optimum quality by a short-term local thermal processing at the temperature of
140-170 , at the pressure of 345-483
are defined. There are investigated the possible mechanisms of
rearrangement of crystal structure of polypropylene during the production of interval films of stiff-elastic
polypropylene; as well as the definition technique, quantitative characteristics and qualitative description of a
repeatedly reversible change effect of transparency in polymer film materials meant for the manufacturing of
protective elements of packing were offered.
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DETERMINATION OF DIRECT COOLING CONDITIONS OF UHSS DROP FORGINGS
Piotr Skubisz
AGH University of Science and Technology, Faculty of Metals Engineering and Computers Science
for Industry, Mickiewicza 30 Ave, Cracow, Poland

Abstract
Results of direct cooling tests of drop forgings made of UHSS steel grade 4130 are presented. The
studies include determination of forging and direct cooling conditions in aspect of realization of
thermomechanical treatment directly after forging oriented at producing required microstructure and
mechanical properties. For estimation of forging temperature and most favourable cycle of cooling,
experimental tests of forced-air cooling in laboratory conditions were carried out with application of
controlled-cooling line, which unlike the most of the industrial conveyor, is facilitated with
automatically controlled system. The results have been implemented into industrial forging cycle,
conducted with use of the same portable cooling device. Obtained samples underwent examination
with metallographic work and tensile testing, which confirmed possibility of direct cooling with forced
air and allowed formulation of guidelines for improvement of effectiveness of the cost-effective
thermomechanical treatment.
Key Words: drop forgings, direct cooling, microalloyed steel, ultra-high strength steel
1. INTRODUCTION
Technical development focused on increasing performance with simultaneous reduction in energy
consumption results in incessant pursuit of new materials, offering high strength combined with
ductility crack resistance and other advantages. To meet the high requirements of high-duty
automotive, aircraft, military, powerplant components and structures, from a wide variety of alloy
steels so-called advanced high-strength steels have evolved. These include microalloyed, high-strength
low-alloyed (HSLA), TRIP steels, designed for increased strength combined with good plasticity and
ductility, achieved by means of various thermomechanical treatments.
Another generation of advanced steel grades for high performance in severe conditions, dedicated for
higher strengths and thicker sections are ultra high-strength steels (UHSS). As their microstructure is
generally composed of martensite and bainite, low toughness properties occurs, therefore, efforts are
made to employ thermomechanical treatment in order to develop procedures for obtaining the best
combination of toughness and other mechanical properties by careful control of the microstructure
[1, 2]. Due to high content of alloying elements and good hardenability they offer high strength
reaching 1500 MPa or more [3], attaining wide range of toughness, wear resistance, crack resistance,
impact strength and ductility.
After hot forming a wide range of microstructures, such as martensite, bainite, and pearlite-ferrite,
acicular ferrite, with or without strengthening precipitates, are produced, which allow superior
mechanical properties of the high-duty parts [4]. With ultra high-strength steels, emphasis is placed on
the maximum section size that a given alloy will respond to during heat treatment, and thus machining
is generally done prior to heat treatment to optimize final property response. The ultrahigh-strength
steels ordinarily are quenched and tempered to specific hardness levels, but for critical applications it
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may be necessary to pull tensile specimens to ensure that a required combination of strength and
ductility has been achieved.
Microstructures and mechanical properties of UHSS parts are closely related to the content of major
alloying elements (mainly, manganium, chromium, nickel and molybdenum) and heat treatment cycle
employed. From the standpoint of the chemical composition, three groups of UHSS are distinguished,
that is, medium-carbon low-alloy steels, medium-alloy air-hardening steels and high-alloy hardenable
steels [5]. As a rule, UHSS grades are heat treated by use of equipment and techniques do not
particularly differ from those used for heat treatment of constructional alloy steels. However, in order
to increase competitiveness the tendency is observed for application of thermomechanical processing
technologies, which allow simultaneous use of different strengthening mechanisms, including grain
refinement hardening, transformation hardening, as well as, precipitation hardening. On account of
energy savings attempts are made at application of direct cooling to utilize heat attained in the metal
after deformation. Such alternative to traditional water or oil quenching is presented in the paper,
where application of direct cooling is investigated for drop-forged complex-geometry part with
utilization of forced-air velocity control.
2. OBJECTIVES AND PROCEDURES
The objective of the study was determination of thermomechanical treatment cycles with application
of direct cooling after forging made of steel 4130.
At the start of experimental part, the research material was characterized with metallographic work
and dilatometric investigation. Estimated grain size and characteristic points were used in estimation
of CCT diagram, which was numerically calculated in commercial code TTSteel.
Normalized and heated billets were subject to drop forging tests on a high-speed hydraulic-screw press
in the hot work range to a shape shown in Fig. 1. The drop forging sequence involved four stages:
1) flattening, 2) edging, 3) blocker forging and 4) double-blow finisher forging. During the whole
cycle temperature was measured with thermocouple mounted in the workpiece 10 mm under the head
surface (location T2 in Fig. 1). In addition to this, after completion of forging, the temperature of the
surface was measured with a stick-to thermocouple (T1 in Fig. 1). The measured temperature history
was used to design favourable direct cooling scheme.

Fig. 1. Geometry of the forged part with location of thermocouples for temperature tracing during
forging
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Knowing the forge-end temperature direct cooling was simulated. Because of difficulties with
formulation and selection of models for numerical modelling of continuous cooling, associated with
varying in time character of cooling, as well as correct definition of transformation heat, direct cooling
tests were realized with forced air in a laboratory continuous cooling simulator. The schematic of the
cooling simulator is shown in Fig. 2 [6]. The simulator is facilitated with reverse movement conveyor,
imitating continuous transfer of forged parts in industrial conditions. Between reverses the air flow
velocity can be changed, simulating variable cooling rate in consecutive cooling zones of industrial
line. At the ends of the conveyor pyrometers P1 and P2 are installed. In addition to pyrometers,
thermocouples are available for temperature measurements. The device allows simulation of any
cooling cycle sequence attaining resemblance to the action of the industrial cooling line.
The experiment consisted of two stages: 1) modelling in the simulator aimed at correlating cooling
conditions with cooling curves’ plots on the background of CCT diagram, and 2) industrial experiment
at the forge plant assembly, with assumption pre-designed direct cooling conditions.

(a)

(b)

Fig. 2. Simulator of an industrial continuous cooling line: a) scheme, b) side view of the chamber
3. MATERIAL CHARACTERISTICS
The grade used in the study was a very common general purpose grade of medium carbon, Cr-Mo
steel, referred to as 4130 (or UNS G41300, AMS 6350, DIN 1.7218). Chemical composition of the
steel is presented in Table 1. The research material was received in as-rolled condition, whose
microstructure is presented in Fig. 2.
Table 1. chemical composition of analysed steel 4130
Element
Content,
(weight %)
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C

Si

Mn

Cr

Mo

0,28÷0,30

0,22÷0,24

0,48÷0,52

0,87÷0,92

0,17÷0,19
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(a)

(b)

Fig. 2. Microstructure of research material in as-received condition at various enlargements
The material in as-received condition was characterized with dilatometric analysis. In result, the
following characteristic points were defined:
Ac1s: 750°C,
Ac1f: 785°C,
Ac3: 820°C.
The most probable temperature of chromium carbides dissolution was estimated to 1050°C.
The characteristic points enabled to define the work range for the analysed steel. However, they were
not sufficient for design of the direct cooling cycles. Therefore it was necessary to estimate CCT
diagram for that steel. The CCT diagrams were calculated with commercial code TTSteel used for
numerical modeling of heat treatment and mechanical properties after quenching and tempering [7].
The CCT diagram obtained for analysed steel 4130 on assumption of grain size 30 m is shown in
Fig.3. As it can be seen from the diagram, a very good consistency was obtained in relation to
experimental determination of characteristic points. This allows usage of the diagram for further direct
cooling design, as well as interpretation of temperature measurement plots and the transformations
during cooling.
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Fig. 3. CCT diagram calculated in program TTSteel for Steel 4130
4. DESIGN OF COOLING CYCLES
To determine the direct cooling cycles and selection of the most favourable combination of forging
temperature, times and cooling rates, resultant from the conveyor and air flow velocities must be based
on the knowledge of the end temperature of the finish-forging stage. In order to select forging
temperature, thermocouple measurement was recorded, tracing its changes during forging. The results
of the measurement are shown in Figure 4 a), illustrating the whole heat-up and forge sequence. For
details, in Fig. 4 b) forging sequence is extended. As it can be seen, the thermocouple has covered the
whole forging sequence, until finishing blow, however, the cooling needed to be modelled separately.
Above described temperature measurements, especially forge-end temperature, were used for the
design of the direct cooling conditions. The background for industrial test was formed by initial trials
in laboratory conditions, carried out with controlled cooling simulator, presented in Fig. 2.
Using a sample of exact geometry with thermocouple installed in location T2 (Fig.1), dependence of
temperature plots on the cooling rate, varied by changes in forced air velocity. In diagrams obtained in
result of the cooling tests, two kind of plots can be observed: a continuous one (red colour), illustrating
thermocouple measurements, and impulse-alike plots, obtained from pyrometers at the ends of the
cooling zone between consecutive passes. Interesting may be the fact that the surface measurements
are higher than those of the undersurface location. Explanation for this can be the difference of crosssection in the locations measured. Thermocouple was located closer to the bottom surface which was
in a contact with a conveyor chain, while pyrometers scanned the whole upper surface. Pyrometers
enabled measurements down to 380°C, and below that point only thermocouple measurement was
available.
The stretch of available cooling rates is determined by maximum (Fig. 5 a) and minimum cooling rate
(Fig. 5 c). The highest cooling rate was produced with average 20 m/s air velocity (designed V2),
measured with 3 aerometers. The lowest cooling rate resulted from natural slow cooling on air
(designed V2). The reference to calculated CCT diagram indicates that the lowest cooling rate should
produce ferrite-pearlite structure and perhaps small fraction of bainite. In cooling with the highest
speed mostly bainite with fractions of ferrite or acicular ferrite could be expected. In order to prevent
from formation of the upper bainite, elongation of the ferrite-pearlite transformation time was
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assumed, which was to be realized with a hold in temperature about 600°C, which additionally should
provide fine-grained microstructure. In practice it did not fully succeed due to excessive overchill after
passing one zone.

(a)

(b)

Fig. 4. Temperature plot recorded during the forging process: a) including heating up, b) during
forging operations
Eventually, industrial tests were carried out. The tests were carried out with use of the same equipment
installed into the forging chain, to replace traditional annealing and heat treatment. From several
variations for industrial tests, conditions used in attempt show in Fig. 5 b) were applied. It was decided
to attain highest possible cooling rate in the first stage of transformation of austenite. Due to technical
limitations of material transfer no thermocouples were used. The measurements of temperature relied
only on the pyrometers indications. As an example, in Fig. 5 d) the plots of temperature measured
during realization of variant 3 (V3).

(a)
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(c)

(d)

Fig. 5. Selected cooling cycles – temperature measured during cooling test in laboratory (a, b, c) and
industrial tests (d), where: a) maximum air-cooling rate, b) maximum air-cooling rate with isothermal
hold, c) slow air cooling (surface), d) industrial test of direct cooling (maximum air-cooling rate with a
hold)

(a)

(b)

Fig. 6. Plots of temperature measured: a) during cooling test in laboratory tests in reference to
calculated CCT diagram, b) industrial test of direct cooling (maximum air-cooling rate with a hold; the
red dashed line indicated approximate cooling rate for the surface)
5. EVALUATION OF THE RESULTS
Evaluation obtained in metallographic work and tensile testing shows significant effect of the cooling
rate upon the final microstructure. Microstructures of the specimens taken from forgings cooled with
patterns V1, V2 and V3 are shown in Fig. 7. The differences in grain size, as well as, structural
components are distinct. In the sample cooled on slow air microstructure is composed of ferrite-

159

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
pearlite in a half of relieves’ area, and the other one if a bainitic structure with possible amounts of
acicular ferrite (Figs 7 a, b).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7. Microstructure of the direct-cooled forgings with application of cycles: a), b) V1 , c), d) V2,
e), f) V3 (maximum air-cooling rate with a hold)
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Application of the maximum cooling rate in a continuous manner resulted in significant grain
refinement and a microstructure composed of bainite with relatively large (about 20 m) ferrite grains
(Figs. 7 c, d). The same cooling rate with a 120 second isothermal hold also produced fine-grained
microstructure of the same composition as V2, however, the grain size is significantly smaller. The
differences can be attributed to supposed differences in the forging process. Most probable explanation
may be effect of different time of hold in the furnace before forging or not reproducibility of dwell
times between forging stages.
For quantitative comparison of the cooling cycle effects, mechanical examination in tensile tests was
carried out. Due to dimensional limitations, gauge length of 30 mm was used. The results are
summarized in Table 2. As shown, the direct-cooled forged samples with accelerated air velocity, in
addition to fine-grained structure, gained higher strength properties. Continuous cooling with high rate
(V2) resulted in ultimate tensile strength (UTS) 1114 MPa. Cooling with the same high rate with
introduced isothermal hold gave no satisfactory results, producing lower strength, UTS 1006 MPa, and
significantly lower elongation-to-fracture.
Table 2. Tensile testing results
Cooling variant

UTS [MPa]

TYS [MPa]

Elongation [%]

V1

932,2

678,4

16,9

V2

1114,5

731,0

14,3

V3

1006,8

704,6

11,7

Obtained levels do not exploit the potential of the material in aspect of both strength level and ductility
indices. The achieved UTS levels are lower than those referred in the literature, and only 200 MPa
higher than chilled on slow air. Whereas, the latter comparison can result from small cross-sectional
dimensions of the processes part, the absolute level of strength do not correspond to those achieved for
thicker sections. The reason lies in the forging process. Analysis of temperature changes during
forging proves what the micrographs may indicate – forging temperature is was high. In the aftermath,
autenite-ferrite transformation point was relatively higher than could be with reduced forging
temperature. Taking the dilatometric analysis results into consideration, the temperature could be
reduced to 1050 °C with excess. Contribution to unsatisfactory strength could bring nonuniformity of
billet microstructure, clearly visible in Fig. 2. Nevertheless, the results get the information as for the
mechanical properties achievable in conventional process, without interference into forging regime, if
the direct-cooling is applied.
6. CONCLUSIONS
Although the obtained results do not take full advantage of the chemical composition, allow
formulation of kind of guidelines for processing steel 4130, which can be summarized in following
conclusions:
Replacement of the traditional quenching heat treatment of steel 4130 can provide ultimate
tensile strength exceeding 1100 MPa and tensile yield stress 730 MPa in combination with
elongation-to-fracture over 14%.
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Optimization of forging temperature, which according to dilatometric investigation can be
reduced to 1050°C, is expected to improve the mechanical properties and microstructure.
Lower deformation temperature allows for lower transformation point and expected finegrained ferrite or acicular ferrite.
Obtained levels do not exploit the potential of the material in aspect of both strength level and
ductility indices. The results get the information as for the mechanical properties achievable in
conventional process, without interference into forging regime, if the direct-cooling is applied.
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Abstract
Unsupervised classification of data is a technique used to determine the natural tendency of data to
group and can be applied to predict economic phenomena which are, more or less, stable. Therefore,
cluster techniques constitute an area of great interest.
Unlike the supervised classification, unsupervised classification proposes an optimal partition of
feature space in terms of a certain mathematical criterion, without using apriori information (for
example, a reference partition). The advantage of these methods is given that is fully automatic and
requires no user intervention; it can be used for classification of data for which we do not have
information relative to their content (number of classes, the prototype class etc.).
Key words: data classification, unsupervised learning, cluster analysis, clustering algorithm
1. INTRODUCTION
Having a sample or a population of economic data we are interested to make an optimized or
predictive model considering the yet unknown test data.
The continuously growing large and complex volume of electronic data requires numerously
improvements to the methodology used to automatically understand, process, and summarize data
(Jain, 2009). We do not have only sure and specific information and if we want to group the data in
order to become useful we need to use an object recognizing system.
The systems which are representing series of activities that are necessary in a process to recognize
objects, sets of information, procedures, algorithms and techniques used to do this are known as an
object recognizing system. All the informational system parts are used to identify the belonging of an
object to a certain class extracted from the analyzed population. The input data is represented by the
properties of the objects and the result is the data output meaning the object classes determined by
some specific classification rules. There are two types of object recognizing systems: unsupervised
and supervised recognizing systems. Either can be used regarding the specific goals, the nature of the
information involved, the specificity of the methods and tools, and the nature of the data output.
An unsupervised learning system is used to systematize, group and summarize the information in case
of large volume of analyzing data that are highly heterogeneous. So, the unsupervised learning
techniques are very useful and efficient in the preliminary analysis of data.
In most of the cases a distinction is made between the two learning methods (unsupervised –
clustering; supervised – classification). Unsupervised learning, also known as cluster analysis,
involves only unlabeled data (Duda et al., 2001). The main characteristic of the unsupervised learning
systems is that we do not know the belonging of the analyzed objects to a certain class or another. That
means that the number of classes is also unknown until the final phase of classification.
Unlike the supervised classification, unsupervised classification proposes an optimal partition of
feature space in terms of a certain mathematical criterion, without using apriori information (for
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example, a reference partition). The advantage of these methods is given that is fully automatic and
requires no user intervention; it can be used for classification of data for which we do not have
information relative to their content and the number of classes or the prototype class or any other prior
information is unknown.
2. USING DATA CLUSTERING TO GROUP INFORMATION
Using cluster analysis is important because it efficiently groups data and allows the user to make
consistent interpretations based on that.
There are many articles and research studies that have shown beginning with the second half of the
last century that clustering techniques are used in varied and complex domains in order to classify
huge volumes of data.
Data analysis contains methods and techniques that are considered the most appropriate instruments
used in order to identify similar or dissimilar structures from different fields of activity. Economic
field is essential to the other fields that involve people’s life. In this paper, we are interested in the
economic field.
The process of data analysis is defined as an informational process. This kind of process has primary
data as input data and summarizing data as output data. We give simple data and through this process
we can obtain, using the right method, complex data that can help us making decisions.
Applying cluster analysis procedures to a dataset of object the result will be that any object will be
assigned to just one class and the set of formed classes have a meaningful and generalizing
significance based on what we can make series of important conclusions for the knowledge process.
In 2007, Tabachnick and Fidell offered an overview for the numerous statistical techniques and
methods proposed to use for data analyses (Jain, 2009). Cluster analysis was considered one of them.
Cluster analysis is a classification technique having the property that the objects form the classes to
whom they are belonging. The number of classes is not known. Cluster analysis is considered by some
authors a statistical method and a „collection of different algorithms”, a non-typical statistical
technique, by others.
Some papers consider that there are two fundamental criteria that have to be accomplished: the
similarity of the objects from a class and the dissimilarity of any two objects belonging to two
different classes to be maximum.
These two can also be found as a single general criterion that implies maximum dissimilarity between
object classes and minimum dissimilarity between any two objects from a class.

The outputs of the cluster analysis are not reduced to a simple and unique configuration of the
analyzed objects classes and that involves choosing a certain number of classes.
The possibility of making analysis or prediction in the economic area is conditioned by the existence
of the available data regarding level, structure or time evolution of the investigated processes and
phenomena. Finding relevant information from massive volumes of data that were structured with the
help of cluster techniques becomes easier and the consistency of interpreted data is higher.
Identifying classes, categories or informational groups out of a large amount of data represents the
main goal for a cluster analysis.
The following fundamental challenges are associated with clustering and they still are relevant (Jain
and Dubes, 1988):
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What is a cluster?
What features should be used?
Should the data be normalized?
Does the data contain any outliers?
How do we define the pair-wise similarity?
How many clusters are present in the data?
Which clustering method should be used?
Does the data have any clustering tendency?
Are the discovered clusters and partition valid? (Jain and Dubes, 1988).

Being known the complexity of solving economic activity problems there have been many
research papers and numerous studies written on the subject of the recognizing forms systems.
The interest in the unsupervised classification has grown for the last decades because it does
not need any a priori information to form groups of similar objects.
A generalization of cluster analysis cannot be done considering the vast and diverse number
of clustering methods that have been developed in different fields having different definitions.
The variety of clustering techniques is reflected by the variety of terms used for cluster
analysis: bryology, classification, clumping, competitive learning, morphometric, nosography,
nosology, numerical taxonomy, partitioning, Q-analysis, systematics, taximetrics, taxonomic,
typology, unsupervised pattern recognition, vector quantization, and winner-take-all learning,
aciniformics and agminatics, the latter being proposed by Good in 1977 (SAS Institute Inc.
2008. SAS/STAT® 9.2 User’s Guide. Cary, NC: SAS Institute Inc., 2009 Electronic Edition).
3. SPECIFIC TERMS AND NOTIONS USED IN CLUSTER ANALYSIS
Cluster analysis is a set of varied unsupervised classifying procedures and algorithms. Unsupervised
classification of data is a technique used to determine the natural tendency of data to group and can be
applied to predict economic phenomena which are, more or less, stable. Therefore, cluster algorithms
constitute an area of great interest.
The most important term and the most used term in this analysis is data. Data is a quantitative and
qualitative expression of some processes and phenomena met in reality. Cluster analysis is a term that
has been used for the first time by R. C. Tyron in his work with the same title.
Cluster analysis aims to look and identify classes, groups or clusters within the sets of forms or objects
so that the elements which are belonging to the same class to be more similar and the elements
belonging to different classes to be less similar as possible. That means that cluster analysis is a way to
examine the objects in order to see similarities and dissimilarities and to cluster them in classes that
are distinct and have homogeneous inside.
The feature or characteristic is another frequently used term in cluster analysis because it represents
the main way to group some observed objects into clusters.
Measure is a number computed in many ways in order to establish the common features between the
studied objects of a dataset.
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Class is a group of objects. Cluster is a list of objects which have some minimum common features. A
cluster may be a class or a group and it can be a subset of similar objects that have enough similar
features to be considered similar. A cluster can be defined as a subset of objects that have the property
that their degree of dissimilarity between any two objects of the cluster is less than the degree of
dissimilarity between any two objects that belong to two different clusters.
A cluster can be described as a multidimensional space region that can have a relatively high density
of objects.
The distance between two clusters is computed based on the clustering method.
The similarity indicator is determined based on a similarity measure that can be computed considering
the objects that we need to group.
The dissimilarity can be computed as indicator or coefficient and it is defined as the distance between
two clusters.
4. ALGORITHMS USED TO BUILD CLUSTERS
Algorithms that can be used for carrying out the construction of clusters, know a great variety
including heuristic algorithms, optimization algorithms and fuzzy algorithms. The differences between
how to build clusters by an algorithm or another are determined mainly by the nature of the method
used to evaluate distances between clusters. Moreover, even the type of cluster analysis results from
the nature of the algorithm used to build clusters.

In terms of their nature, mode of operation and type of solutions they provide, cluster analysis
methods can be divided into two broad categories: hierarchical methods and iterative methods or
the partition type. The first category includes agglomerative and divisive clustering methods.
For every hierarchical clustering method there are some specific procedures and we can mention a
few: simple agglomerative method, complete agglomerative method, medium agglomerative method,
Ward’s method etc. Partitioning or iterative clustering methods include a series of algorithms: k-means
algorithm, k-medoids algorithm, CLARA algorithm, fuzzy algorithm etc.
The algorithms frequently used to build cluster group in two main categories: partitioning methods
and hierarchical methods. We can easily notice that two clusters can be build out of the clustering
techniques. A partitioning algorithm tries to find an optimal clustering considering applying a criterion
for a fixed considered number of clusters.
Cluster analysis represents the study of methods and algorithms used for grouping or clustering objects
according to measured or perceived intrinsic characteristics or similarity (Jain, 2009). Despite the fact
that thousands of algorithms were developed beginning with the second half of the last century there is
one that passed the test of time and efficiency: k-means algorithm.

It is the most used algorithm, ever since it was proposed by MacQueen in 1967. It is still used
to present. K-means algorithm uses the Euclidean distance to determine the distance between objects
and cluster centers; when Mahalanobis distance was used (Mao, Jain, 1996) the computational cost
increased.
Hierarchical algorithms have two groups: agglomerative and divisive methods. Agglomerative
algorithms start considering a number c of clusters and then merge them. Divisive methods start with
only one cluster and then divide it successively.
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The hierarchical agglomerative clustering methods are most commonly used. The construction of a
hierarchical agglomerative classification can be achieved by the following general algorithm:
find the two closest objects and merge them into a cluster and find and merge the next two
closest points, where a point is either an individual object or a cluster of objects;
if more than one cluster remains then return to the point where it can be found and merge the
next two closest points.
Generally, the partitioning methods generate a number of clusters and each object belonging to one
cluster that can be represented by a centroid or a cluster representative. Depending on the clustered
object type it can be the arithmetic mean if the data is numeric, or a list of some frequently met words
for document data. Often there are cases when the big number of the clusters determines for the
centroids to be clustered themselves in order to form hierarchy in a set of data.
The most frequently used methods to evaluate the distance between two clusters are: nearest-neighbor
method, furthest-neighbor method, weighted pair-group average, unweighted pair-group average,
unweighted pair-group centroid, weighted pair-group centroid (median), Ward’s method, k-means etc.
(Ruxanda, 2009).
Ward's method is different because in order to evaluate the distance between two clusters is using an
analysis of the objects variance. It makes the sum of squares of any two considered clusters minimum
at each step of the clustering process. The advantage of using such a method is that is very efficient
and the disadvantage is that it can create small size clusters.
Based on Ward’s method there have been proposed another algorithm, Ward2 that is discussed in
Kaufman and Rousseeuw (1990), and Legendre and Legendre (2012) (Murtagh, Legendre, 2011).
Some papers suggest that it could be useful to use both of the clustering algorithms, hierarchical or
partitioning in order to make a data classification. Because it is an automatic process, the relevance
of classes tends to be lower than for supervised classification, being dependent on the method
used and the discriminatory power of features of the space that was used.
5. BUILDING CLUSTERS OUT OF DATA
5.1. Using Statistical Data to Build Clusters
Performing a cluster analysis to classify a set of objects supposes the following phases:
• choosing the characteristics based on which a classification will be made;
• choosing the measure type that will be used to evaluate the distance between the objects;
• setting the rules to build the classes or clusters
• building the classes;
• checking the classifying consistence and significance;
• choosing an optimal number of clusters, in terms of classifying problem nature and the scopes;
• interpreting the clusters significance.
Based on the cluster analysis output results certain rules regarding the evolution of some phenomena
population can be deduced, useful principles for the knowledge process can be identified or a series of
general scientific conclusions can be formulated.
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Many computer science products offer clustering procedures which can be used to cluster the variables
of a data set. As a result, hierarchical clusters and disjoint clusters are obtained. If the data are
numerical variables then they will be analyzed directly by the procedures.
Studying the most important works from the past and recent literature regarding data clustering it can
be noticed the fact that in the economic field only marketing and financial bankruptcy were interested
in using the advantages offered by cluster analysis. We consider that we can at least try to apply
cluster analysis to another economic field and hope for some good results.
In the context of population growth and increasing natural resources consuming, sustainable
development is a model that aims for an equilibrium between economic growth, the quality of life and
the preserving of the environment without unlimited use of the natural resources beyond the power of
the Earth.
The most known and cited general definition of the concept of sustainable development is to be found
in Brundtland Report of the World Commission on Environment and Development (WCED):
“Sustainable development is development that meets the needs of the present without compromising
the ability of future generations to meet their own needs”.
Natural dimension of the sustainable development is based on the fact that the environment is limited
as far as the resources outputs that can be attracted in the economic cycle are considered. It is also
based on the absorption capacity for the toxic waste resulted from the economic activity. All these
considering that the quality of environment factors is increased. Both of the mentioned limits have a
dynamic character, continuously evolving. That thing happens because increased economic growth
rhythms and limited resources make nature a restrictive factor for economic activity.
The evolution of life and civilization standards and economic development are influenced by the
diminished capacity of the nature to regenerate. So, the natural environment can no longer be
considered an endless reservoir.
Social-human dimension of the sustainable development is more than obvious. Countries economic
evolution together is strictly influenced by a number of macroeconomic indicators like: resource
productivity, population education level, employment rate, unemployment rate by gender or by age
etc.
GDP (Gross Domestic Product) is relevant if we can determine the groups of indicators that could
modify it. An analysis is presented considering a series of different level relevant indicators.
For a better perspective over the chosen theme we present the necessity of studying the behavior and
influence of some considered countries or groups of countries based on chosen macroeconomic
indicators.
The statistical data used for this analysis were taken from the European Commission site
www.epp.eurostat.ec.europa.eu that offers an annual statistical bulletin about the most important
macroeconomic indicators.
The European Commission gives the necessary databases on which one could run a variety of
economic analyses and prognoses. The data used refers to some of the level indicators which
influence the economy of a country: Real GDP, Employment Rate, Unemployment Rate, Energy
Consumption etc. Data is represented by percentage. There are many studies over the annual
increasing or decreasing rates of macroeconomic indicators and they allow comparisons of the
economic development dynamic between economies of different dimensions.
We propose a test of data clustering made for the data mentioned above in order to find out a good
number of clusters. In the two tables numeric variables, macroeconomic indicators, have the following
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meanings: GDP – Gross Domestic Product, ER – Employment Rate, EnC – Energy Consumption,
URE – Unemployment Rate By Education Level, URG – Unemployment Rate By Gender, RP –
Resource Productivity, URA – Unemployment Rate By Age.
Table 1. Primary statistical data used to build clusters (part 1)
Country

GDP

ER

EnC

URE

URG

RP

URA

EU(27)

1.53

16.09

95.04

2.34

0.06

7.03

0.08

EU(25)

1.97

39.08

2472.27

1.42

0.13

3.64

0.35

EU(15)

2.17

8.59

69.28

1.11

0.03

2.23

0.01

Bulgaria

1.14

24.94

505.41

3.35

0.04

1.61

0.10

Czech Rep.

2.31

2.58

9.18

1.49

0.04

7.94

0.04

Denmark

4.69

0.76

6.50

1.71

0.14

14.41

0.00

Germany

2.92

21.88

419.43

1.28

0.01

19.22

0.57

Estonia

1.26

10.96

20.87

1.02

0.02

53.29

0.09

Ireland

3.11

18.40

4.40

1.35

0.00

47.28

0.00

Greece

1.45

9.17

88.90

2.02

0.06

4.59

0.05

Spain

4.45

3.76

9.82

1.19

0.02

15.38

0.01

France

2.69

11.12

27.36

1.38

0.01

13.91

0.00

Italy

2.39

2.41

1.04

1.19

0.00

31.28

0.05

Cyprus

1.06

2.49

4.03

1.17

0.00

58.04

0.00

Latvia

1.52

1.60

82.59

2.91

0.05

0.76

0.04

Lithuania

1.11

35.13

1063.31

1.64

0.10

1.17

1.54

Luxembourg

2.74

6.11

1.65

2.26

0.01

36.57

0.03

5.2. Running clustering procedures to build clusters
In this case, a relevant classification is the one of the objects meaning the countries. We are interested
in this kind of classification because of the events that have taken place following the large
globalization.
Together we can preserve better our world but only if all of the involved countries work side by side.
Initially, the hierarchical classification method is used so the number of clusters is unknown and the
applied algorithm offers multilevel solutions that differ by the cluster number and by the
agglomerative degree. Choosing the optimum number of classes is realized regarding the proposed
objectives for the obtained statistical results.

The variance of a variable is a statistical measure for the dispersion of the variable values
around its mean value. The covariance matrix is a generalization for the concept of variance
for a number of variables.
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The Eigenvalues of the Covariance Matrix table has on the Cumulative column the proportion of the
associated variance to each eigenvalue. We notice that the value of standard deviation is 1 and for the
distance between variables is computed 3.464157.
Table 1. Primary statistical data used to build clusters (part 2)
Country

GDP

ER

EnC

URE

URG

RP

URA

Hungary

1.35

12.73

10.26

0.86

0.01

90.86

0.00

Malta

1.68

2.99

10223.88

1.48

0.06

10.03

0.02

Netherlands

6.61

2.79

51.51

7.59

0.08

24.25

0.14

Austria

1.26

7.78

154.04

1.87

0.12

2.94

1.35

Poland

1.23

1.08

0.52

7.16

0.00

327.58

0.00

Portugal

1.42

3.73

3.10

3.67

0.02

15.56

0.00

Romania

1.12

49.18

2390.07

1.72

0.21

6.01

20.30

Slovenia

0.59

6.26

76.14

10.79

0.13

7.22

0.02

Slovakia

0.19

5.40

193.22

2.12

0.10

6.17

0.06

Finland

2.94

9.64

97.94

0.63

0.03

15.85

0.02

Sweden

5.89

3.47

55.33

2.16

0.09

3.85

7.80

UK

5.54

8.44

96.40

1.08

0.17

8.75

0.02

Norway

3.92

5.89

118.12

8.07

0.30

9.48

0.06

Switzerland

1.46

22.98

10.95

0.85

0.01

19.36

0.01

Croatia

0.87

2.43

21.38

1.92

0.02

15.19

0.03

Turkey

1.15

9.89

57.43

1.32

0.05

6.43

0.01

5.2. Running clustering procedures to build clusters
In this case, a relevant classification is the one of the objects meaning the countries. We are interested
in this kind of classification because of the events that have taken place following the large
globalization.
Together we can preserve better our world but only if all of the involved countries work side by side.
Initially, the hierarchical classification method is used so the number of clusters is unknown and the
applied algorithm offers multilevel solutions that differ by the cluster number and by the
agglomerative degree. Choosing the optimum number of classes is realized regarding the proposed
objectives for the obtained statistical results.

The variance of a variable is a statistical measure for the dispersion of the variable values
around its mean value. The covariance matrix is a generalization for the concept of variance
for a number of variables.
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The Eigenvalues of the Covariance Matrix table has on the Cumulative column the proportion of the
associated variance to each eigenvalue. We notice that the value of standard deviation is 1 and for the
distance between variables is computed 3.464157.
Table 2. Covariance Matrix Eigenvalues
Eigenvalues of the Covariance Matrix
Eigenvalue

Difference

Proportion

Cumulative

1

3.01094821

1.43669959

0.4301

0.4301

2

1.57424862

0.31404618

0.2249

0.6550

3

1.26020244

0.41331133

0.1800

0.8351

4

0.84689111

0.56796502

0.1210

0.9560

5

0.27892609

0.26094675

0.0398

0.9959

6

0.01797933

0.00717513

0.0026

0.9985

7

0.01080421

0.0015

1.0000

Root-Mean-Square Total-Sample Standard Deviation

1

Root-Mean-Square Distance Between Observations

3.464157

The next graph presents three statistics used to estimate the number of clusters: the values of the cubic
clustering criterion (CCC), pseudo (PSF) and t2 (PST2) statistics.
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Fig. 1. Three statistics results used to estimate the number of cluster
The values of CCC indicate the existence of a good number of clusters. The relatively large value of
Pseudo F statistic points out that it could be a number of 4 clusters or 2 clusters. The values of the
Pseudo T-squared indicate that there can be a number of 5, 4, 3 or 2 clusters.
Taking all three statistics in consideration we can say that the data we have analyzed can be clustered
in 4 or 2 clusters. Considering the large number of countries that have been studied, that is 34, we
consider that the chosen indicators have a strong connection and together they group to influence the
global economy. The countries clusters have been built in terms of macroeconomic indicators.
Hierarchical clustering method is used to group the data in a tree structure named dendogram or
phenogram. The dendogram below shows the graph containing the clustered observations.
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Fig. 2. Resulted dendogram (OB number is observation number) with data clustering levels
The default tree plot given above shows two large clustering groups. The left group has 28
observations while the right group has only 6 observations. There are several sub clusters within these
two clusters and they correspond to the next levels of classification. The second level of classification
has 4 sub clusters. So, after we have been used some raw data the graph showed us that those data can
form two large groups or four smaller groups based on their found common characteristics.
6. CONCLUSIONS
Comparative analyses and cluster analysis in this field present an increasing importance over the last
years. The results that are obtained can help specialists from all over the world to consider having the
same hypotheses after running a cluster procedure over the data and maybe take the same decision that
would be the best for everyone. After all we have to participate to the global economy.
To make a research about the global economy based on the macroeconomic indicators we usually take
a sample of objects from the studied population.
Cluster analysis offers us a way to perform a study considering a large amount of data. The data
considered may not have obvious common features so we want cluster analysis to find some. The
researcher must found as much as significant information as he can and to summarize it having
scientific arguments.
We propose further study and research in this direction to obtain relevant results in the economic field.
Some future analyses would prove to be interesting another study comparison over the clusters build
from data regarding national economic indicators for a country. The results are relevant to latter
research and adapted to current and projected economic reality. The results will make digital
information so accessible and they will support all users of digital information that need their
business to align the standard of European information.
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STABILITY OF A THIN ELASTIC PLATE AT UNIFORM CORROSION
Rudolf M. Bergman, Semyon P. Levitsky
Sami Shamoon College of Engineering, Bialik/Bazel Sts., Beer-Sheva 84100, Israel

Abstract
The study is devoted to investigation of stability loss of a thin-walled rectangular elongated plate, subjected
to simultaneous action of permanent longitudinal compressive forces and uniform surface corrosion. The
plate is considered as a thin elastic isotropic body with simply supported butt ends on the long side.
Subcritical stress state in the plate is described within Kirchhoff-Love approximation and it is membranelike. The critical time of stability loss of the plate is found. It is shown that the critical time can be
established if the solution of the respective problem of the static stability loss for the plate, not subjected to
corrosion, and law of corrosion rate are known. Numerical results are received for plates, made from steel
and aluminum, with different initial wall thickness.
Key words: corrosion, elastic plate, longitudinal load, stability, critical stress
1. INTRODUCTION
Corrosion is a common phenomenon in engineering leading to deterioration of mechanical properties of
materials and even failure, when the load exceed the limiting value specific for the given element at the
existing corrosion state (Nicastro (1997), Minoshima et al. (2005)). The phenomenon was widely studied
both experimentally and theoretically; the common difficulty in experimental analysis is that it is too timeconsuming (Zhou et al. (2007)). Therefore, much thought is being given to modeling of corrosion processes
and its effect in different conditions. Typical problems come from civil and mechanical engineering, and
among them behavior of corroded reinforced concrete, stress corrosion cracking, corrosion effect on
buckling of airframes and ship parts, etc (Vua et al. (2009), Grinfeld (1998), Gutman et al. (2000), Slater et
al. (2000)). Increased interest to different aspects of the corrosion impact on the mechanical properties of
implants is recognized in modern medicine (Zi bowicz and Marciniak (2006), Maguirea et al. (2005)).
Theoretical estimates of mechanical properties of corroded construction elements have great importance for
evaluation of their service life and timely repairs. In many cases engineering analyses is based on rather
simple but useful models, one of which is an elastic plate subjected to various loads, particularly,
longitudinal compressive forces (Donnel (1976)). Usual assumption is that compressive forces are distributed
uniformly along the width of the plate, which can be supposed small in comparison with its length. Stability
problem for such rectangular plates at uniform compression belongs to classical problems of the theory
(Volmir (1963), Ventsel and Krauthammer (2001)). However, the theory doesn't account for the fact that the
plate in the process of structure operation can be subjected to the action of corrosion, which changes its
thickness and can cause stability loss before the breaking stresses in the plate are reached.
To allow for
this effect it is necessary to modify the classic criterion of the plate stability loss.
Effect of uniform corrosion on stability loss of a thin-walled circular cylindrical tube was investigated by
Bergman et al. (2006). It was shown, in particular, that life-time of the tube in these conditions is completely
defined by the classic criterion of stability loss of elastic pipe, modified with the account for corrosion rate
law, suggested in (Gutman (1994)). In the present paper the method, developed in (Bergman et al. (2006)), is
used for finding of the critical time of stability loss for thin-walled rectangular elongated plate, subjected to
simultaneous action of permanent longitudinal compressive forces and uniform corrosion.
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2. PROBLEM DESCRIPTION
Corrosion is considered below as a process of uniform dissolution of the plate surface, resulting in a decrease
of its thickness h with time t. The rate of this decrease is equal to the rate of corrosion. Experimental data
for various metals and steels, received for pure elastic stressed state, have shown that corrosion rate depends
essentially from the stressed state of the material, which in our case is characterized by longitudinal
compressive stress . It is changed with time due to wall thickness decrease. As a result, corrosion rate v
follows the relation v f [ (t )] . It was shown in (Gutman (1994)) that this dependency with a good
accuracy can be approximated by exponential function, including experimentally established parameters.
The stability problem for a thin-walled rectangular elongated plate subjected to simultaneous action of
permanent longitudinal compressive forces and uniform surface corrosion is studied below within KirchhoffLove approximation. The formulas for determining of the critical time, corresponding to the moment of
stability loss, will be obtained.
3. STABILITY LOSS OF THE PLATE IN THE ABSENCE OF CORROSION
Let consider in linear approximation the problem of stability loss for rectangular plate of the length a ,
width b and wall thickness h (t ) , elongated in x - direction ( a
b ), subjected to uniformly distributed
compressive longitudinal forces with intensity N (Fig. 1).

Fig. 1. The loading of the plate.
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Assuming that changes of the wall thickness h (t ) are quasi-static, the equations of static stability loss can be
applied. It is assumed also that the plate is simply supported along the long butt ends and it is possible to
neglect by the boundary conditions on the short sides (Volmir (1963)). The initial stress state of the shell is
supposed to be a membrane-like. Then the governing equation for stability loss of the plate within Kirchhoff
- Love approximation can be written in the form (Goldenveizer (1961)):

E h2
12 (1 2 )

4

2

w

w
x2

x

0

(1)

N
is the longitudinal compressive stress. In Eq. (1) E and
are the Young modulus and
h
Poisson coefficient, respectively; x and y - rectangular coordinates of the plate middle surface and w - its
where

x

4
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where f f ( x , y ) is a function having partial derivatives of the corresponding order. Boundary conditions
for simply supported butt ends on the long sides of the plate have the form:
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The boundary conditions (3) are satisfied automatically, if the solution of Eq. (1) is searched in the form:

x

w c sin

l
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b

(4)

where n is the number of half-waves along the short side of the plate. It is assumed that the wave formation
in elongated plate along x-direction is free, and the half-wave length is denoted by l. Substitution of Eq. (4)
into Eq. (1) yields:
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To obtain the critical value of compressive stress
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it is necessary to find the minimum of parameter
h

N from Eq. (5), which leads to the relations (Volmir (1963)):
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Solution of (6) has the form:

l
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* and N c are critical values of the compressive stress
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It follows from Eq. (7) that the bent surface of the elongated plate after stability loss consists from square
parts of the size b b , and the deflection within each of these parts is described by multiplication of two
sinusoidal half-waves in x and y directions, respectively.
The Eq. (7) was obtained with the assumption that the plate wall thickness is specified, whereas the critical
value of the intensity of the distributed longitudinal forces N is the unknown quantity. It follows from the
Eq. (7) that if we assume, on the contrary, that the value of the intensity of the longitudinal forces N is
specified, then the shell wall thickness h * , corresponding to stability loss, will be equal to:

h*

3

2

3 N (1
2

)b 2

E

(8)

4. EFFECT OF THE UNIFORM CORROSION
It is assumed now that the plate is subjected to simultaneous action of uniform corrosion and permanent
longitudinal distributed forces with intensity N h0 0 , where index 0 corresponds to t 0 . The rate of the
shell thickness decrease at each moment of time t is equal to general corrosion rate:

dh
dt
Here f (

f( )

(9)

) is a sufficiently smooth function of longitudinal compressive stress:
x

N
h

(10)

which can be described by the following relation, grounded both theoretically and experimentally in
(Gutman (1994)):

f( )

V
R0 T

v0 exp

(11)

Here v 0 is the corrosion rate for a non-stressed plate, V is the molar volume of the material, R0 is the
universal gas constant and T is the absolute temperature. Then the critical time t * , corresponding to the
moment of the plate stability loss, follows from the Eqs. (9)-(11) and is defined by the formula:
*

t

*

(h0

0

2

/ v0 )

exp[( V ) /( R0T )]d

(12)

0

In Eq. (12)

*

is the critical stress defined by the relation (7) with h0 used instead of h . Note that in the

Eq. (12) it is assumed that the intensity of longitudinal forces N for a given initial wall thickness h0 and
specific plate material satisfies the inequality:
*
0

If we introduce the dimensionless parameters:
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T * (t * v0 ) / h0 ;

/ *;

0

0

/ *

(14)

then Eq. (12) takes the form:
1

T*

0

exp[ (V

*) /( R0T )]

d

(15)

2

0

Here the value of T * can be treated as a relative durability of the shell and the value of
coefficient for stability.

0

as a safety

5. NUMERICAL RESULTS
Numerical simulations were performed for thin-walled plates on the basis of the formula (15) in order to
study the dependency of the relative durability T * from the safety coefficient for stability 0 . The results
are shown in Figs. 2 and 3. The plots in the Fig. 2 correspond to steel and aluminum plates with the
following parameter
values:
E 2 1011 N / m 2 ,
0.3, V 7 10 6 m 3 / mol
(steel) and

7 1010 N / m 2 ,
0.34, V 3 10 5 m3 / mol (aluminum). It was adopted for all curves on
h
0
the Fig. 2 0 0.02 , T 27 C , R0 8.317N m /(mol grad ) .
b
E

Fig. 2. Dependency of the relative durability T * on the safety coefficient for stability
for steel and aluminum plates.
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In Fig. 3 the curves are presented for the steel made plates with different values of the relative wall thickness

h0
(the values of T , R0 are the same as for the data on the Fig. 2). The graphs show that the relative
b
durability decreases with an increase of the safety coefficient for stability; the value of T * for steel for all
values of the parameter 0 is higher than for aluminum; and the rate of decrease of the relative durability
with the safety coefficient for stability is larger for thicker plates. For very thin plates the dependency

T

T ( 0 ) is almost linear.

6. CONCLUSION
The critical time of stability loss of thin-walled rectangular elongated plate, subjected to simultaneous action
of permanent longitudinal compressive forces and uniform corrosion, can be predicted from solution of the
corresponding static stability problem for the same plate without corrosion, by accounting for the plate
thickness changes due to corrosion and its rate dependency on mechanical stresses in the material. The
analytic dependency of the relative durability of the plate from the safety coefficient was found and studied
numerically for different initial wall thickness and different elastic materials. It was shown, that the structure
life time for the studied system is completely governed by the criterion of stability loss for elastic plate and
the law of corrosion rate.

Fig. 3. Dependency of the relative durability T * on the safety coefficient for stability
for steel plates with different initial thickness.
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THE PROGRAM FOR SELECTION OF VERTICAL FORMING- FILLING- AND SEALING
MACHINES FOR DRY PRODUCT PACKING IN SOFT PACKAGE,
BASED ON THE CRITERIA ANALYSIS METHOD
Savenkova Irina Aleksandrovna
The Moscow State University of Printing Arts of Ivan Fedorov, Russia

Abstract
Packaging industry has one of the most important parts in economics of all countries in the world.
But, there is no uniform system of classification for vertical forming-, filling- and sealing machines,
depending on packaging materials and dry products.
The complete analyses of equipment were made and the succession was researched: a dry product - a
packaging material - a filling system of dry products – a vertical forming-, filling- and sealing
machine.
In this paper the algorithm for an optimum selection of VFS-machines was developed by the method
criteria analysis, which takes into account the errors of packing processes such as vibration, stroke,
knock, pushes and pulsation.
Following the results of work the computer program was created. It works with four large databanks
and allows choosing the most suitable fillers, packing materials and the optimal vertical forming-,
filling- and sealing packing machines for any dry product according to individual user’s requirements
(productivity, automation, the price etc.).
Key words: packaging, forming-, filling- and sealing machines, dry products, the criteria analysis
method, computer program for optimum selection.
1. INTRODUCTION
Packaging industry has one of the most important economic parts of all countries in the world. The
world market of packing equipment numbers more than 20 billions of Euros. In spite of this fact there
are only few scientific and technical books about modern packaging materials, packing processes and
vertical form fill and seal machines in Russia today. And there is no one uniform system of
classification for vertical form fill and seal machines too.
So there are not enough practical recommendations for an optimum selection of vertical form fill and
seal machines in the world.
Very often sales managers foist expensive machines off customers, but even very expensive
equipment sometimes is not suitable for the product. For this reason the equipment is used
inefficiently. It works with a small loading and a very low productivity [3].
I have made the complete analyses of equipment and scrutinize the succession: a dry product - a
packing material - a filling system of dry products - a vertical form fill and seal machine.
In this project I worked out the algorithm for an optimum selection of vertical form fill and seal
machines by means of a methods criteria analysis and value analysis.
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2. APPROACHES, TOOLS, DATA, DOMAINS AND NESTING
1.1. The value analysis
Value analysis is an approach to improving the value of a product or process by understanding its
constituent components and their associated costs. It then seeks to find improvements to the
components by either reducing their cost or increasing the value of the functions.
The value analysis was used for determination of several main characteristics of vertical formingfilling- and sealing machines [4].
On the first value analysis phase 33 characteristics for assessment vertical FFS-machines were found
out. They define economic and technical characteristics of vertical FFS-machines.
On the second phase all 33 characteristics were ranked, each of them got the priority. In conclusion,
only 12 main characteristics were determined from 33. For achieving this goal I worked with seven
experts. All these people work at packaging industry. The data bank of vertical FFS-machines was
created according these important characteristics:
1. Number of dry product’s types for packaging;
2. Product change-over time 9 (clean-up, set-up, start-up times);
3. Dosing accuracy;
4. Product performance;
5. Electric power;
6. Variety of bag types;
7. Type of sealing;
8. Payback period and so on.
2.1. The criteria analysis theory
The criteria analysis theory takes into account the errors of packaging processes (they are called «the
negative factors»). The errors include vibrations, strokes, knocks, pushes and pulsations. It is possible
to realize theory in the form of special synthesis criteria j or «criteria indexes» j (t, d, c, n).
I have analyzed more than 246 fillers of 36 firms by criteria analysis during this work.
Criteria indexes are the main tools of this analysis:
1) T –criterion of complication. It is any difficult winding trajectory of dry product in packaging
machine. Each of its must be marked on the functional scheme of packaging process. In conclusion it
is necessary to count up their total sum.
t=

tj

(1)

tj = 0 – the ideal packaging process (without any difficult winding trajectories of dry product).
2) D – criterion of dynamic. It is the sharp change trajectory of dry product during packaging process.
Dry product changes it’s trajectory at an acute angle. Each of its must be marked on the functional
scheme of packaging process. In conclusion it is necessary to count up their total sum.
d=

dj

(2)

d j = 0 – the ideal packaging process (without any sharp change trajectory of dry product).
3) C – criterion of cyclicity. It depends on working speed of packaging process (meters per second).
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C = 1/V (s-1)

(3)

V is the working speed of the packaging process.
co=0 - the ideal packaging process (with indefinitely high working speed of the packaging process). It
is necessary to calculate cyclisity for each packaging process under consideration.
4) N – number of operations. It is the quantity of operations of packaging machine. Each of its must be
marked on the functional scheme of packaging process. In conclusion it is necessary to count up their
total sum.
nj = nmin - the ideal packaging process (it has minimum operation of the packaging process) [1].
5) DA – criterion for accuracy of a dry product doses measure (dosing accuracy).
DA

( D3 d 3 )
4V

(4)

Where D is the diameter of a volumetric capacity, d is the mean diameter of dry product granule and V
is the volume of the volumetric capacity.
6) ET– criterion for efficiency of transmission a dry product doses (efficiency of transmission).
ET

(1

f outlet
)
f inlet

(5)

Where foutlet is cross area of outlet of product dose from conveying channel and finlet is cross area of
inlet of product dose into conveying channel.

Fig. 1. The functional scheme of disk type volumetric cup filler of vertical FFS-machine AR-I3
(company “Packmarket”).
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Table 1. The importance factors (fi) conform to criteria indexes (j).
T

D

C

N

DA

ET

ft = 0,17

fd = 0,14

fc = 0,13

fn = 0,20

fda = 0,12

fet = 0,13

The importance factors (fi) are necessary for assessment of importance of each criteria index and for
determining of the main index. It is “n” – the number of operations in printing process, because it has
the highest importance factor [2].
During the work I made:
1. The analysis of Russian and foreign markets of the packing equipment for dry products.
2. The analysis of dry products in accordance with vertical form fill and seal machines.
3. The analysis of the fillers and their classifications depending on dry products.
4. Worked out recommendations for the packaging materials of dry products.
5. Worked out recommendations for choosing types of packages, which made of the polymeric and
combined materials.
6. The analysis of classifications vertical form fill and seal machines depending of packaging types.
During the work I have created (with possibility of their further filling):
1. A databank of the typical dry granulated products.
2. A databank of vertical form fill and seal machines.
3. A databank of fillers for vertical form fill and seal packing machines.
4. A databank of packing materials for the typical dry granulated products.
All dry products were separated into groups according their different properties. Optimum fillers were
determined for each product’s group. Packing materials were individually chosen for each dry product
according to its physicochemical properties.
3. APPLICATION VALIDATION
Necessity of storing and rapidly processing of the large volume of date was the main reason for
computer program creation. Following the results of work I created the program which allows finding
the most suitable filler, packing materials and the optimal vertical FFS-machine for any dry product
according to individual user’s requirements (productivity, automation, the price etc.).
This program was written on computer language JavaScript + HTML.
Markup Language (HTML) was used for making graphic design of the program and creation of
human-engineered interface. Programming language Java was used for processing of text data banks
and calculation values according to the formulas.
In the program importance factors were taken into account. The importance of each criteria index
depends of its importance factor.
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4. EXAMPLE OF PROGRAM WORK
There is one simple example of program work; it selects the optimum variant of vertical FFS-machine
for packaging coffee beans.
On the first step a user chooses his dry product (coffee beans), and then program automatically makes
analysis of physicochemical properties of product and gives recommendations for packaging materials
and fillers. The user can choose one the most suitable types of packaging materials allowed by
program.
After that, program asks the user to input necessary information about mass of single dose and the
percentage of accuracy of doses measure for the dry product. According this information, program
chooses the most suitable filler for this product.
Then the user inputs information about the thickness of packaging material, chooses a type of package,
a percent of package filling with product (a mark to space ratio), the quantity of product streams and
the performance of the package.
According this information program automatically makes all necessary calculations:
1.

The volume of the mass of single doss;

2.

The volume of a package for the mass of single doss;

3.

The length of the package;

4.

The length of the package drawing;
5. The width of the package drawing (or a width of the packaging material).

Fig. 2. The dialog box
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Fig. 3. The dialog box 2 (inputting of the dose of mass, the measure accuracy, the thickness of
packaging material, the percent of package filling with product (a mark to space ratio) and choosing a
type of package).

Fig. 4. The dialog box 3 (inputting of the required package high, the width and allowances; program
calculates the package length, the width of package film and the length of package drawing).
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Fig. 5. The result of program’s work – there are three the most optimum vertical FFS-machines,
ranked by the criteria analyses method. There is the total sum of criteria indexes near each FFSmachine.
In conclusion, on the first step of work program creates a list of the most suitable for user vertical
FFS-machines according user’s conditions. The list could contain two or more machines and for
choosing the most optimum process it is necessary to compare them by criteria analysis method.
On the second step the program automatically compares all vertical FFS-machines from the list and
outputs their names into user’s display in order of their ranking by the criteria analysis method. The
first vertical FFS-machine in the list is highlighted by red color and it is the most optimal for chosen
dry product.
After this, the user could connect with suppliers of these vertical FFS-machines for receipting of
additional information (an availability on the store, a price end etc.)
4. CONCLUSIONS
The volume analysis and criteria analysis methods are very universal and they both can be used for
choosing different types of equipment for wide variety of packaging processes. I have just showed the
simple example of their application together.
This program is useful for:
1. Food industry companies can choose the optimum vertical form fill and seal packing machine for
packing of dry granulated products.
2. Producers of vertical form fill and seal packing machines. They can choose with my program
analogues of developed automatic machines and make their analysis.
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3. Institutions of higher education can use it for studying and researching of dispensing and packaging
processes.
4. Producers of packing materials for dry products can use it for optimum selection of films according
to different types vertical form fill and seal packing machines.
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ORGANOSILICATE ADHESIVES:
COMPOSITION – STRUCTURE – PROPERTIES – APPLICATION
Svetlana Chuppina, Valentin Zhabrev
Saint-Petersburg State Institute of Technology (Technical University), 26 Moskovsky Pr.,
Saint-Petersburg 190013, Russia

Abstract
Organosilicate composites (OSC) are widely used as weather- and corrosion-proof, electrically
insulating, radiation- and heat-resistant adhesives.
OSC represent suspensions of finely dispersed layered silicates (mica, talc, chrysotile), inorganic or
organic pigments in solutions of organosilicon oligomers, containing various special modifiers
(curing agents, plasticizers, vitreous additives etc.)
The peculiarities of their manufacturing and forming are responsible for their structure, properties
and application areas.
Key words: coating, formation, interphase interaction, organosilicate composition, thermooxidative
destruction, solid-phase reactions, structural transformations in the material, polyorganosiloxanes,
dehydroxylation of layered hydrosilicates,
1. INTRODUCTION
Organosilicate composites (
) are widely used as coatings, glues and vacuum-tight sealants and
press-materials in our country and abroad as materials that possess unique functional properties [1].
More often
are used as organosilicate coatings (OSCt). OSCt, on the one hand, can play a role of
a barrier layer which limits chemical processes of oxidation and corrosion or slow down diffusion
processes (corrosion-proof coatings); or give to a substrate new electric and magnetic properties by
creation of electro conducting or electro insulating, magnetic or antimagnetic layers (electrical
conducting or electrical insulating); or disseminate or absorb radiation (radiation-resistant), ets. The
majority of OSCt properties are manifestations of characteristics of a bulk material. In particular, the
anticorrosive properties can be considered as a function of adhesive-cohesive interactions,
permeability of the coating with respect to different reactants, and the glass transition temperature of
the coating. The heat resistance depends on the bond energy of components, structural regularity,
molecular mobility, and intermolecular interaction in the bulk of the material
On the other hand, the coating can give new properties to a substrate due to special properties of its
surface, for example, the ability to be deactivated or self-cleaning, to reflect streams of energy and
light (reflecting) and others.
There are a number of properties predominantly associated with the low-energy character of the
surface of OSCts (such as low dirt-holding capacity, decontamination ability, hydrofobicity, etc.). At
present, it has been universally accepted that the surface energy of the coating reflects not only the
chemical nature of the film former but also a change in its composition and properties in the course of
formation and operation [2, 3].
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In this report the main physical and chemical regularities of correlations “organosilicate composite
composition – technology for production and application – structure – properties” are considered.
2. STRUCTURE and PROPERTIES of ORGANOSILICATE COMPOSITES
OSC represent suspensions of finely dispersed layered hydrosilicates, inorganic or organic pigments in
solutions of organosilicon oligomers, containing various special modifiers (curing agents, plasticizers,
additives, etc.) [4].
At present, film formers are represented by commercial organosilicon varnishes prepared by
hydrolytic copolycondensation of mixtures of bi- and thrifunctional organochlorosilanes. Synthesized
by this method oligomers have rather complex structure with random distribution of linear, branched,
cyclolinear, and ladder fragments. Polyorganosiloxanes (POS) contain methyl and phenyl radicals at
silicon atoms, and are characterized by a broad distribution of molecular masses, have silanol terminal
groups. Both unmodified organosilicon polymers and those modified during so-called reactionary
mixture of components by organic polymers, for example, by polyesters, alkyd and epoxy resins, are
used extensively.
Numerous properties of POS are considered to be features associated, first, with the presence of the
siloxane bond in the backbone, and, second, with the chemical structure. The presence of siloxane
bonds in the aforementioned organosilicon film formers assumes an opportunity of two operating
modes of OSCt [4].
1) At temperatures below the destruction temperature of the organosilicon film former the coating
operates as paint and varnish coating; glues and sealants – as polymeric composite material with a
wide temperature interval of application (up from minus 60 to 300 – 400°C).
2) At temperatures above the destruction temperature – as high-temperature inorganic coating which
is formed through interactions of products of thermooxidative destruction of POS with mineral
components, solid-phase reactions, and structural changes occurring in the material.
The structural features of macrochains of these POS are also responsible for a number of
disadvantages inherent in the film formers under consideration. First and foremost, these are low
physicomechanical properties, unsatisfactory resistance in liquid corrosive media and solvents, and the
necessity of high-temperature curing and the presence of toxic aromatic solvents.
These disadvantages can be eliminated with the use of following techniques: filling and reinforcement
of polymers; blending with different organic pitches containing polar groups; using various curious
agents; introduction of functional groups into the organic fragments of the molecule, etc.
Inorganic pigments and fillers are introduced into the composition of OSC for heat-resistant protective
coatings.
For OS-materials the choice of pigments is governed by the field of application and the corresponding
operating properties. The main characteristics are given below (Table).
By present time a great positive experience of using organic pigments and dyes in composition of
weatherproof OSCt has been accumulated. In formulations of chemically proof, heat-resistant, electro
insulating OSCt inorganic pigments such as oxides and salts of transition metals have been
predominantly used. The most widespread fillers of OSCt are the following mechanically dispersed
natural fillers: chrysotile asbestos, muscovite mica, talc, barite, and synthetic filler Aerosil, modified
sepiolites.
Modern rheologic additives have been extensively used to increase the sedimentation stability in the
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course of storage and flow of

-suspensions.

3. PROCESSES of ORGANOSILICATE COATINGS
By now, it has been revealed that OSCt can be efficiently cured at relatively low temperatures of heat
treatment under natural conditions with the use of a number of agents [3, 4]. The most widely used
curing agents are as follows:
– tetrabutoxytitanate (TBT) and poly(butyl titanate) (PBT);
– 1-amino-hexamethylene-6-aminomethylenetriethoxy-silane (AGM-3);
– a mixture of -aminopropyltriethoxysilane with - aminisoopropyltriethoxysilane (AGM-9);
– diethylamine (DEA) in combination with tetraethoxysilane (TEOS) or TBT;
– polymethylsilazane (MSN-7);
– polymethylphenylsilazane (MFSN-5);
– boron-containing polymethylphenylsilazane (MFSN-B).
Table – Properties of cured coatings
Heat resistance, °C
short-term

300 – 700

long-term

1200

Impact strength according to GOST (National Standard 4765, N cm (kgf cm)

250 – 500

Flexural Strength according to GOST (National Standard ) 6806, mm

(25 – 50)
3 – 15

Hardness according to GOST (National Standard) 5283,
arb. units.

0.3 – 0.7

Adhesion to steel, aluminum according to GOST (National Standard ) 15140, (crosshatch test), points
Adhesion to steel according to the 90º peel test, MPa
Volume electrical resistivity,

1–2
2–7

cm:

at 20 °

1012 – 1015

at 500 °

up to 109

Dielectric strength at 20 °C, kV/mm

10 – 50 and more

Dielectric loss tangent

0.008 – 0.1

Dielectric permittivity

3.0 – 6.0
-1

Temperature coefficient of linear expansion in an interval of 20 – 300 °C, K
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(1 – 2) ×10-5
Heat conductivity, W/ (m K)

0.3 – 0.6

Specific heat capacity, kJ /(kg K)

0.6 – 1.5

Radiation resistance:
in beta and gamma radiations fields

106 – 108

at doses, Gr (rad)

(108 –1010)

in neutron fields (air–vapor medium)
at integral dose, thermal neutrons/cm2:
> 20 000 h, 280 °C

1×1014

> 10 000 h, 150 °C

1×1021

Diffuse reflectance of light from coatings:
white color and light tones

85 – 92

red, green, blue, brown, orange colors

60 – 80

black color

50 – 55

Hydrophobic properties (contact angle), degree

90 – 110

Almost all the studied curing agents accelerating the curing process result in a decrease in the heat
resistance and elasticity of the coating approximately to the same extent, viability of
containing
the curing agent is satisfactory only for few from them.
It is known, that at application of curing agents in
processes:

there can be following physical and chemical

– the acceleration of homocondensation of OH-groups of polymers resulting in their cross-linking;
– the condensation of OH-groups of polymer molecules with functional groups of a curing agents;
– an increase of thermo stability of cross-linked polymers due to the introduction of heteroatoms or
heteroatomic groupings of curing agents into the polymer network;
–an increase in the thermooxidative stability due to the introduction of groupings possessing the
antioxidant properties.
The specified processes are characteristic for all types of curing agents, but for each agent it is possible
to find prevailing.
As in the case of the
, PBT agents the presence of reactive ethoxy groups in
-3 and
-9
curing agents results in the condensation of silanol groups of polyorganosiloxanes with functional
groups of the curing agents. However, since
-3,
-9 and
-2 molecules contain amino
groups the curing ability of these products is a little bit higher than that of the TBT or PBT agents
The advantage of
involving polyorganosilazanes manifests itself in decreasing the formation
time, the preparation of films with high hardness and adhesion, and the ability of materials produced
by cold curing to remain in an unsoftening state upon heating. In some cases appears the alcohol and
gasoline resistance, in all cases the water absorption decreases as a result of an increase in the gel
fraction contents. The application of several layers enables one to decrease the time of drying between
193

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
the application of layers and the time of complete drying. At the same time, viability of OSC with
introduced polyorganosilazanes in some cases appears to be insufficient: viability of mixtures of
composites with MFSN-B reaches 5 – 7 days, with MFSN-5 – 3 – 24 h, and with MSN-7 – from 30
min up to 2 h.
At use of a complex curing agent the structuring of polymethylphenylsiloxanes is caused by amine,
and also by
S which, in turn, is activated by amine due to the interaction of not divided electron
pair of the nitrogen atom and d-orbitales of the silicon atom. It is considered, that in these conditions
there is a formation of cross-linked structure in P S due to the amine-induced homocondensation of
silanol groups, and the interaction of silanol groups with hydroxyl groups of TEOS derivatives formed
upon hydrolysis of the curing agent. In other words, at application of this curing agent processes I and
II are prevailing. At introduction of 1 wt % of the complex curing agent (
S+DEA) in the ratio of
1:0.4 into polydimethylphenylsiloxanes or polymethylphenylsiloxanes the gel fraction content
achieves 85 – 95 wt% for 24 – 36 h.
The humidity of surrounding air also affects the curing rate. In dry air the process goes faster as curing
process is associated with the removal of moisture from the system. For the same reason, the curing
rate of OSCt goes faster in a thin layer, than in a thick one.
The type of film former and the curing parameters affect the technological properties (the viscosity,
durability, flow properties, drying time); hardness, adhesion, impact strength, flexural strength, and
other physicomechanical properties; sol–gel fraction content; protective properties; heat resistance;
and electrically insulating properties. As a rule, the set of these properties determines the service life
and service reliability of OSCts. The energy characteristics of the surface of OSCts and the related
decontamination ability, a low dirt-holding capacity, hydrophobicity, and anti-icing effect, i.e., the
surface properties of OSCts, should be sensitive to a change in the chemical composition of the
surface layer and its texture.
The curing of OSCts in the course of heat treatment, as a rule, is associated with the condensation of
silanol terminal groups of POS and the removal of H2O thus formed from the coating. An increase in
the temperature accelerates these processes and makes it possible to achieve a more complete curing.
The kinetics of curing and aging of organosilicate composites is affected by oxidants of the
environment (for example, oxygen) and the oxidizing and reducing agents introduced into the
composition of organosilicate composites.
4. PROCESSES OF ORGANOSILICATE MATERIAL AGEING
Ageing of OSCt under various operating conditions manifests itself in the loss of gloss, chalking,
cracking and peeling and under-film corrosion. Change of conditions of ageing determines a kind and
a degree of destruction of OS-materials. Ageing is accompanied not only by chemical transformations,
but also by the processes of structuring playing the important role in destruction of original
organosilicate polymeric materials and forming new organic-inorganic and inorganic glass-ceramic
material.
As for the second mode of operating and ageing [5], both in inert, and in the oxidizing atmospheres the
main volatile products of decomposition of S-coatings are methane, benzene, hydrogen, water and
cyclic siloxanes. In an interval of temperatures 300 – 1000 °C (and above) the structure of volatile
products remains constant, their only relative content varies. In oxygen and air atmospheres in addition
there are carbon dioxides and carbon monooxides, the water content increases as a result of secondary
processes – oxidation of benzene, hydrogen, and methane, formic acid and formaldehyde.
As destruction of organosilicon binders leads to decrease in water repellency, increase of porosity
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which manifests itself in deterioration of protective, electro-insulating, physical mechanical properties
of OSCt fusible additives are used in formulations of OSC.
5. EXAMPLES OF SOME FUNCTIONAL ORGANOSILICATE COATINGS
5.1 Corrosion protective OSCts
According to the mechanism of protective effect under conditions of the first mode of operating and
ageing, that is up to temperatures 300 – 400 °C, OSCts for the most part belong to the mixed barrieradhesion type since they produce a good diffusion barrier, on the one hand, and prevent the
development of underfilm corrosion, due to satisfactory adhesion, on the other hand. The barrier effect
of protective effect of OSCts is enhanced by increased water repellency and is determined by
structural morphological features of their surface. The determining factor of corrosion destruction of
OSCts is the contact with moisture. The optimum thickness of OSCts, intended for operation under
these conditions, on metal surfaces is equal to 150 – 200 m and no less than 100 m at painting on
concrete, brick, plaster surfaces.
5.2 Radiation-resistant OSCts
OSCts, rendered on carbonaceous steel or on a layer of aluminum which possesses high radiationthermal resistance in vapor atmosphere up to an integrated doze of an irradiation equal to 2.8 MGr,
irrespective of capacity of a doze are developed. According to the radiation resistance (2.8 MGr)
OSCts can be applied for protection of surfaces of rooms in served and unattended zones of the atomic
power station which can contact with vapor-gas mix at heavy failures and failures such as "small" or
the "big" leak (LOCA, LLOCA).
5.3 Electrical insulating OSCts
Electrical insulating OSCts are characterized by the following parameters:
– a range of working temperatures: from a minus 60 up to (350 – 500) ° ;
– volume electrical resistivity ( v),

·cm

at 20 ° : 1012–1015
at 200 ° : 1010–1012
after influence of a damp atmosphere: 109–1011;
– dielectric durability ( ), kV/mm no less than 20;
–dielectric loss tangent (tg ): less than 0.08;
(at change of temperature from 20 up to 400 ° tg grows from 0.02 till 0.38).
For comparison: alkyd enamels: (GF-571, GF-916, GF-5109) have lower values of
narrower range of working temperatures (from a minus 60 up to plus 80 ° ).

v

(108-12

·cm),

Epoxy enamels (EP-56) and composites for electrical insulating purposes (EP -115, EP -153) work in
a temperature range (from a minus 60 up to plus 200 ° ), at 20 ° have good parameters of v = 1014-15
·cm; = 20 – 25 kV/mm, =4, tg = 0.02. But at rise in temperature up to 100 ° deterioration of
properties is observed: v changes on 4 orders up to 109 ·cm, tg grows by the order – at 100 ° tg
= 0.1.
The resulted comparison of parameters for coatings of the different nature shows advantages of OSCts
in comparison with organic enamels, caused by characteristic for OSM’s combination of resistance to
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high temperatures and sufficient level of dielectric properties.
Dielectric OSCts are applied to protect of various radio components and radio engineering devices
(resistors, condensers, small-sized transformers and etc).
5.4 Gradient OSCts
Energy characteristics of surface of OSCts and connected with them ability of self-cleaning,
deactivation, low dust-holding, water repellency, anti-icing properties [6], reflecting effect, that is
properties of surface of OSCts, are adjusted by a chemical formulation of a surface layer and its
texture. The choice of structures of OSCts and special modes of curing allow creating coatings in
which a surface of a coating carries one function and the volume phase –another. In anti-icing [6] and
radiation-resistant deactivated OSCts the gradient of composition and structure is essential.
In a basis of layer-to-layer-non-uniform structure of the majority of OSCts the following feature of
organosilicon varnishes lays: at drawing there is an orientation of macrochains to a substrate, the
inorganic part of polymers (Si
Si bridges) cooperates with a surface of a substrate in such a
manner that organic groups of POS settle down on a surface of a coating as small umbrellas and give
to a coating low adsorbic properties. Properties of a surface are determined by rather thin layer of a
coating (no less than 1 – 3 m) and set by low values of surface energy. For steady characteristics for
weatherproof OSCts the optimum values of surface energy are no less than 40, for radiation resistant
deactivated OSCts – 30 and for anti-icing OSCts – 25 mJ/m2.
5.5 Application of organosilicate composites in tensometry
OSC are used in tensometry as high-temperature glues and binding for manufacturing and adhesion of
tensoresistors (strain gauges).
A number of requirements, many of which are difficultly compatible, especially such as high adhesion
to various constructional materials and high electric resistance in a wide range of temperatures, are
imposed for binders for high-temperature tensoresistors. High-temperature tensoresistors with OSC
are used for measurement of stresses on details and units of machines of nuclear power installations in
a range of temperatures from a minus 60 up to +900 – 1200 ° . Adhesive seams and coatings on the
basis of these OSC are temperature stable at rather high temperatures.
5.6 Organosilicate sealant pastes
Organosilicate sealant pastes have a consistence of dense sour cream. The consistence of pastes is
determined by the contents of a thinner and can be easily changed by its decreasing or increasing.
Thus it is necessary to keep the uniformity of a material as a whole not to be broken.
It is established, that at the contents of volatile phase in paste within the limits of 5 – 7 wt % the paste
easily can be applied with injector, and the paste fills narrow (1 – 2 mm) clearance under action of
small pressure and allows rather small shrinkage in process of curing.
Sealant pastes have found wide application for hydrophobic thermo- electrical insulating protection of
precision wire resistors.
5.7 Glues for pasting electric technical steels
Glues for pasting electric technical steels are applied at manufacturing of packages of magnetic
circuits. The feature of application of OSC as temperature resistant glues and pastes is the requirement
to a degree of grinding: depressiveness of particles should be high, no less than 5 – 25 m.
5.8 OSC for restoration works
Choice of OSC for restoration works is determined by several requirements, basic of which is the
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durability. The volume of restoration works is great, in this connection repeated restorations of
buildings and constructions are not planned, choose, as a rule, the most durable material. OSC meet
these requirements. The application of OSC in restoration of historical and cultural monuments in
Russia has almost thirty-year experience. OSC were used as protective-decorative coatings on plaster,
concrete and brick building facades, and for protection of black and nonferrous metal structures, as
impregnation materials for strongly destroyed wood.
5.9 Organosilicate press-materials
Organosilicate press-materials are rather new kind of heat resistant constructional materials of heat
and electric insulating purposes, received upon technology of plastics. By present time practical
application was found for two kinds of it: organosilicate composite-silica fabric press-material and
organosilicate molding fibro material.
6. CONCLUSIONS
Thus, the design of functional coatings still is a key stage in the development of new materials with
desired properties. Stated differently, a layer of organosilicate composite fulfills a function not typical
of the substrate material and conventionally provides protection against various chemical and physical
factors.
Naturally, functional properties of coatings are governed by the set of factors: coating composition and
physicochemical and mechanical properties of constituents, preparation procedure, curing and
application methods.
The reliability and duration of organosilicate adhesives are highly affected by operating conditions and
substrate nature.
This study was supported by the federal target program «Researches and development on priority
directions of development of a scientific-technological complex of Russia for 2007-2013» of the
Ministry of Education and Sciences of the Russian Federation, project no 16.516.11.6082.
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Abstract
In this work, the drying behavior of cotton bobbins for different bobbin diameters and drying air
pressures at a constant drying air temperature was simulated by empirical and semi-empirical drying
models available in the literature. For this purpose experimental drying behavior of cotton bobbins
was determined on an experimental bobbin dryer setup which was designed and manufactured based
on hot-air bobbin dryers used in textile industry. Then, drying models considered were fitted to the
experimental data. The fit was performed by selecting the values for constants in the models in such a
way that these values make the sum of the squared differences between the experimental and the model
results for moisture ratio minimum. Suitability of fitting was specified as comparing the root of mean
squared error (RMSE). The results show that the most appropriate model in describing the drying
curves of cotton bobbins is the Page model. The results also show that both the bobbin diameter and
the drying air pressure have significant effects on drying.
Key words: drying, cotton, bobbin, textile
1. INTRODUCTION
Drying is widely used in a variety of applications ranging from food drying to wood drying. The
drying industry uses large amounts of energy as drying is a highly energy-intensive operation [1].
Textile bobbins are passed through several processes such as dyeing and drying before they become
market ready products. The purpose of drying is to remove the water inside the bobbins. Thermal
dryers are sometimes used for pre-drying, but are almost always used for final drying because of the
limitations of mechanical dryers. After mechanical pre-drying, much of the remaining water is
chemically bonded to the fiber and must be evaporated. This is accomplished using several types of
thermal system such as heated cans, convection ovens, and radio frequency dryers. Convection dryers
are the most common type of dryers used for drying textiles and carpets. The drying medium is usually
hot air though steam can be used if the temperature can be raised sufficiently high without damaging
the textile [2]. Drying is a time consuming, energy intensive and expensive process and constitutes one
of the major cost elements among the finishing operations in textile industry. Hence it is very
important to determine effects of drying conditions on drying rates in such systems.
In the literature, many studies on textile drying have been undertaken by various researchers and some
of them are concerned with textile bobbins. For example in a in a theoretical study performed by
Akyol et al. [3] an inverse heat transfer problem was solved in order to determine effective
thermophysical properties of a wool bobbin exposed to convective drying. In an experimental study
performed by Cihan et al. [4] drying behavior of polyester based bobbins was simulated for different
drying air temperatures by a simultaneous heat and mass transfer model by incorporating the physical
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mechanism of diffusion. Ribierio and Ventura [5] reported on an experimental investigation to study
drying of wool bobbins by hot air. Lee et al. [6] developed a transient two dimensional mathematical
model to simulate the through-air drying process for tufted textile materials. Li and Zhu [7] studied an
improved model of liquid water transfer coupled with moisture and heat transfer in porous textiles by
analyzing the physical model of liquid diffusion in porous textiles. Akyol et al. [8] determined the
optimum operating conditions in convective drying process of viscose yarn bobbins experimentally.
The results showed that total drying time was strongly dependent on drying pressure, drying
temperature and volumetric flow rate and increase at these parameters shortened the drying time
considerably.
In this study an experimental bobbin dryer has been used to investigate the effect of drying air
pressure on cotton bobbin drying process. The tests were performed for three different bobbin
diameters (D=10, 14, and 18 cm) and three different effective drying air pressures (Peff=1, 2 and 3 bar)
at a constant T=90oC drying air temperature and a constant volumetric flow rate (Q=55m3/h per
bobbin).
2. MATERIAL AND METHODS
The experiments were carried out with samples of totally 8 cotton bobbins with hollow cylindrical
shapes. The bobbins were dried with air at a constant 90°C drying air temperature for three different
effective drying air pressures of 1, 2 and 3 bars. The experiments were conducted in a pressurized hotair bobbin dryer as shown in Fig.1. Ambient air was directed to an electrical heater with the maximum
power of 25 kW by a centrifugal fan and the air pressure was supplied by a compressor with a nominal
power of 15 kW. After the heater, air enters to a bobbin carrier system where the bobbins are dried.
The carrier consists of four parts and three bobbins can be placed at each part. So totally, 8 bobbins
can be placed in the carrier. In the carrier hot air is passed from inside to the outside of bobbins in
radial direction. After carrier, drying air firstly enters to a cooling exchanger. The purpose of this
process is to reduce relative humidity of the air. Afterwards, drying air enters to a separator. In the
separator, water droplets hanging on the air are separated from the air. Drying air finally returns to the
fan. The carrier has been placed on a load-cell with an accuracy of ±1g. The conditions of air at
different points in the carrier and weights of the bobbins can be monitored by a software program, and
the process can be controlled by an automatic control system in the experimental setup.
Before the drying experiments all bobbins were kept in a water bath during 12 hours to absorb the
water fully, and then kept on a grill for 30 minutes to drain dripping water. Moreover, before the
thermal drying operation, a pre-drying operation by passing the pressurized air through the bobbins
without heating has been performed for 5 min duration before each thermal drying test to remove
initial surplus water inside bobbins. Afterwards, cotton bobbins were placed inside the carrier and the
experiments were performed in specified drying conditions.
3 MATHEMATICAL FORMULATION
Six different empirical or semi-empirical drying models given in Table 1 have been taken into account
for determining the most appropriate model for the drying simulation of cotton bobbins.
Due to the complexity of transport mechanisms empirical and semi-empirical models are often used to
describe the drying behaviour of materials. The empirical and semi-empirical models require small
time compared to theoretical models and do not need assumptions of geometry of the material, its
mass diffusivity and conductivity and etc. Therefore they are useful for automatic control processes.
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Fig. 1. Schematic view of the experimental bobbin dryer
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Fig.2.Bobbin geometry
Empirical and semi-empirical models are valid within the temperature, relative humidity, air
velocity and moisture content range for which they were developed.
mr in the drying models is the moisture ratio defined as:

mr
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Here m, mo and me are the instantaneous, initial and equilibrium moisture contents, respectively.
4 RESULTS AND DISCUSSION
Curve fitting computations were carried on the 6 drying models given in Table 1 relating the drying
time and moisture ratio. The acceptability of the drying model has been based on a value for the root
of mean squared error RMSE which should be close to zero. According to this evaluation, the most
suitable model in describing drying process of drying behavior of cotton yarn bobbin is the Page
model. Table 2 shows the fit results for the Page Model for different bobbin diameters and different
drying air pressures at a constant drying temperature (T=90oC) and a volumetric flow rate (Q=55m3/h
per bobbin).
Figures 3-11 show drying behavior of cotton bobbins at different air pressures for different bobbin
diameters at a constant drying air temperature of T=90oC. In these figures, the dots indicate the
experimental results while the straight lines indicate the Page model curves fitted to these results.
Table 1. Drying models
Name

Model Equations

References

n

Page [9]

mr=exp(-kt )

Page (1949)

Henderson and Pabis [10]

mr=aexp(-kt)

Henderson and Pabis (1969)

-n

Geometric [11]

mr=at

Cihan et al. (2007)

Wang and Singh [12]

mr=1+at+bt2

Wang and Singh (1978)

Logarithmic [13]

mr=a0+aexp(-kt)

Kahveci K. and Cihan A. (2008)

Two term exponential [14]

mr=aexp(-kt)+(1-a)exp(-kat)

Sharaf—Eldeen et al. (1980)

Table 2. Fit results for different bobbin diameters and drying air pressures at T=90 oC for Q=55 m3/h
T (oC)

D (cm)

10

90

14

18

201

Peff (bar)

k

n

RMSE

1

1.454

0.749

0.012

2

1.522

0.716

0.015

3

1.494

0.770

0.012

1

1.150

0.812

0.020

2

1.231

0.777

0.027

3

1.193

0.844

0.023

1

0.829

0.970

0.036

2

0.927

0.939

0.049

3

0.872

1.014

0.038
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As shown in Figures 3-5, drying takes 165 min at Peff=1bar, 120 min at Peff=2bar and 150 min at Peff=3
bar for the bobbin diameter of D=10 cm. Similarly, according to Figures 6-8, the drying process ends
at the 180th, 135th and 165th minutes at drying air pressures of 1 bar, 2 bar and 3 bar respectively for
the bobbin diameter of D=14 cm. For a bobbin diameter of D=18 cm, the drying times are also; 195
min, 150 min and 180 min for Peff=1, 2 and 3 bar respectively (Figures 9-11). It can be obviously seen
that Peff=2bar is the optimum drying air pressure value for the drying process in terms of the drying
time due to the reasons discussed below.
The drying rate increases significantly as a result of the increase at the pressure. Specific humidity of
ambient air has a certain value. Relative humidity of the drying air increases with the increase at air
pressure at a constant specific humidity for a specific temperature of the drying air. This creates a
negative effect on drying rate. Enthalpy of the drying air passing through bobbins in the bobbin carrier
can be assumed to be constant. Therefore, air keeps track of the constant enthalpy curve on the
psychometric chart while passing through bobbins. The difference between specific humidities across
constant enthalpy curve decreases with the increase at the drying pressure. This also creates an adverse
effect on drying rate. However, mass of the air increases as a result of the increase at the air pressure
and this case causes a positive effect on drying rate. Increase at the pressure also leads to an increase at
saturation temperature. Drying air enters to the condenser after the bobbin carrier. The higher
difference between the temperatures of the cooling water circulating in the condenser and the air
leaving the bobbin carrier causes higher decrease at relative humidity at the condenser. This provides
more efficient moisture transfer. As a result of all at these effects, drying rate shows an increasing
trend firstly and then a decreasing trend with the increase of the drying pressure.
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Fig.3. Drying behavior of cotton bobbins at P eff=1 bar for D=10 cm
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Fig.4. Drying behavior of cotton bobbins at P eff=2 bar for D=10 cm
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Fig.5. Drying behavior of cotton bobbins at P eff=3 bar for D=10 cm
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Fig.6. Drying behavior of cotton
bobbins
at P eff=1 bar for D=14 cm
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Fig.7. Drying behavior of cotton bobbins at P eff=2 bar for D=14 cm
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Fig.8. Drying behavior of cotton bobbins at P eff=3 bar for D=14 cm
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Fig.9. Drying behavior of cotton bobbins at P eff=1 bar for D=18 cm
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Fig.10. Drying behavior of cotton
bobbins at P eff=2 bar for D=18 cm
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Fig.11. Drying behavior of cotton bobbins at P eff=3 bar for D=18 cm
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Abstract
Some factors determining a choice of optimum conditions and kinetic problems of coating’s formation,
peculiarities of association and aggregation processes are considered.
In this report kinetic principles of formation of multicomponent coatings are considered on examples
of dross-burned, plasma, reactionary and organosilicate compositions.
Key words: coating, temperature-time parameters, formation, reactionary interfacial boundary,
reactionary diffusion, interphase interaction, dross-burned coatings, summary kinetics, metal
substrate and oxide melt, sol-gel technology, organosilicate composition, thermooxidative destruction,
solid-phase reactions, structural transformations in the material, polyorganosiloxanes,
dehydroxylation of layered hydrosilicates, association, aggregation., reactionary coatings
1. INTRODUCTION
At creation of functional coatings one operates with three-dimensional system of coordinates
«property of a coating – its structure – a method of application». «Property of a coating» is an initial
point for a choice of a structure and a method of application. «The structure of a coating» defines
conditions of its formation, and also physical and chemical interactions at formation. «The method of
application» provides these interactions, the necessary phase structure and operational reliability of all
composition. Thus, systematization of coatings can be based on two attributes – «property of a
coating» and «a method of application», thus it is meant, that «the structure of a coating» is
determined by the researcher in view of all factors.
We shall consider some factors determining a choice of optimum conditions of coating’s formation.
2. OPTIMUM CONDITIONS OF COATING’S FORMATION
The first and the most essential factor is the choice of temperature-time parameters for coating’s
formation. On Fig. 1 the temperature-time schematic drawing, characteristic for the majority of
methods of coating’s application is resulted.
At the initial stage of coating’s formation there is a warming up of substrates and components of a
coating. On this segment the reactionary interfacial boundary is formed. In an interval of isothermal
endurance there are basic chemical reactions and the coating formation, and also a coupling a coating
with a substrate takes place. The third segment characterizes cooling of a composition. It is defined by
a relaxation of diffusion stress and possible formation of crystal phases. The extent of each segment
can be various for different functional coatings.
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Fig. 1. Temperature-time parameters of coating’s formation
3. KINETIC PROBLEMS OF COATING’S FORMATION
It is necessary to discuss kinetic problems of coating’s formation from the point of reactionary
diffusion view. Reactionary diffusion means that the rate of coating’s formation is limited by a
substance migration. In reactionary interphase boundary there are chemical transformations, but their
rate is much higher, than the rate of a substance migration. We are going to consider all kinetic laws of
interphase interactions only on the basis of interaction of two phases [1, 2].
In multicomponent system there are more than two interphase boundaries and fluxes of substances are
also more, than two. For n-componential system will be n fluxes and (n–1) from them will be
independent.
The set of interphase boundaries leads to that the probability of this or that interphase interaction
sometime appears rather great and the character of this interaction will work on all process kinetics.
When the system, as a result of evolution, achieves a point of bifurcation, the fluctuation makes
system to choose a branch of the further evolution of the system, and the transition through bifurcation
is a probabilistic process. At the maximal reproduction of entropy it is impossible to trace a separate
trajectory of the chemical system and to predict details of its development in time. Existence of
instability should be considered as result of fluctuation which at first has been located in a small part
of the system, and then it has been distributed and has led to a new macroscopical state.
Let’s consider the kinetic features of coating’s formation on concrete examples. For this purpose we
will address to the dross-burned coatings which technology is based on preparation of wet or dry
dross, its application on a surface and the further coating’s formation at high temperature.
3.1 The dross-burned coatings
Generally coatings on the basis of glass, rendered on dross-burned technologies, represent a
combination of several different on a chemical composite vitreous frits, and oxide or oxygen-free
fillers. The combination of vitreous frits provides necessary for each coating continuity and
coordination on physic mechanical properties with a substrate. Oxide or oxygen-free filler, as a rule,
having high temperature of fusion, finally provides operational reliability of a coating. Dross is
rendered on a metal (or any another) surface as a thin layer. Formation of a coating is carried out in an
isothermal mode; if necessary the operation of dross application and formation of layers of a coating
can be repeated several times. It is possible to settle out several kinetically significant reactions
determining quality of dross-burned coatings:
-

interactions between vitreous frits different on a chemical composite;
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-

interactions between frit and oxide or oxygen-free filler;

-

interactions between components of a coating with metal.

It is natural that the certain reaction is not the criterion of process kinetics and it calls for accurate
investigation. Summary kinetics of the processes proceeding at interaction of a metal substrate and
oxide melt of the frit can be described only qualitatively, for example, on the basis of concentration
changes of metal in oxide melt.
3.2 Liquor methods of coating’s formation
Liquor methods of coating’s formation, including sol-gel technology, also mean preliminary
preparation of solutions. For formation of multicomponent coatings on the base of sol-gel process the
same (in many respects) interphase interactions, as for coatings on the basis of a glass, will be
characteristic.
3.3 Organosilicate coatings
Organosilicate (OS) composition represent suspensions of finely dispersed layered silicates and
inorganic or organic pigments in solutions of organosilicon and (or) organic oligomers with different
special modifiers (curing agents, plasticizers, etc.). In the case of OS coatings, it is common practice to
distinguish two operating modes. (1) At temperatures below the destruction temperature of the
organosilicon film former, the coating operates as paint and varnish coating with wide interval of
working temperatures. (2) At temperatures above the destruction temperature, the coating operates as a
high-temperature inorganic coating that is formed through the interaction of products of
thermooxidative destruction of polyorganosiloxanes with mineral components, solid-phase reactions,
and structural transformations in the material [3, 4, 5].
Let’s consider only the high-temperature processes proceeding in OS coatings, for example
transformations in the system polydimethylphenylsiloxane – muscovite – chrysotile asbestos – lowalkaline aluminum-boron-silicate glass – V2O5 / BaO2 – ZrO2– toluene.
The main directions of interphase interactions at OS coatings during heating are destruction and
structurization of polyorganosiloxanes, dehydroxylation of layered hydrosilicates, formation of
amorphous reactive silica, occurrence of a circuit metastable (that is why active) states, formation of
new high-temperature steady crystal phases.
At rather low temperatures, at curing under heat-treatment of OS coatings besides the reaction of
homocondensation of polyorganosiloxane’s OH-groups, resulting in their sewing, acid-base
interactions between functional groups of film former and oxide fillers and glass can take place.
First attributes of degradation of coatings are observed already at 500° . After heat-treatment at
900° the coating undergoes essential changes: color changes, thermal resorption of the coating
occurs– its thickness decreases, there is an expressed roughness and heterogeneity of a surface, but the
coating carries out the electro insulating function, and adhesive contact to a substrate is kept.
At research by X-ray diffraction method of powders of coatings of the given series of structures, heattreated at different temperatures, reorganization of crystal lattices of asbestos and mica is observed. In
a sample, heat-treated at 600° – disappearance of barium peroxides lines, reduction of V2 5 line’s
intensity and occurrence of barium meta-vanadate lines are marked. In a sample, heat-treated at
800° , reflexes of barium meta- and ortho-vanadates are evidently visible. Initial aluminum-boronsilicate glass is Roentgen amorphous and for it the wide dim strip in an 2 interval of 10–60º is
characteristic. At heat-treatment at 800°
there are new crystal phases of structure:
aMg3Al2Si2O10(OH)2 and potassium-magnesium-boron-silicate-hydroxide KMg3BSi3O10(OH)2 and
potassium alumosilicate K4Al2Si2O9. Thus the glass content in system decreases, the glass of the given
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structure slows down the processes of organosilicon polymer destruction due to shielding of silanol
groups by formation of coordinative bonds, thus in system the intermolecular interactions increase,
mobility of separate sites decreases, the structure is ordered. As a result the generation of lowmolecular organosilicon cycles decreases the volume of destruction in system polyorganosiloxane –
silicate is reduced. More over introduction of glass into a composition leads to change in interphase
interaction’s kinetics due to the reduction of amount of O2 mobile carriers in siliceous-oxygen coating
matrix. Delay of transformation process of chrysotile asbestos to forsterite and silica, apparently, is
caused by linkage of generated MgO in new alumo- and boron-silicate phases. The important role in
activation of these processes belongs to BaO2 and V2O5, forming at temperatures above 600° new
chemical compounds – barium meta- and ortho-vanadates, and at 800° and above – new vitreous
phases. At presence of BaO2 processes of structural reorganization of all coating’s components go
more intensively.
Interaction of components of a coating with a substrate submits to the same laws, as in two previous
cases.
3.4 The association and aggregation processes
One more remark is necessary to make, considering dross-burned, liquor and organosilicate coatings.
For these coatings a characteristic first stage is the preparation of an initial composite. All initial
compositions represent suspensions of firm particles in the liquid medium. Be it a dross (combination
of frits, fillers, binders in water), a sol-gel system, tyxotropic properties of which raise in with time or
an OS composite (combination of silicate and oxide fillers in a solution of organosilicon polymer in
toluene). Therefore, eventually beforehand prepared compositions "grow old", that is association and
aggregation processes take place in them.
It seems that if the size of the particles which are included in a composition, prepared for a coating
application, is known, its viscosity is also known, and it is possible to define the rate of stratifying
(sedimentation). On Einstein's – Stocks or Frenkel equations the coefficient of diffusion in ideal
system is inversely proportional viscosity D = f (1/ ). Using the fixed size of particles and medium
viscosity it is possible to calculate the coefficient of diffusion and to estimate rate of stratifying as
x/t0.5= D. However, the consideration of pseudo-binary system «a solution of branched
polydimethylphenylsiloxane (PDMPhS) in toluene – a solution of linear polydimethylsiloxane
(PDMS) rubber in toluene» shows significant deviations from additivity (ideality), Fig. 2.
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Fig. 2: Dependence of viscosity on structure for binary (at the left) and pseudo-binary systems
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Let's enter into a consideration the parameter of mixing energy
dependence of mixing enthalpies from structure:
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The value of mixing energy shows a difference between bond’s energies in initial components and
energy of interpartial interaction in a mix of components:
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The dependence of lg as function of structure resulted on Figure 2 can be treated as change of
viscosity of system due to interpartial interaction, and the deviation from ideality can be connected to
the value of mixing energy:
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If in binary systems interpartial interaction renders the great influence on viscosity of a solution, in
pseudo-binary systems the dependence of viscosity on structure is far from ideality. It is difficult to
predict the system’s behavior; bifurcation processes can accelerate or slow down sedimentation.
3.5 Degradation of ZrO2 coatings
Let's consider the processes proceeding at the destruction of the zirconium dioxide coating, spreaded
on turbine vanes.
A turbine vane represents a steel complex form set. Basic elements of substrate are Fe, Cr and Ni. On
this substrate it is necessary to spread zirconium dioxide. The difference in coefficients of linear
thermal expansion of steel and zirconium dioxide considerably exceeds allowable 10 %; therefore on
steel vane the sub-layer is rendered. The sub-layer represents an aluminum matrix with Cr and Ni
additives. These metals are entered in a substrate with the purpose of eliminating the diffusion fluxes
of chromium and nickel from a substrate in a sub-layer matrix. ZrO2 stabilized by Y2O3 is rendered on
the sub-layer by a plasma-chemical method. Such coatings are short-lived, subjected to sulphuric acid
corrosion and can be efficient only during limited time, especially at the increased temperatures.
The chemical processes proceeding at operation of coatings, can be submitted by the following
reactions: zirconium dioxide reacts with aluminum, forming zirconium trialuminid:
ZrO2 + Al

ZrAl3 + Al2O3.

Zirconium trialuminid is formed very quickly and its concentration decreases in time due to the
reaction of disproportion:
ZrAl3

ZrAl2 + Al.

Relative concentration of aluminum oxide grows due to reduction of zirconium dioxide; it takes out
yttrium oxide from ZrO2 structure, forming aluminum-yttrium garnet:
Y2O3 + Al2O3

Y2O3·Al2O3.

From the chemical point of view set of above mentioned chemical interactions means that aluminum
actively takes oxygen from zirconium oxide and forces out yttrium oxide from a lattice, thus
worsening physic mechanical properties of coatings.
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3.5.1 On the subject of the rate of coating’s degradation
It is impossible to describe this process with in consideration of only diffusion fluxes using the kinetic
equation such as Avraami – Erofeev equation. Even if to postulate, that the rate of all processes in the
given system will be determined by diffusion fluxes of oxygen the independent fluxes of other
components also will play an essential role [6].
The flux of oxygen ions will be the sum of fluxes and gradients of moving forces of all system’s
components:

Jo =

Loj Xoj.

Cross Onsager coefficients as a first approximation can be treated as

Loo = D*oco/RT and Loj = Djcj/RT,
and a gradient of moving forces as c x. Then the flux of oxygen ions can be written as:

J o = – D o* c o

x = coDo*/cj (1 + ln o/ lncj) co x.

Let's assume, that a measure of process rate in the given system will be some effective coefficient of
reactionary diffusion Dij*, designed on change of oxygen concentration at formation and operation of
coatings. It will be defined by kinetic and thermodynamic parameters of all system:

D*j = coDo*/cj (1 + ln o/ lncj).
Thus, having calculated some effective coefficient of summary process in the given system it is
possible to speak about the rate of degradation of coatings.
We shall pass now to reactionary coatings.
3.6 Reactionary coatings
For protection of carbon or porous materials the vitreous matrixes received by oxidation of some
refractory intermetallides are frequently used [7]. At oxidation of the composition consisting, for
example, from ZrB2 – MoSi2 or ZrB2 – SiC the following reactions proceed ZrB2 + 2 ZrO2 + B2O3
(a liquid phase) or
SiC + O2 = SiO2 + CO2.
Zirconium and silicium oxides are dissolved in fusible boron oxide, forming a uniform polymeric
matrix of a coating:
B2O3 (a liquid phase) + ZrO2 + SiO2

–B–O–Si–O–Zr–O–B–O–Si–O–.

The oxides dissolved in melt can interact with each other, forming for example crystal silicates of
zirconium.
In this case the morphology of a surface is very interesting: at 1400 there is oxidation of ZrB2 –
MoSi2 system and formation of crystal structure of a coating. The further warming up of a composition
leads to a formation of glass-crystal coating with fractal structure. The chemical aspects of coating’s
formation can be described also from the point of view of non-equilibrium processes thermodynamics
or in the terms of formal kinetics.
One more version of reactionary coatings is temperature-resistant intermetal phases on a metal’s
surface. Preliminary carefully dehydrated borate melt has been taken as medium of reaction. Inorganic
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reducer – aluminum, boron carbide and others have been brought into this melt in amount of 3 – 5 wt.
%. In sodium tetraborate melt the reaction proceeds according to chemical kinetics as:
Sodium tetraborate + Al

* + sodium aluminate.

As a result of the reaction the boron in some active condition (B*) which reacts with metal according
diffusion kinetics, in this case with the titan, is formed. According to the structural diagram the
titanium monoboride and diboride are formed:
Ti + B*

TiB + TiB2.

Kinetics of boride phase’s formation is completely limited by diffusion in metal. At processing on air
during 0.5÷8 hours reactionary coating with the minimal porosity (less than 3 %) is formed. Thickness
of reactionary layer changes at investigated times and temperatures of processing from 5 up to 30
microns. At heating up to 600 oxidation of boride phases proceeds slowly enough, formed thus melt
on the basis of boric anhydride serves as a barrier on a way of access of oxygen to a metal surface.
Similarly it is possible to form a coating on the basis of silicides on a metal surface:
Sodium Silicate + Al
Ti + Si*

Si* + sodium aluminate

TiSi2.

Similar results are received at processing in silicate and boron-silicate melts however in these cases
the much greater number of intermetallic phases is formed.
4. CONCLUSIONS
In summary it is necessary to note, that considered chemical and diffusion processes at formation and
operation of coatings are characterized with insufficient studies of processes at high temperatures.
Fluctuation changes of quantitative and qualitative structure of reacting components can change the
direction of process essentially.
This study was supported by the federal target program «Researches and development on priority
directions of development of a scientific-technological complex of Russia for 2007-2013» of the
Ministry of Education and Sciences of the Russian Federation, project no 16.516.11.6082.
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STUDY OF MICROSTRUCTURE AND SUPERCONDUCTING PROPERTIES OF Nb3AlTAPES, OBTAINED BY HEAT TREATMENT OF THREE-LAYER AND
MULTYLAYER COMPOSITES Nb/AlCu
Valeriy P. Korzhov
Institute of Solid State Physics, Russian Academy of Sciences, Moscow region 142432,
Chernogolovka, Institute Street, 2, Russia

Abstract
The structure and superconductivity of three- and multilayer composite tapes of Nb/AlCu after hightemperature heating at 1750-1850 C for 1-3 seconds were investigated. Three-layer composites of
Nb/AlCu/Nb with thickness of 50 microns were obtained by applying a vacuum rolling at 400-450 C
and subsequent rolling at room temperature. Multilayer lengthy composites of Nb/AlCu obtained by
extrusion with subsequent flattening by rolling of complex blank, collected in a special way. The effect
of copper on the structure and properties of three-layer tapes was investigated. Copper increased the
critical current of the superconductor. The critical current density in multilayered Nb3Al-tape reaches
the value 8 104 A/cm2 in magnetic field 14 T. The critical bending radius of the tape is 7 mm.
Key words: multilayer composite tape, extrusion, rolling, superconducting Nb3Al-tape, hightemperature heat treatment, critical current density.
1. INTRODUCTION
Niobium forms with aluminum three intermetallic compounds. The most refractory with a melting
point of 2100 C is a compound Nb3Al. It is of interest for two reasons.
Recently, alloys of Nb-Al attracted attention due to their possible use as a heat-resistant material. The
compound Nb3Al ( -phase) has a fairly wide homogeneity region, which borders with the region solid solution of Al in Nb (Fig. 1). The solubility of Al in Nb decreases with decreasing temperature
and, therefore, the alloy located at high (1800-2000 C) temperatures in the single-phase state on
cooling is converted into a state with a relatively ductile matrix of -solid solution hardened -phase.
Ratio of - and -phase change management is easy by increasing or decreasing of the original
aluminum content in the alloy.
Second, the intermetallic compound of Nb3Al is a superconductor with a critical temperature 18 K. In
spite of the existence of high-temperature superconducting ceramics, now to him as to the Nb3Sn,
remains of interest as a promising superconductor. Even before the discovery of high temperature
superconductivity has been shown [1-4] that the high superconducting parameters of compounds
Nb3Al, formed in the three-layer composite tapes prepared by way of joint deformation by the rolling
of niobium and aluminum, were achieved by heat treatment at 1700-1850 C for 1-3 seconds. After the
further annealing at 800 C temperature of an onset of the transition to the superconducting state T c
equal to 18.0-18.5 K, the upper critical magnetic field at 4.2 K was 30 T and critical current density j c
in the layer of -phase at 4.2 K in a transverse magnetic field of 5 T reached
105 A/cm2. An alloying
of niobium-aluminum layer with copper increased j c up to 5.7 105 A/cm2 [5].
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Fig. 1. State diagram Nb-Al
This paper deals with the following questions.
One. The studies of copper effect on Tc of the diffusion layer of Nb3Al are showed that Tc for the
samples with the addition of copper, in the first place, is somewhat higher (18.6-18.8 K) than in
samples without copper, and, secondly, the high values of Tc is achieved after heat treatment:
1650 C/20-30 s + 800 C/2 h. The samples without copper after this treatment regime had T c in the
range of 17.0-17.7 K. Based on these data, one could assume that copper lowered for 150-200 C the
formation temperature of Nb3Al of stoichiometric composition. It was therefore interesting to
investigate the effect of copper on the superconductivity of Nb3Al at lower (1000-1300 C) formation
temperatures of it in order to clarify the possibility to obtain high values of the critical temperature and
the critical magnetic field.
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Lowering the temperature of formation of the Nb3Al compound is of great importance for an achieving
of high current-carrying capacity of the intermetallic compound layer. It was shown [6] that the
heating of a tape in the range of 1850-1950 C, even for a few seconds, caused a rapid growth of phase grain, so that the critical current density decreased with 105 to 2 105 A/cm2.
Two. In terms of diffusion formation of the compounds in case reactive diffusion to reduce the
building time of layers of -phase advantageous to have a small diffusion distances, which should
overcome the aluminum atoms to the meeting with the Nb-surface, i. e, small layers of -phase
(Nb2Al), which is formed before -phase. The last is grew on the boundary between and Nb. From
the solution of the diffusion second equation for finite body [7], we can estimate the thickness of the
Al-interlayer in the tape in order to the formation of Nb3Al was observed at 1000 C for 10 h.
Assuming that the thickness of the -layer will be 1 m, the thickness of Al-interlayer must be 0.6
m (the diffusion coefficient
10-14 cm2/s [8]). The achieving of this thickness of aluminum layers
was carried out in a multilayer Nb/Al-tape by means of the rolling. A study of the superconducting
properties of tapes was carried out at the annealing temperature in the range of 750-1050 C.
Three. The advantage of multilayer tape compared to the originally investigated three-layer tape is the
ability to create a structure of alternating layers of superconducting compounds and niobium. In the
multi-tape, due to the large number of layers of superconducting compound the critical current should
not be sensitive to changes in thickness or even a local discontinuity of -layer due to the mutual
shunting layers. However, because of the large difference between the mechanical properties of
aluminum and niobium and to achieve the correct (laminar) structure along the rolling direction is
quite a challenge. Therefore, instead of the pure aluminum for a manufacture of multilayer strips of
Nb3Al, it was decided to try a more durable at room temperature duralumin – an industrial aluminumbased alloy of D16 grade.
2. PRODUCTION OF NIOBIUM-ALUMINIUM TAPE
2.1. Three-layer tape
The influence of copper on the critical temperature and the critical current density is carried out on the
tapes after rolling consisting of two outer Nb-layers and one layer of the Al-Cu alloy, located in the
middle. The copper content in the alloy was varied from 0.7 to 12 wt.%. The tape got by the rolling of
three-layer Nb/AlCu/Nb packet consisted of plates of niobium and Al-Cu alloy at first on a vacuum
rolling mill and then by the rolling at the room temperature. Also used the tape with a pure aluminum
and duralumin ( 4.5 wt.%Al) of grade D16.
2.2. Multi-layer tape
In the multilayered tapes to improve the process of joint deformation of metal components of the
composite was used instead of pure aluminum duralumin D16.
In the beginning was collected the work piece for an extrusion. Niobium and duralumin foils with a
thickness, respectively, of 0.25-0.30 and 0.06-0.09 mm were formed together and with a special device
tightly wound on Nb-rod diameter of 10 mm to as long as the outer diameter of a twist does not
become equal to 33-35 mm. This twist was placed in a thick-Nb-tube and the whole assembly was laid
in the Cu-glass with an outer diameter of 74 mm, which is top-pressed with the copper lid. The height
of a fully assembled piece was 90 mm. Copper at extrusion performed as a lubricant, preventing
sticking of niobium on the walls of a tool.
The deformation of twist in time the extrusion occurred so that the stretching of Nb- and duralumin
foils comes across to the rolling direction of these foils. Elongation of cold deformed-Nb-foil in a
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direction perpendicular to the rolling direction was equal to 0.4% (Table 1). Therefore, to increase
plasticity before the winding the Nb-foil was annealed at 1100 C, and then increased to 9-10%. The
foil of D16 before the winding annealed at 400 C for 1 h and quenched.
Table 1. The mechanical properties of niobium foil: b – ultimate strength, t – yield strength, || and
– elongation of Nb-foil in a direction parallel and perpendicular to the rolling direction respectively
Heat treatment,

Along the rolling direction
, MPa

, MPa

Across the rolling direction
||,

%

, MPa

, MPa

,%

deformed at 99%

520

340

3.0

390

260

0.4

1100, 1 h

255

180

22.0

265

140

9.0

1100, 5 h

250

190

23.0

260

150

10.0

Extrusion billets was conducted on a hydraulic press with a maximum force of 630 tons in a container
with a diameter of 75 mm. Extrusion occurred through the matrix with the channel diameter of 30 mm.
Before the extrusion billet was heated to 200-300 C in air. The resulting rod was cut into pieces,
which were re-extruded. In our first experiments, they are extruded into a rod with a diameter of 10
mm (macrostructure of the cross-section of one of them is shown in Fig. 2), in the next – in billet
6×20 mm2. Then rods or billet rolled at the room temperature to 50-70 microns thick tape without
intermediate annealing. The outer Cu-layers before the rolling quite easily removed by mechanical
means on one of the initial stages of rolling after the cutting-off of the band edges. The edges were cut
using a disc scissors.
For the formation of Nb3Al-layers samples of the tape were subjected to two types of heat treatment in
a vacuum: annealing in the range 750-1050 C for 0.5 to 10 h and high-temperature heating at 1700 C
with an exposure of 1 to 30 seconds. In the first case the tapes as with a Cu-coated and without it were
used, the second – without Cu-coating. High-temperature heating of the samples was carried out by
direct passage through them of an alternating electric current.
3. METHODS OF MEASUREMENT OF THE SUPERCONDUCTING PARAMETERS
3.1. Measurement of the critical temperature
The critical temperature Tc was measured by an inductive method. In Fig. 3 shows a typical
experimental curve of the superconducting transition of one of the samples. To compare the
measurement results for the value of Tc was convenient to take the temperature of the beginning of the
transition to the superconducting state, T – the width of the superconducting transition.
The technique is such that allows you to capture all of the superconducting phase with critical
temperature above the temperature of liquid helium. More high-temperature transition at 160 mV
corresponded formed by heating (Nb3Al)-phase the transition at a temperature of about 9 K matched
to the niobium, which is always present in the tapes.
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1
Fig. 2. Macrostructure of the Nb/Al-rod cross-section in Cu-shell diameter of 10 mm
3.2. Measurement of the upper critical magnetic field
From measurements of the upper critical magnetic field Hc2 near Tc [9] dependence of Hc2(T) was
constructed and the slope (-dHc2/dT)T = Tc was determined. The experiment consisted of Tc measuring
at fixed values of the external magnetic field produced by a superconducting solenoid. The values of
Hc2 at 0 K were calculated by the formula Hc2(0) = 0.69 Tc (-dHc2/dT)T = Tc, were Tc is the intersection
of the line Hc2(T) with the abscissa. Hc2 at 4.2 K was equal to 0.95 Hc2(0).
3.3. Measurement of the critical current
The critical current Ic was determined by resistive method at 4.2 K in a transverse magnetic field
produced by a superconducting solenoid. For the accepted value of I c was current at which the voltage
drop across the potential contacts of the sample was 0.5-1.0 V. Relative to the magnetic field the
ribbon sample oriented in such a way that a direction of the field was parallel to the rolling plane of it
and perpendicular to the transport current flowing through the sample.
Should make a distinction between the critical current density in the layer of Nb 3Al jc equaled to the
ratio of Ic to cross-sectional area of the layer, and a constructive critical current density jcon which is
equal to the ratio of Ic to the total cross-sectional area of the tape.
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Fig. 3. The experimental curve of the superconducting transition of the Nb/D16-tape sample after
heating at 1700 C for 5 s
4. THE INFLUENCE OF COPPER ON THE STRUCTURE AND SUPERCONDUCTING
PROPERTIES OF TAPES FROM Nb3Al
4.1. Samples and methods of investigation of the microstructure
Studies were performed on composite tape that produced by a way of an joint rolling of two plates
made of niobium and one plate of an alloy of Al-Cu. As already mentioned above, the copper content
in the alloy varied from 0.7 to 12 wt.% (aluminum alloys with more high copper content is bad resisted
deformation). The thickness of the tape – 50 mm, the width – 2 mm. For the formation of a diffusion
layer of Nb3Al compound the tape was subjected to heat treatment, which consisted of the hightemperature heating with regimes for 1650 C for 20 and 30 s, 1750 C for 3 and 5 s and 1850 C for 3 s
and the low-temperature annealing at 800 C for 2 h.
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4.2. Methods of investigation of the structure of the diffusion zone between niobium and the alloy
Studies of the microstructure of the diffusion layer was carried out using metallographic analysis – to
monitor the general picture of the cross section of the diffusion layer and to determine the average
grain size of Nb3Al compound ( -phase).
To determine the grain size of -phase the flat surface of the investigated tape parallel to the rolling
plane was subjected to grinding and polishing. Successive polishing and etching is performed several
times until did not appear for the first time parts of -phase layer, which borders with niobium.
Etching time was 5-10 seconds. At the same time niobium is not etched and to distinguish -phase
with niobium was easy.
In addition, specifically carried out the studies showed that a microhardness of the sites of appeared phase significantly is more than microhardness of niobium. To reveal the grain of -phase used
chemical reagent consisting of equal parts of hydrofluoric and sulfuric acids and water with small
amounts of hydrogen peroxide. Grain size was determined by the method of "cutting" [14].
Microstructural studies were carried out also using scanning electron microscopy of electronic
scanning devices CamScan MV2300 and Vega 2, equipped with detectors of secondary and reflected
electrons and X-ray microanalyzer. The content of elements in the layer in -phase is determined by
local X-ray analysis. A locality of the probe on the sample surface – 2 m. The accuracy of
determining the content of elements in the layers with thickness of 1-2 m – 10%, in layers thicker
than 2 m – 3-5%.
4.3. Critical current
The best results were obtained in samples heated at 1850 C. The tape samples with 12 wt.%Cu in
alloy Al-Cu in the magnetic field of 5 T had a critical current Ic equaled 38 A. Heating at 1650 and
1750 C gave smaller Ic.
Measurements of Ic depending on the alloy composition of Al-Cu can be divided into two regions (Fig.
4). The area 2 illustrates the increase in current-carrying capacity of tapes with increasing
concentration of copper in the alloy from 4-8 to 30-38 A. The area 1 is the same, but the values of the
critical current are much lower – increased Ic is from 1.5 to 3.6 A. the width of 2 mm.

Fig. 4. The critical current Ic of Nb/AlCu/Nb-tapes on the copper content in an external magnetic field
of 5 T and at 4.2 K after the heat treatments 1850 C for 3 s ( ) and the same as + 800 for 2 h ( ):
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1 – samples with the diffusion zone of the -phase, 2 – samples with the diffusion zone of

+ .

The width of tape – 2 mm
4.4. Discussion of experimental results
The existence of two ranges of values of the critical current due to differences in the microstructure of
the diffusion zones in the samples. It was found that the diffusion zone in a samples of the area 1
consists of only a layer of -phase (Fig. 5a), samples of the area 2 are the diffusion zone of two layers
of (Nb3Al)-phase and single layer (Nb2Al)-phase (Fig. 5b). Found that copper is present in the layer
of -phase in a number of 0.1-0.2 wt.%, if the diffusion zone – the two-phase, and 0.7 wt.%, if it is
single-phase.

Fig. 5. Microstructure of the cross-sectional Nb/AlCu/Nb-tape after heat treatment: 1850 C for 3 s +
800 C for 2 h. Wt.%Cu: a – 5, b – 12
The diffusion zone is occupied by the third part of volume of the tape. After heating for 3 s, its
diffusion zone could consist of as two layers of -phase with thickness of 5 m, adjacent to the
niobium, and one layer of -phase with thickness of 8.7 m so and only one layer of -phase with of
thickness of 12-14 m. Such cases can be explained by small deviations of the volume ratio of
niobium and alloy on the length of ribbon and slightly an inaccurate compliance of an exposure at high
temperature heating. With the second exposures, even a slight deviation of 3 seconds can cause a
noticeable deviation in the microstructure of the diffusion zone.
Metallographic studies to determine the grain size of -phase showed that the average size of grains of
intermetallic compound D for the samples of the two areas significantly differ. Samples of the first
zone have the grains of -phase greatly differing in size and many of them are elongated along the
rolling direction of the tape (Fig. 6a). The average grain size of -phase in the direction of the minor
axis is equal to 4 m and in the direction of the major axis can be up to 25-30 microns, and more. In
contrast to these results, the grains of -phase in samples from second zone in the total mass were
significantly smaller (Fig. 6b).
It is generally accepted that pinning of superconducting vortices in the compounds with the structure
of A15, to what is the Nb3Al, occurs mainly at the grain boundaries. Therefore, despite the fact that
copper increased the critical current of the tapes, the transition from the structure of the diffusion zone
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of the two phases ( + ) to the structure of the diffusion zone, consisting of one -phase, was sharply
reduced I c, as D became much larger.
The critical current density jc for the sample of the tape with the alloy of Al-12 wt.%Cu, for which
there was a maximum value Ic, equaled to 38 A, is 1.3 105 A/cm2 in the layer with thickness of 5.5 m
(Table 2). In the tape with a pure aluminum in the layer of -phase of the same thickness jc 6 103
A/cm2. An increase of jc in the layer of Nb3Al compound alloyed with copper, apparently due to the
refinement of the grain of compound. Applied the method of determining the grain size of -phase D
has allowed to get a reliable value of D 3 m (Fig. 6b). In samples with pure aluminum D was at
least 7-8 m [4].

Fig. 6. The microstructure of -phase layer in a plane parallel to the rolling plane of the tape
Nb/AlCu/Nb after the heat treatment: 1850 C for 3 s + 800 C for 2 h. On the photo is visible a part of
no etched niobium. Wt.%Cu: a – 5, b – 3.8
Table 2. The influence of the thickness of the -layer on Ic and jc
Components of
the tape

The thickness

5 T; 4.2 K; H

of the -layer, m

Ic,
A/mm

I

jc in the layer of
-phase, A/cm2

Nb/Al/Nb

1.5

5.0

1.7 105

Nb/Al/Nb

5.5

0.7

6.0 103

Nb/AlCu/Nb

1.5

17.0

5.7 105

Nb/AlCu/Nb

5.5

14.5

1.3 105

Notes: 1. I – transport current through the sample.
2. In the calculation should take into account the two layers of -phase.
An important result of the doping of -phase layer with copper is the fact that with increasing
thickness of the -layer, the reducing of the critical current and critical current density in -phase layer
for samples with copper is far less than in samples not containing copper. This is clearly shown in
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Table 2 – an increase of the thickness of -phase layer from 1.5 to 5.5 m causes a decrease of jc in the
samples with pure aluminum at about 30 times but in the samples with copper – at 4-5 times.
4.5. Conclusions to section
One. The effect of copper on the critical current of niobium-aluminum-niobium tape was researched.
An adding of copper to aluminum in the investigated concentration range 0.7-12.0 wt.% increased Ic to
19 A/mm, the critical current density in the layer -phase – up to 5.7 105 A/cm2 (the thickness of phase layer 1 m). For samples of the tape without copper these parameters, under all conditions
being equal, was equaled, respectively, 7.5 A/mm and 2 105 A/cm2.
Two. The increase of Ic in the samples with copper due to the smaller grain size -phase, which in the
samples with the alloy Al-12 wt.%Cu was 3 m (the high temperature heating – 1850 C for 3 s). In the
tapes without copper D were not less than 8 microns.
Three. Found that the critical current density in the layer of -phase, doped with copper, with an
increase in the thickness of -layer is reduced to a much lesser extent than in a -layer of copper-free.
5. THE CRITICAL TEMPERATURE AND THE UPPER CRITICAL MAGNETIC FIELD OF
Nb/AlCu/Nb-TAPES WITH HEAT TREATMENT AT TEMPERATURES OF 1000-1300 C
After annealing of the three-layer Nb/AlCu/Nb-tape at 1300 C during from 1 to 10 hours maximum
values of the critical temperature T c is achieved after exposure for 1 h and then remained practically
unchanged. With increasing content of copper in the alloy Al-Cu T c decreases for all annealing
conditions. If, after annealing at 1300 C for 1 h Tc of Nb/Al/Nb-tape was equalled to 15 K, Tc samples
with the alloy of Al-12 wt.%Cu was by 1 K less. The critical temperature of the Nb/D16/Nb-tape is
14.2 K.
Reducing the annealing temperature led to a rapid drop in the critical temperature. After the annealing
at 1000 C in the experimental curves of the superconducting transition only one transition at around 9
K was observed, corresponding to niobium. Samples after annealing at 1100, 1200 and 1300 C, except
for the transition of niobium, had and more high temperature transitions belonging to -phase of
niobium and aluminum, but with Tc, decreasing with decreasing temperature of annealing.
In the measurements of the upper critical magnetic field Hc2 near Tc dependences of Hc2 on the
temperature Hc2(T)T = Tc were straight lines. It turned out that the magnitude of the slope (-dHc2/dT)T =Tc
is independent of copper content in the alloy of Al-Cu and equaled 1.6 T/K. However, due to the
decrease of T c, Hc2(0) also decreased – after the annealing at 1300 C for 3 h from 17 T for Nb/Al/Nbtape to 14 T for samples of the tape with alloy Al-12 wt.%Cu. The subsequent the low-temperature
annealing at 800 C for 5 h increased the Tc at 0.5 K.
Studies have shown that, contrary to hypothesis, the obtainment of diffusion layers of -phase alloyed
with copper, with high Tc and Hc2 in the range 1000-1300 C was failed. In contrast to earlier results
[5], copper was lowered Tc.
At temperatures of 1200 and 1300 C the 3-layers tape of Nb/AlGe/Nb with the alloy Al-30, and 45
wt.% Ge was also annealed . As expected, the superconducting characteristics of these tapes were
higher than those of Nb/Al/Nb-tape. Temperature of beginning of the transition to the superconducting
state after 5-hour annealing at 1300 C was equal to 15.8 K. The slope (-dHc2/dT)T = Tc and Hc2(0) were
respectively 1.8 T/K and 20 T.
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Previous [1, 2] and present studies of three-layer tape Nb/Al/Nb possible to trace the change of the
critical temperature, depending on the heat treatment temperature in the range from 1100 to 2050 C
(Fig. 7). The maximum Tc equaled to 18.5 K is observed after heating at 1850-1900 C for 1-2 s.
Decrease of heat treatment temperature to 1100 C reduced the Tc to 12 K.

Fig. 7. The Tc dependence of Nb/Al/Nb-tapes of the heat treatment temperature at the optimum time of
an exposure
The resulting dependence T(t C) essentially reflects the increase in critical temperature with
increasing approximation to the stoichiometric composition of the compound and can be converted
into a dependence of T c on the aluminum content in the -phase.
6. EFFECT OF ZIRCONIUM ON THE SUPERCONDUCTING PROPERTIES OF THE
DIFFUSION LAYER OF Nb3Al COMPOUND
6.1. Preparation of the tape samples
Influence of zirconium on the properties of Nb3Al was examined for tape samples of two types. In the
first case zirconium was injected into the aluminum (0.1-5.4 wt.%), in the second case – in the Nb
(0.7-4.0 wt.%). Alloys of aluminum with zirconium were melted by the without crucible melting in an
argon atmosphere. Ingots were solidified in copper molds in the form of plates with section of 3×12
mm2 and a length of 32-36 mm and were rolled at room temperature until the desired thickness. The
alloys of niobium-zirconium were melted in an electron-beam furnace. The ingots with weighing of
0.9-1.2 kG were rolled at room temperature without intermediate annealing.
For the formation of the diffusion layer of Nb3Al tape was subjected to high temperature heating up to
1650 C for 20 and 30 s and temperatures up to 1750, 1850 and 1950 C during from 2 to 8 s. The
heating was carried out by direct passing of an electric current through the sample. After that lowtemperature annealing at 800 C for 2 h was followed.
6.2. The tapes of Nb/AlZr/Nb
The critical temperature of the samples without the low-temperature annealing with the increasing of
zirconium content in the alloy was varied nonmonotonically. For example, for the samples heated to
1650 C Tc initially was increased by 0.5-1.5 K at 0.4 wt.%Zr and then was fell by 0.5 K at 2.4 wt.%Zr.
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The critical temperature of tapes with the heating at 1850 C had a minimum for the tape with alloys
containing 0.4-1.6 wt.%Zr. However, all the changes of Tc were occurred in the interval 1 K. Starting
with the concentration of zirconium, equal to 2.4 wt.%, a values of the critical temperature for all
temperatures of the high-temperature heating are lay by 0.2-0.5 K above the corresponding values of
Tc for samples with pure aluminum.
Low-temperature annealing of the samples with heating at 1750 and 1850 C, first, was raised the
temperature of the superconducting transition by 1 K, and in some cases by 2 h (samples with the alloy
of Al-0.4 and 1.6 wt.%Zr and the heating at 1850 C) and, second, was smoothed the nonmonotonic
change of Tc with the change in the composition of the alloy Al-Zr (Fig. 8a). At the same time T c of
about by 0.3-0.5 K higher than for samples with aluminum without zirconium. T c was reached 18.919.0 K for samples with alloys containing 1.6 and 3.3 wt.%Zr, heated at 1750 C for 5 seconds.
Samples without the low-temperature annealing had the slope (-dHc2/dT)T = Tc in the range from 2.4 to
2.7 T/K which practically did not change with increasing of concentration zirconium in the alloy AlZr. The upper critical magnetic field Hc2(0) for samples with Al-Zr alloys containing up to 2.4 wt.%Zr
was equaled 30 T and at further increase of zirconium content was increased to 32-34 T (Fig. 8b).
The values of experimentally defined slope of the dependence Hc2(T) near Tc and Hc2(0) of
Nb/AlZr/Nb-samples were greatly changed after the low-temperature annealing (Fig. 8b). The value of
the slope for the sample with the alloy of Al-3,3 wt.%Zr after heating at 1850 C for 3 seconds and the
low-temperature annealing was reached 3.5-3.7 T/K. Now, if we calculate the upper critical magnetic
field at 0 K, then for Nb3Al Hc2(0) was reached 46-48 T against 32 T for the tape samples with pure
aluminum. At 4.2 K Hc2 = 44.0-45.5 T.
Unfortunately, the critical currents of Nb/AlZr/Nb-tapes were small and ranged from 0.4 to 1.4 A in a
magnetic field of 5 T at 4.2 K.

Fig. 8. Dependences of the critical temperature T c (a) and upper critical magnetic field at 0 K Hc2(0)
(b) for samples of tape Nb/AlZr/Nb depending on the content of zirconium in the alloy Al-Zr.
Heat treatment, C: 1 – 1750/5 s; 2 – 1850/3 s, 3 – 1750/5 s + 800/2 h; 4 – 1850/3 s + 800/2 h
\
6.3. The tapes of NbZr/Al/NbZr
Dependences of the critical temperature on the concentration of zirconium in the alloy Nb-Zr for all
regimes of the high-temperature heating had the same look. At 0.7-1.6 wt.%Zr curves were showed a
minimum. The values of Tc at a minimum were by 2 K lower than for tapes without zirconium, and
equaled 14.0-14.6 K for samples not subjected to the low-temperature annealing. With further increase
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of zirconium content Tc was increased, but its value does not exceed the values of Tc for niobiumaluminum tapes. Low-temperature annealing, as expected, increased the Tc of the samples without
changing the nature of the curves.
As in the tape of previous design, the critical currents of tapes were small, not exceeding 1.0-1.3.A in
the field of 5 T. However, the values of Ic, depending on the concentration of zirconium is completely
repeated the same dependences of T c.
For some samples of tapes Hc2 near the critical temperature were measured (Table 3). Lowest values of
the slope of (-dHc2/dT)T=Tc and Hc2 again were fell to the concentration of zirconium in the alloy Nb-Zr
equaled to 1.6 wt.%.
Table 1. The results of measurements of Hc2 near T c for the samples of NbZr/Al/NbZr-tape
Heat treatment,

Wt.%Zr

T c, K

(-dHc2/dT)T=Tc, T/K

Hc2(0), T

Hc2(4.2 K), T

1750/3 s

0.7

15.7

3.3

35

32

1750/3 s

1.6

15.4

3.0

31

29

1750/3 s

2.5

16.7

3.6

40

37

1750/3 s + 800/2 h

2.5

17.6;

2.8-3.0

34-36

32-34

17.7

From the metallographic analysis of these tapes drew attention to the fact that a non-monotonic
dependence of the thickness of the layer -phase on the zirconium content in the alloy. The smallest
thickness of the -layer (0.7-0.9 microns after the heat treatment at 1750 C for 3 s) was observed in
the sample with 1.6 wt.%Zr. Tapes of this alloy, as we have seen, had and the lowest values of
superconducting parameters.
6.4. Discussion of experimental results
It was expected that the addition of zirconium in aluminum and niobium will enhance the critical
current of Nb3Al. However, this does not give a positive result. The critical current of Nb3Al-tapes
with the addition of zirconium was extremely small, the critical current density in the layer of -phase
was a (1-2) 105 A/cm2. The data were somewhat unexpected, especially since there are enough works,
where the introduction of zirconium in the substrate increased Ic of compounds such as Nb3Sn and
V3Ga. This fact authors were explained by the presence of particles ZrO2 which, being located along
the grain boundaries of A-15 compound, delayed a growth of them and thus the critical current was
increased.
Lack of the increase in the Ic of Nb3Al can be explained as follows. Apparently the direct introduction
of zirconium in aluminum or niobium is ineffective because of oxygen (if it is contained in the alloy)
for the second exposure at high-temperature heating did not have time to oxidize zirconium. It should
create a two-phase structure in alloys – solid solution of Nb and Zr + ZrO2 or Al + ZrO2 – before the
high-temperature heating. Perhaps in this way particles of ZrO2 by brief heating will have time to play
a positive role.
Nonmonotonic dependences of the critical temperature on the concentration of dopants, similar to our,
were obtained for diffusion layers of Nb3Sn at alloying of niobium by zirconium and titanium [13],
molybdenum and tungsten [14]. Here, in the range 0.1-0.3 wt.%X (X = Zr, Ti, Mo,W), Tc had
minimum and further were increased. As we are the authors of these papers do not give a reasonable
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explanation for a nonmonotonic change of the superconducting parameters depending on the
concentration of alloying elements. Most likely this is due to fundamental reasons for the influence of
added elements on the electronic structure of the A15 phase.
Increased upper critical magnetic field Hc2 of diffusion layers of Nb3Al in tapes of composition of
NbZr/Al/NbZr, in comparison with the tapes without zirconium, we connected with the scattering of
electrons by impurity atoms. This leads to a decrease in length of the free path of electrons in the
normal state le, thus increasing the Ginzburg-Landau parameter and Hc2.
In another case for tapes of composition Nb/AlZr/Nb in which H c2 increased only by low-temperature
annealing. The decrease le may be caused by beginning stages of a decay of supersaturated (after hightemperature heating) by aluminum -phase with the preformation of particles of (Nb2Al)-phase.
Zirconium dissolved in the phase, is able to accelerate its decay. Then in tapes of Nb/AlZr/Nb the last
starts at 800 C for 2 h but such annealing is not sufficient to initiate the collapse of -phase in the
tapes without zirconium.
7. THE MULTILAYER Nb/Al-TAPE AFTER HEAT TREATMENT AT TEMPERATURES
700-1050 C
For a given temperature interval the maximum values of the critical temperature were obtained after
annealing at 900-1000 C. Top of the superconducting transition Tc occurred at 12.8-13.4 K. The
maximum attainable Tc at 950 C was obtained after annealing for 1 h and then remained almost
constant. At 850 C the maximum Tc was achieved after annealing for 7-10 hours, however, the middle
of the superconducting transition in all cases did not rise above 10.0-10.8 K.
On the experimental curves of the superconducting transition, the separation of superconducting
transitions of niobium (at 9 K) and more high-temperature -phase, it was possible for the samples
annealed at 800 C and higher. At lower temperatures and short times of the annealing the transitions
of niobium and -phase is not separated, and the effect of annealing was expressed in the blurring of
Nb-transition toward higher temperatures. This situation is observed, for example, for tapes with a Cucoating after the annealing at 950 C for 30 min: T 13.8 K, the middle of the transition – 9.5 K.
In experiments measuring Hc2 near Tc the measurement of temperature of the superconducting
transition was measured by the resistance. This measurement technique has always given more abrupt
transitions, compared with the measurements of T c by the inductive method. The tape with the Cucoating after annealing at 950 C for 3 h had Tc = 14.9 K with transition width Tc of 1.4 K. The slope
(-dHc2/dT)T=Tc = 1.3 T/K, Hc2(0) = 12.5 T and Hc2(4.2 K) = 1.15 T.
The critical current density jc, the calculated for cross section of all tape in a magnetic field of 5 T was
equaled to 2.5 103 A/cm 2 after annealing at 850 C for 3 h and 180 A/cm2 after annealing: 1000 C/3 h.
8. STRUCTURE AND CRITICAL CURRENT OF MULTILAYER SUPERCONDUCTING
TAPE FROM COMPOUND Nb3Al
8.1. Introduction
Laboratory technology using the rolling in a vacuum, developed and successfully used for the
manufacture of three-layer tape could not provide the receipt of long (up to 100 m) segments of the
superconducting Nb3Al tapes. Furthermore, it was clear that the high-temperature (up to 1850 C)
heating by direct passing of an electric current through a fixed piece of tape unacceptable for a lengthy
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heat treatment of the tape. In this connection there were two tasks: to develop technology to produce
long segments of niobium-aluminum tape, and to construct and test a facility for high-temperature
heating of the tape in a continuous mode (mean by "to pass").
The technology of manufacture of a multilayer tape more or less fully described above and in [13].
There also the superconducting properties of layered tape are presented, but it is heated by passing an
electric current. So here we confine ourselves only to the designation of stages of the technology. The
production of tapes included: collection of the work piece, extrusion, and rolling it at room
temperature.
The next section will dwell on the hydro-extrusion, tested for the production of the long tape segments
of Nb3Al.
8.2. The use of hydro-extrusion for the production of multilayer superconducting niobium-aluminum
tape
The use of high hydrostatic pressure has been widely spread in a metalworking. Hydro-extrusion is an
ideal method from the viewpoint of opportunities in the technology of cold working of metals. A
favourable scheme of the stressed state of high hydrostatic pressure can reach high degrees of
deformation of the material without breaking, even if in the normal state the material is little plastic
and hard deformable. Hydro-extrusion may be, in some cases the only possible way to get product
from these materials.
In the field of production of superconducting materials is an important issue on the lengthy of pieces
of wire or tape superconductor. This is particularly evident for the compounds with the structure of the
A-15 with the joint deformation of dissimilar metals. The final tape length is limited by the size of the
original piece.
In the usual pressing of the multilayer niobium-aluminum work piece perform was impossible
deformation with large compression (for example, from diameter 75 to 10-15 mm). When pressing the
work piece is heated to 200-300 C. However, due to the low temperature the resistance of the strain
was great and pressing is not performed. And in the case if it was possible to implement, because of
the large compressions in focus of the deformation took place additional heating, which led to the
melting of aluminum.
We tested the technological cycle using hydro-extrusion, which is allowed to get the long pieces of
multilayered Nb/Al-tape. The sequence of operations was as follows: 1) collection of the work piece,
2) the deformation by pressing of it in the rod with a diameter of 25-30 mm, 3) hydro-extrusion and 4)
rolling. When assembling the work piece the thickness of the copper cup was calculated so that after
the pressing on the rod with a diameter of 25-30 mm and a turning of the rod to a diameter of 18.522.5 mm in the sample remained a copper layer with thickness of 0.5-2.0 mm. Extrusion of such billets
with length of 200 mm was carried out at the facility of Institute of High Pressure Physics RAS [14].
Pre-lubricated billet cover – ktiol CT-15 or MoS2. The matrix was the angle 2 = 30 . The degrees of
deformation of billets were 76%, working pressure of the liquid – 12.5-16.0 kbar. The final diameter is
9 mm.
Hydro-extrusion allowed carrying out the deformation of the multilayer Nb/Al-billets without
preheating with the high compressions. The length of rods was obtained 0.8 m. Note that the length
of the original piece in this case is limited by the size of the camera, which optionally can be
increased. A violation of the continuity of the material and the inner melting of aluminum was not
observed. After hydro-extrusion bars were rolled at room temperature in a tape with the thickness of
50 microns. The number of layers of aluminium is 50.
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8.3. Facility for the high-temperature heating of long segments of Nb/Al-tape
In the known domestic and foreign literature does not meet the description of plants intended for the
heat treatment sufficiently long and thin conductors at high temperatures for a few seconds. Only A.
ller [15] was described the experimental results of the study of Nb/Al- and Nb/AlGe-tapes, heattreated at 1700-1900 C in a way that, as you can tell from the brief description of the method of
heating, similar to the heating method, implemented in the proposed facility.
An installation for the high-temperature heating consists of a chamber, system of vacuum evacuation,
and control panel. General view of the facility is shown in Fig. 9. The camera is a cylindrical tube with
an inner diameter of 300 and 800 mm long, horizontally mounted on the frame. The side flanges are
made opening the chamber. On the flanges and the camera provides four quartz glass windows that
allow observing a passage and heating of the tape. In the middle of the chamber a water jacket was
welded to protect the chamber walls from heating due to radiation. In places where the electrical
insulation was required from the hull, pyrophyllite was used, details of which before the assembly
were subjected to the heat at 1200 C for 2 hours.

Fig. 9. Facility for the high-temperature heating of long segments of the multilayer Nb/Al-tapes
A vacuum of 1 10-5 mm Hg was achieved within 40 min from the time of the pump. During the hightemperature heating vacuum was reduced, but did not fall lower than 5 10-5 mm Hg.
8.3.1. Heating device
The heating element is a thin-walled (thickness of wall – 0.3 mm) tantalum tube with diameter of 10
and 150 mm long. To its ends by means of copper bars supplied the electric current of industrial
frequency. We have adopted the length of the working area – 50 mm. To reach 1800 C a current
flowing through the tube is 200 A. The temperature is controlled by W-Re-thermocouple, which lies
in the isolation of beryllium oxide. The signal from the thermocouple is fed to a precision temperature
controller. Outside and to the ends of the heating element is surrounded by several W-screens. All
heating device for the isolation of the housing is fixed on plate of pyrophyllite 15 mm thick, which in
turn is attached to the rack inside the chamber.
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8.3.2. Kinematic scheme of passage of the tape
The passage of the tape is realized by two pulleys, the rotation of which is given by the DC servo
motors, located on the same roll with pulleys. The scheme of passage includes disc coil filled with the
tape and taking disc coil, pinch, stretch, and the guide rollers. With help of reducers you can vary
speed movement of the tape in a fairly wide range. Friction device allows the taking disc coil to reduce
the angular velocity with increasing radius of the winding as the supply of tape. The initial radius of
the winding in the disc coil is 30 transmit mm, which exceeds the critical radius at which the tape after
the heat treatment can be bent without affecting current-carrying capacity. All pulleys are designed for
the transmitting of tape with width of 5 mm.
8.3.3. The electrical circuit of the facility
Functional electrical circuit of the automatic speed regulator of tape passage is built on the principle of
the tracking system and is included: a sensor, a high frequency generator, an amplifier, a subtracting
device, a safety device, a scheme of control of motors speed and power supply. Appearance of an
appliance and block-diagram of speed regulator of tape passage are shown in Fig. 10 and 11.

Fig. 10. Appearance of an appliance for a control of speed of tape passage
The sensor is an element that determines the determining the accuracy and the stability of the entire
tracking system. For our particular case has been developed non-contact sensor based on the principle
of changing of the coupling coefficient and represents itself the two resonant circuits differentially
connected and spaced apart from each other at a distance. To protect against induced electromagnetic
fields the contours are enclosed in the screens, through which the gap is cut. Between the contours is
available freely hanging tape, on which through the brush the current flows from the high-frequency
generator. Thus, a piece of the tape is the third circuit, emitting an electromagnetic field of a certain
frequency, on which set up two differentially connected receive ring circuits. Mismatch voltage of the
two circuits depends on the bias of tape ± y (see Fig. 11) relative to the average situation.
The amplifier is designed to amplify signals from the sensor, filtering and transfer these signals to the
inputs and subtracting the protective devices.
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Fig. 11. Electrical block-diagram of speed regulator of tape passage: 1 – generator; 2 – switch of
break; 3, 4 – sensors of tape position; 5, 6 – amplifiers; 7, 8 – detectors; 9 – block of outcomes; 10 –
the threshold circuit, a comparator; 11 – the executive block with the electromagnetic relay; 12 –
operational amplifier; 13, 14 – shaping circuit of pulse of control; 15, 16 – power executing units; 17 –
power supply unit; DB1, DB2 – electric motors; R1 – sensitivity control of management system; R2,
R4 – controls of the rotational speed of both engines; R3 - control of the rotational speed of engine
DB2;
– contacts of relay;
– switches; L1, L2 – signal lamps (L1 – switch of fault);
– safety;
UG and U , U1, U2, Up, U and UD, and U – generator voltage, voltage of automation units, voltage
of operational amplifier, voltage of actuating unit, electric motor voltage, and voltage for the tape
respectively
Signal proportional to the displacement of the tape from the average position is removed on the input
of subtracting device and recorded by means of the needle deflection of the micro ammeter located in
the middle of the front panel of an appliance (see Fig. 10).
The protective device is designed to disconnect a power of the amplifier and the subtracting device, to
turn off electric motors and to include of light signaling if the heated tape is breakage. Control circuits
of the speed of engines are operated on phasepulse "vertical" method [16]. Each engine has its own
circuitry of control.
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9. TEST RESULTS OF TAPE AFTER HIGH-TEMPERATURE HEATING IN CONTINUOUS
MODE
The test results of facility for the high-temperature heating of long segments of the multilayer tapes
Nb/D16 (D16 is industrial aluminum-based alloy containing 4.4 wt.% copper) in the continuous mode
is shown in the example of the three modes with different parameters of heating (Table 4). The
residence time of each section of the tape in the heating zone was set by the speed of tape passage ,
which is installed with the help of the receiving pulley. The angular velocity of it in during the all
heating process on the selected mode remains constant.
Table 4. Modes of tape passage
Temperature of
high-temperature
heating,
1700

,

,

Performance,

turn./min

mm/s

Heating time, s

m/h

0,2

0,8

62,5

2,9

1800

5,4

25,8

2,0

92,9

1800

8,6

39,0

1,3

140,4

At the first trial limited segments of the tape with a length of ~3.5 m. Width of the tape – 2 mm. After
high-temperature heating, each piece of tape was cut into several pieces and from each of them the
three specimens were taken for measurements of critical current immediately after continuous heating
and three specimens – for measurements after continuous heating and followed by low-temperature
annealing at 800°C for 3 h. The annealing was performed in a vacuum furnace of resistance.
The values of the critical current along the length of the tape segments, heat-treated in three modes are
shown in Fig. 12-14. After heating at 1700°C for 62.5 s the tape had a small value of the critical
current Ic, equal ~1 A in a magnetic field of 5.5 T. The low-temperature annealing increased I c to
approximately two-fold (see Fig. 12). Based on previous studies [1, 2], we can conclude that at the
relatively long heating time (~1 min) formed a layer of intermetallic compound of Nb3Al owing to a
diffusion of aluminum around all section of the tape began depleted in last, while not completely
turned into a solid solution of aluminum in niobium.
Otherwise was observed in the tapes after the high-temperature heating at 1800°C for 2 s (see Fig. 13).
Level of values Ic immediately after the heating is low (4-5 A), but subsequent annealing increased I c
to 70-80 A. Some higher critical currents were obtained after high-temperature heating for 1.3 s (see
Fig. 14): 9-10 A – no low-temperature annealing and 100-120 A – after annealing at 800°C. A large
number of samples failed to destroy by the current of 115-120 A – the ultimate current of source that
we had.
From the analysis of the results shows that the critical current is strong enough varied along the length
of the tape. The error in determining of the average value of I c for tapes without the low-temperature
annealing, have undergone the heating in a continuous mode on the second and third embodiment, was
reached 37%. The smallest value of Ic was differed from the maximum at about 6.5 times (Table 5).
However, it should be noted that of all the samples passed the heating at 1800°C for 2 s, Ic at 2 A and
less there was only in two samples. For samples with heating for 1.3 s Ic was less than 6 A – in three.
This could be due, even with random kinks of samples in the process of preparing them for the
measurements.
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Fig. 12. The values of Ic along the length of the tape after high-temperature heating (h. t. h.) at 1700°C
for 62.5 s ( = 0.8 mm/s): – without the low-temperature heating (l. t. h.) and – after l. t. h. at
800 C for 3 h (5.5 T; 4.2 K)
Fig. 13. The values of Ic along the length of the tape after h. t. h. at 1800°C for 62.5 s ( = 25.8 mm/s):
– without the l. t. h.) and – after the l. t. h. at 800 C for 3 h (5.5 T; 4.2 K)

Fig. 14. The values of Ic along the length of the tape after h. t. h. at 1800°C for 1.3 s ( = 39.0 mm/s):
– without the l. t. h.) and – after the l. t. h. at 800 C for 3 h (5.5 T; 4.2 K). The up arrow indicates
that the electric current of such value does not transfer the sample to the resistive state
Fig. 15. Schematic representation of the cross-sectional structure of a wide tape, being cut into tapes of
2 mm wide
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Table 5. Results analysis of measurements of critical current of tape (5.5 T, 4.2 K, tape width – 2 mm)
Mode of hightemperature
heating,

The average value of Ic, A

The range of changes of Ic, A

without the l. t. h.

800 C for 3 h

without the l. t. h.

800 C for 3 h

1700/62.5 s

1.1

0.2

1.8

0.3

0.4

1.8

1.2

1800/ 2.0 s

4.1

1.5

71.0

12.0

1.8

11.0

36.0

96.0

1800/ 1.3 s

10.8

4.1

27.5

92.0

120

4.0

106.0

8.2*

2.6

*For samples that have fallen into the resistive state
A more general reason for the change of Ic along length of the tape is associated with varying crosssectional structure of the tape in the direction of y (Fig. 15), which is a consequence of the method of
manufacturing the tape. The tape had some "sickle-shapes", due to which cut out of the broad tape the
band with width of 2 mm can have different cross-sectional structure along the length. The most
unfavorable turned out to be the case when to come across sections of the outer regions of a wide
band, which accounts for the smallest number of layers of D16.
After the low-temperature annealing an error in determining the average value of I c on the length of
tape was significantly decreased: in samples with the high-temperature heating for 2 h – from 37 to
17%. The annealing of the samples after heating at 1800 C was increased the critical current of more
than 10 times.
It should be noted that if such a narrow (width of 2 mm) tape we used to facilitate the measurement of
critical current at liquid helium temperature. The narrower the tape, the less a current is required to
destroy its superconducting state, the less heat up the wires that lead the electrical current to the
sample, while it is in a cold area, the less the loss of liquid helium due to evaporation. For quite
obvious reasons the wider tape will have a more stable current along its length.
9.1. Conclusions to part
One. High values of the critical current of tapes of Nb3Al, equaled to 50-60 A/mm in a magnetic field
of 5.5 T were produced. This corresponds to the structural current density (1.0-1.2) 105 A/cm2. The
critical temperature and the upper critical magnetic field at 4.2 K are, respectively, 18.5 K and 30-32
T. If we consider that the cost of industrial alloy D16 is much less than the price of tin, such a set of
superconducting parameters of Nb 3Al-tape makes it quite competitive with Nb3Sn. In addition there
are reserves for further the enhancing of the critical current of Nb3Al: (1) an optimization of modes of
heat treatment and the design of composite Nb/Al-tape, (2) the doping of as aluminum [5, 17] so and
niobium.
Two. It turned out that the previously selected modes of the high-temperature heating of tape by
passing an electric current [5] are coincided with the regimes of continuous heating of the tape means
"to pass". In addition, during the continuous heating is not needed to carry out preheating of the tape at
1000 C, which prevents the tape from the so-called "swelling" of its surface. Apparently, the binding
of duralumin in the intermetallic compound NbAl3, containing the largest amount of aluminum, there
was still at the stage of temperature increase as an approaching to the work zone of the heating
element.
Three. The available results have allowed to verify that the developed technology of the hightemperature heating for some improvement of individual units of the installation can be used to get
really long ( 100 m or more) segments of the composite tape based on the compound Nb3Al.
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Implementation of the relatively high ( 1800 C) temperatures in a small volume was not as difficult
as it seemed to us at first. And short times are allowed to lead the heating process with high
productivity (100-150 meters of tape per hour).
10. THE DISLOCATION STRUCTURE OF THE DIFFUSION LAYER NB3AL, THE
RESULTING SHORT-TERM HEATING OF A MULTILAYER COMPOSITE NB/AL-TAPE
Earlier electron microscopic studies of three-layer composite tapes of Nb/AlGeCu/Nb [19] after a brief
heating to 1650-1800°C and subsequent annealing at 800°C were founded in a layer of Nb3(AlGe)
precipitates of the second phase, both inside and along the grain boundaries of compound. This
explains the observed increase of the critical current Ic after low-temperature annealing more than an
order of magnitude. In the tapes without annealing, precipitates were not observed.
It explored the multi-layer tape of niobium and duralumin with thickness about 50 microns and a
width of 5 mm after heating at 1850°C for from 1.2 to 6.4 s. The structure was studied using an
electron microscope JEM-150 by method "to the light." Foils for the study was prepared at room
temperature in an electrolyte of H2SO4:HNO3:HF = 3:2:5 with a cathode made of stainless steel.The
difficulty of preparation of the foils was "hit" on the layers of Nb3Al, concluded between the Nblayers (Fig. 16).

Fig. 16. Microstructure of the cross-sectional of multi-layered strips of Nb3Al after the hightemperature heating about 1850 C for 1.3 s
After the heating for 1.3 s newly formed superconducting layer was consisted of equiaxed grains of
compound Nb3Al (the period of the crystal lattice of 5.185 ) with an average size of ~ 0.2 mm (Fig.
17a). With increasing of the heating time up to 4.6 s a polygonization structure with grain boundaries
of the sufficiently regular walls and grids of dislocations was formed (Fig. 17b). Block size – of 0.20.3 microns. An even greater increase in heating time (6.4 s), accompanied by an increase in the
thickness of the intermetallic compound layer with a grain size >2 m, was resulted in the formation
of three-dimensional grid Franck (Fig. 17c). The nature of the image contrast of dislocations was
testified about the environment of their atmospheres of impurities.
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Fig. 17. The microstructure of the -phase layer in a multi-layered tape Nb/Al after the heating about
1850 C for 1.3 (a), 4.6 (b) and 6.4 s (c)
The highest critical current was observed upon heating for 1.3 s (Fig. 18). Grain growth and formation
of dislocation structure were lowered of Ic.This confirmed the concept of the effectiveness of the grain
boundaries for pinning of superconducting vortices in superconductors with A-15 structure.
11. CONCLUSIONS
The origins of the present work falls at the end of the 70-s-early 80-s years of last century.The aim was
to create a semi-industrial technology of production of the superconducting material on base of the
Nb3Al compound. This material is a justifiable alternative to the well-known compound Nb3Sn. With
equal to Nb3Sn the superconducting transition temperature, it has a much more critical magnetic field
of 32 T, and therefore seems more promising for use in magnetic fields exceeding 10-15 T.
The samples of described here multilayer Nb3Al tapes were tested in magnetic fields up to 22 T. The
values of the critical current density, calculated on the entire cross section of the conductor, at 4.2 K in
magnetic fields up to 14 (Fig. 19) and 18-22 T were equated (7-8) 104 [4] and (3.4-4.5) 104 A/cm2
[20] respectively (magnetic fields up to 22 T were created by a combination superconducting solenoid
of the Institute of Atomic Energy of name I. V. Kurchatov).
On one of the companies semi-developed technology of production of the long segments of the
multilayer Nb/D16 tapes was almost developed. It was included hydro-extrusion of composite rod at
the press of horizontal type, then rolling in the profile rolls of 8-cage mill of cold rolling and a fine
rolling with four-roll mill,equipped by coilers with precision tension.One of the segments of this tape
is shown in Fig. 20.
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Magnetic field, T
Fig. 18. Critical current Ic of Nb3Al multi-tape depending on the time of high-temperature heating
Fig. 19. Critical current Ic of multi-layered Nb3Al tape with width of 2 mm depending on an intensity
of the external magnetic field. Heat treatment, C: 1 and 2 – 1000/1 min + 1850/2 s; 3, 4 and 5 – the
same + 900/0.5 h, + 800/3 h and + 900/1 hour respectively. Measurements were conducted at the
Laboratory of strong magnetic fields and low temperatures (Wroclaw, Poland)
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Fig. 20. Segment of multilayer Nb/D16 tape
It seems that even after the discovery of high temperature superconductivity old, so-called now, the
low-temperature superconductors should not remain on the side of technological progress. They are
used now and in the future to be determined a safe and resistant area of application.
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PNEUMOPULSE TECHNOLOGY FOR INDUSTRIAL APPLICATIONS
Valery I. Zvegintsev
Khristianovich Institute of Theoretical and Applied Mechanics,
Russian Academy of Sciences, Siberian Branch
4/1, Institutskaya Str., Novosibirsk, 630090, Russia

Abstract
New approach of short-duration gasdynamic devices using for industrial applications is described. In
common all pneumopulse technologies are based on the short impact of the powerful air jets, which
are created with the help of special pneumatic pulse generator. Some examples of developed
technologies which have been successfully used in practice confirm effectiveness of chosen method.
Key words: pneumopulse device, technology, air shock wave, powerful gas jet, deposit cleaning
1. INTRODUCTION
At the Khristianovich Institute of Theoretical and Applied Mechanics (Siberian Branch of Russian
Academy of Sciences) a variety of gas dynamic pulsed devices were developed and used for several
decades [1-2]. They should create a pulsed gas flow with the specified values of temperature and
pressure that exists within a very short period of time (less than 0.1 seconds). Such a short period of
time, on the one hand, significantly reduces the complexity and cost of construction, and on the other
hand, it can achieve extremely high flow parameters, which impossible to obtain in known devices of
stationary action. For example, in pulsed devices the gas flow rate of tens or hundreds of pounds can
be easily obtained, that can only be achieved by superpower compressor plants [3].
These unique properties of pulse gas-dynamic devices developed served as a starting point for creating
a number of pneumopulse technologies of general application. They have found application in various
branches of the economy and, in particular, to create highly effective systems for impulse cleaning of
technological equipment [4-5]. Common feature of all pneumopulse technologies is the use of shortterm effects of shock-wave high-power impulse air jet that is created by means of special
pneumopulse generators of various designs. Pneumatic generator is filled with compressed air for a
few seconds and then the air is throwing during a few milliseconds in the form of high-power pulsed
jets. This provides a huge air flow rate and powerful destructive pulse jet influence.
The main features of pulsed gas jets that determine the prospects for their use in industrial and
technological processes:
-

a range of energy stored up to 10 MJ;

-

specific consumption of the working gas up to 100 kg/s;

-

a wide range of impact intensity regulation;

-

the technical simplicity of execution units;

-

a small amount of materials and low power consumption;

-

simple operation and automation possibilities.
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The main directions of industrial application of impulse jets:
-

intensification of technological processes;

-

destruction of the becomes caked bulk materials;

-

cleaning and removing of technological deposits.

The main advantages of pneumopulse technologies:
-

a large range of impact intensity adjusting;

-

high reliability and safety of using due to simplicity of construction;

-

elementary manual or automatic control;

-

no dangerous effects on the equipment because of the short pulse duration;

-

absence of dust formation because of the small amount of exhaust air;

-

possibility of operation in potentially explosive conditions, such as in coal bunkers.

At the ITAM SB RAS systematic studies in the following areas of pneumopulse technologies are
carried out [6]:
1.

Development of gaseous jet impulse generator design principles:

analysis of arising situations, the development of approaches to the selection of the required
parameters of impulsive action depending on the particular technological problems;
creation and generalization of impulse generator design techniques and their individual elements
with prescribed technical characteristics;
development of codes for calculation unsteady gas-dynamic and mechanical processes inside
pulse generators;
development of forecasting methods and experimental studies of produced generators
characteristics.
2.

The study of shock waves and unsteady gaseous jets formation and propagation:

study of the propagation and damping of shock waves in homogeneous and heterogeneous
mediums, as well as on the surfaces of their partition;
creation of computational methods for estimating the parameters of shock waves during their
propagation;
-

development of experimental methods for investigation of shock wave characteristics;

-

investigation of transition from non-stationary shock waves to expiration of steady gas flowing.

3.

Investigation of the characteristics of various materials behaviour under impulse loading:

-

study of approaches for description of the stress state of various materials;

-

creation of behaviour models for the various materials under impulse loading;

-

development of experimental techniques for studies of materials behaviour under impulse action;

-

experimental study of fracture processes of various materials under impulse action.

4.

Testing of the real technological processes with the use of pulsed gas jets:

-

consideration of possibilities for improving of technological processes with pulsed gas jets using;
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-

optimization of the characteristics of impulse device used;

definition of real improvement in the technical and economic performances when implementing
pneumopulse technology.
In this paper some results on mentioned research directions are discussed and some examples of the
real pneumopulse technologies are given.
2. EXPERIENCE IN THE DEVELOPMENT OF FAST-ACTING PNEUMATIC DEVICES
2.1 The main schemes of pneumopulse devices
Pnevmopulse device is intended to create a single impulse gas jet. Due to the lack of established
terminology in the literature such devices are called by different names: pneumopulse generators
(PPG), pneumogenerators (PG), shock wave generators (SWG), or simply generators [7].

Each pneumogenerator (see Fig. 1) contains a storage tank, a quick acting valve 2, which provides a
periodic discharge of compressed air from the accumulator, and an exhaust nozzle 3, intended to direct
the pulsed jet of compressed air on the cleaned surface. Dimensions of storage tank are determined by
the desired duration of impulse jet. A review of different pulse generators from different
manufacturers is shown that the volume of storage tank does not exceed 500 dm3 and in general ranges
from 10 to 100 dm3. Compressed air at a pressure of 0.4 MPa to 1.0 MPa is typically used as a
working agent for pneumopulse generators. A stationary (technological) system of the compressed air
supply or specially installed compressors can be applied as a source of compressed air. The design of
storage tank is performed in accordance with the rules of pressure vessels design and manufacture.
Storage tank is connected to the supply line of compressed air with stop and regulating armature and
means of measuring and control.
As a high-speed valve two types of valves can be used: membrane type (Fig. 2) or piston type (Fig. 3).
In the generator with the membrane valve a rubber membrane 2 between the storage tank 1 and the
exhaust nozzle 3 is located. The diameter of the membrane exceeds the diameter of exhaust nozzle 3
of 150-200 mm. A rubber-and-canvas material usually is used for membranes manufacture. It is
recommended to use the material of the conveyor belt of high heat resistance when surfaces of hightemperature heater are cleaning. In the centre of a membrane typically reinforced metal disk is
mounted, which serves to increase the reliability of the central part. When storage tank is filling then
the air is simultaneously is fed into the space in front of the membrane. Because of the areas difference
the membrane sags and blocks access to the nozzle. For the operation of the device the auxiliary
(control) valve 4 opens and discharges the air before the membrane into atmosphere. Now, the
difference in pressure causes the membrane opens the nozzle outlet and releases working gas from the
storage tank in a form of impulse jet.
244

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu

The generator with the valve of piston type (see Fig. 3) consists of a storage tank 1, moving piston 2
and the exhaust nozzle 3. Diameter of the piston 2 is selected up to 50-150 mm larger than the
diameter of the exhaust nozzle 3. As in the previous case, when storage tank is filling by air, the space
before the piston is fed at the same time. Due to differences in the areas piston moves to the right and
blocks access to the nozzle. In order to switch the device an auxiliary (control) valve 4 opens, which
discharges air from the space before the piston into the atmosphere. Now, the difference in pressure
causes the piston 2 to move left and opens the nozzle. After that, a release of gas from the storage tank
forms a working jet. Valves of the piston type have a number of technological advantages, why they
are regarded by the author as the main direction in the design of pneumopulse generators.
A number of modern high-energy and intensive industrial processes require the use of high-speed
valve, designed for high flow rate and high working gas pressure. A short time of opening can
significantly reduce the complexity and cost of pneumatic devices with extremely high gas flow
parameters generated, which cannot be obtained in similar devices of stationary action. Reliable fastacting valves will allow improving the well-known technological processes, or even creating entirely
new pneumopulse technology. However, such valves are not commercially available. Moreover, the
dynamic characteristics of the existing pneumatic valves are not considered in the normative literature.
Development and design of high-speed pneumatic devices are performed, usually, on an intuitive level
due to the complexity of the implementation of qualified theoretical or experimental analysis of no
stationary gas-dynamic and mechanical processes that occur inside such devices [8-9].
The author was directly involved in the development of designs of pneumatic valves with bore from
tens to hundreds of millimetres, designed for the working gas pressure of several atmospheres to
thousands of atmospheres, the response time which was a few milliseconds only. The accumulated
experience allows formulating general principles for design and development of high-speed valves,
which are described below.
2.1 The main schemes of pneumopulse devices
In the thermodynamics processes are usually considered with constant mass of working gas and,
therefore, the time factor is ignored, thus it is considered that the main processes are not directly
connected with the time. A characteristic feature of high-speed pneumatic devices is the fact that all
internal cavities of the device are continuously exchanged through the gas lines with the atmosphere or
other cavities and, consequently, the masses of gas in the inner cavities are constantly changing.
Therefore, the calculation of processes in pulse devices must take into account the variable mass of
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gas in this volume and variable energy that is supplied with the incoming gas and is removed out with
exhaust gas (see [10-11]).
For the volume of gas with variable mass the first law of thermodynamics can be written as:

dQ I p dm p

Idm dU

dL

(1)

where dQ is meant by the amount of heat supplied (or allocated) from the environment;
Ip and I

are respectively the enthalpy of the entering and escaping gas;

dmp, dm - the amount of gas supplied to the volume considered and following from it.
Given the hypothesis of quasi-stationary the rate of gas flowing in and out dmp and dm can be
calculated by the usual formula dm = Gdt, for steady flow over a time interval dt. The equation for
calculating the average pressure in the volume of gas with variable mass can be written as follows
[11]:

dP
dt

k 1
I pG p
V

k

IG

k 1

P

dV
dt

(2)

where: V - initial volume;
dV – volume change during movement of the piston;
Gp – the air flow rate into the volume;
G – the air flow rate out of the volume;
Ip – enthalpy of the air flowing into;
I – enthalpy of the air flowing out.
The equation for the density in this volume is written as follows:
dt

1
Gp G
V

dV
dt

(3)

The equation for determining the temperature in the present volume is written as follows:
dT
dt

dP
d

(k 1)

I pG p

k

IG

Gp

P

k 1
dV
G
dt

dV
dt

(4)

A piston often represents the main moving part of pneumopulse device. It is moving under certain
changes in conditions inside the device. The equation of piston motion is accounted for a constant
component of the pressure forces and friction acting on the piston and variable components, which
usually depend linearly on the displacement or velocity of the piston (for example, the force of spring
resistance or hydraulic resistance of the extruded fluid):

m

d 2x
dt 2

P1 f1 P2 f 2

Ffr

1

x

2

dx
dt

where m - mass of the piston;
x – coordinate of the moving piston;
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f1 – the area of the pressure on one side of the piston;
f2 – the area of the pressure on the other side of the piston;
P1, P2 – pressure, respectively, on the one and on the other side of the piston;
Ffr – constant component of the friction force;
1

– coefficient, which depends on movement;

2

– coefficient, which depends on the movement velocity.

Thus, the mathematical model of pnevmopulse device includes:
a) the equations describing the quasi-steady overflow of gas between joint volumes;
b) the equations of thermodynamics to determine the pressure, gas density and temperature for
variable mass of the gas in each of the volumes;
c) the dynamic equations of motion of moving parts of the device, that changes the value of the
considered volumes and flow section areas.
The resulting system is a system of ordinary differential equations with initial data, which can be
represented in the canonical form

dYi t
dt

f Y1 , Y2

Yn

(6)

where i = 1, 2…n.
For the numerical solution of this system an Euler's method is used. The equation of motion, which is
a second order differential equation, is written as two the first order equations:

dx
x1
dt
dx1 1
( P1 f1 P2 f 2
dt m

F fr

1

x

2

dx
)
dt

(7)

Calculations are made by using of modern computer techniques, which allows simulating of the quite
complicated unsteady gasdynamic and kinematic processes occurring in high-speed pneumatic devices
at involved assumptions.
2.3 Numerical and experimental study of high-speed pneumatic device
Pneumopulse generator PG-0.1/100, designed by the author for cleaning the internal surfaces of
pipelines, has been selected as a test high-speed pneumatic unit for investigations. The design of the
generator is protected by a patent [12]. A detailed description of the research results can be found in
[13].
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General view of pneumogenerator is shown in the photo Fig. 4. Construction of pneumopulse
generator is shown in Fig. 5. The device includes a housing, divided by piston 5 to inlet chamber I and
accumulative chamber IV. The working gas (air or nitrogen) is fed to the inlet chamber I from the
source of compressed gas (balloon, for example) via a supply channel. Inlet chamber I communicated
to the storage chamber IV through channel 2 in the piston 5. The piston 5 is executed stepwise and it
can move under the influence of pressure difference. On the right the force from the inlet chamber I
and from the chamber II acts at the end face of the piston, and on the left from the storage chamber
IV and the chamber III. The housing has 16 discharging holes 4 through which the air is released from
the collecting chamber IV, when piston 5 is moving. Flowing air forms intense jets, acting on the
surface being cleaned. This design of the generator has high level of efficiency and reliability in
comparison with the same device described in [9].
Experimental study of pneumopulse generator was performed using an installation shown in Fig. 6.
The analyzed generator 3 was mounted on a frame. The air in the inlet chamber of the generator is fed
through the valve 2. After air is supplied the generator automatically starts throwing pulsed air jets
with a pulse repetition period of 2 – 3 seconds. During the experiment, we measured the pressure at
the entrance to generator k (manometer 4) and the changing pressure P(t) in the storage chamber IV
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of the generator (sensor 5). Experiments were carried out at a pressure at the entrance from k = 1.0
MPa to k = 6.0 MPa. Typical results of calculations (solid lines) and experimental (points) are shown
in Fig. 7. It shows only one from the calculated parameters pressure change in the storage chamber
IV on time, which can be compared with experimental results.

Before working the pressure in the storage chamber IV (see Fig. 5) is equal to atmospheric pressure.
After the air supply is switched to the generator input the level of pressure in the inlet chamber I
increases and causes the piston movement to the left.
In its extreme left position the piston closes exhaust outlet 3 of the storage tank IV and air from the
input chamber through the channel 2 in the piston is pumped into the storage tank. The area of the
exhaust outlet 3 is 10-15% larger than the area of the end surface, so, as the storage chamber IV is
filling, then force acting on the piston from the orifice area 3 increases and finally exceeds the force
acting on the end area of the piston from inlet chamber I. At this point, which corresponds to point A
in Fig. 7, the piston begins to move to the right and it opens the outlet 3, through which air enters the
cavity III. The area of influence and force from air pressure resulting from the collecting chamber IV
increase dramatically and, consequently, the velocity of the piston increases.
Moving piston opens discharging holes 4 and there is a sharp release of air from the storage chamber
IV in the environment with the formation of strong air jets and shock waves that affect the surface to
be cleaned. After resetting the air and reduce the pressure in the storage chamber IV the force acting
from the inlet chamber I, again exceeds the force acting on the opposite side of the piston and the
piston begins to move forward.
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At this point in the storage chamber the minimum pressure is reached (point B in Fig. 7). A moving
piston closes exhaust holes 4 and outlet orifice 3. It starts refilling of storage chamber and the cycle of
the device operation is repeated.
In Fig. 8 – 11 shows a comparison of calculated and experimental values for the general correlations
that characterize the work process in pneumopulse generator: the maximum pressure max , achieved in
a storage tank (point A in Fig. 7), the minimum pressure in the storage tank min (point B in Fig. 7),
filling time duration T and the exhaust time t from the pressure at the entrance Pk. It is seen that the
calculations accurately reflect the characteristics of the processes occurring during operation of the
generator. In particular, the estimated time of filling the storage chamber completely coincides with
the experiment at a pressure at the entrance more than 3 MPa. When inlet pressure is below 3 MPa, the
time of filling in the calculation is somewhat less because of the unaccounted losses of working gas,
which becomes smaller with increasing pressure. The duration of the exhaust in the calculation and
experiment decreases with increasing pressure applied to the generator entrance, as the acting forces
and, accordingly, the velocity of the piston movement increases. The calculations give underestimated
values of the maximum pressure achieved in the storage chamber, and a minimum pressure obtained
as a result of air outflowing. However, the behavior of the dependence of max and min of the pressure
at the generator entrance is the same in the calculations and the experiment.
Good agreement between calculated and experimental results confirms the correctness of a
mathematical model of the pneumogenerator working process. The results of calculations and
experimental studies have allowed to improve considered pneumopulse generator and to execute the
development of other high-speed pneumopulse devices for various practical applications. The same
result is described in [14].
2.4 Examples of high-speed pneumatic devices design
In order to solve various technological problems more than 20 different pneumogenerators with highspeed piston valves have been developed by the author. Below one can find short description of some
developed pneumogenerators which are widely used for solving of various technological problems.
2.4.1 Pneumopulse generator PG-25/8
In Fig. 12 shows the photograph and assembly drawing pneumopulse generator PG-25/8, which is
designed for compressed air energy storage and subsequent release of its as dramatic and powerful
impulse to the formation of jets and to carry out technological operations such as clearing bunkers,
heat transfer surfaces, ventilation systems, heat exchangers and other devices. The design of the
generator is protected by a patent [15].
Housing (prechamber) of pneumogenerator is formed by a cylindrical shell and is used for the
accumulation portion of compressed air. The exhaust nozzle in the form of a cylindrical tube is welded
to the front and rear end inside the shell. On the outside the tube has a flange with 4 holes that are used
for fixing of pneumopulse generator at the facility. The rear end of the tube is closed by plug 2, which
the rear flange holds. The movable valve 6 moves in a cylinder of 126 mm in diameter at a distance of
40 mm. Conical liner 5 forms a seat surface for the shut-off valve. Discharge control valve is screwed
on a thread M48 * 1.5 in the locking plug and sealed with gaskets. When air applied then discharge
valve opens the drop hole with a diameter of 22 mm.
Initially the shut-off valve 6 is in any position. When you turn on the pneumogenerator in action
compressed air is supplied from the highway and enters the cavity before the piston valve. Under the
action of excess pressure in the cavity the valve moves to the left and sits on a conical liner. In this
case the output is blocked path for air from the cavity through an exhaust nozzle. After that, the air
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flowing through the clearance between the piston and the cylinder begins to fill the cavity of the
prechamber. Prechamber filling lasts within 30 – 60 seconds.
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For pneumogenerator operation it is necessary to submit the pressure to the input of dump valve. The
discharge valve triggers leading to a sharp decrease in pressure in the cavity before the piston valve 6.
The piston moves to the right and stored in prechamber portion of the compressed air is ejected
through the exhaust holes in the wall of the tube and then through the exhaust nozzle, carrying out the
necessary shock-wave effect. The gas flow rate at the time of the exhaust is about 20 kg/c. After the
release of air from the housing 1 charging process is repeated as described above and the operation of
the pneumopulse generator can be repeated.
Typical recording of pressure in the prechamber of the generator of time are shown in Fig. 13. It is
evident that the process of pneumogenerator filling from atmospheric pressure to a pressure of 7 bar
lasts about 60 seconds, and the process exhaust lasts no more than 40 ms. At the same time opening
the fast-acting shutter is not more than 4 ms.
Table 1. Main technical characteristics PG-25/8
Prechamber volume, dm3

25

Period of the prechamber filling, s

30 – 60

Diameter of the exhaust nozzle, mm

120

Operating pressure, bar

3–8

Stored energy, kJ

8 – 20

Duration of the exhaust, s

0.05

2.4.2 Pneumopulse generator PG-10/10
In Fig. 14 shows a general view of the pneumopulse generator PG-10/10. Pneumogenerator consists of
a prechamber, high-speed auto shutter and exhaust nozzle made of a pipe with diameter of 48 * 3.5. It
is thread M48 * 2 on the outer surface of the outlet tube for connection to various devices.
Prechamber is formed by cylindrical shell 3 with two flanges 2 and 7 welded to it. Inside the
prechamber exhaust nozzle is in the form of a cylindrical tube that is welded to the front flange 2 and
supported by three legs 4. On the back of the flange 7 with pins 9 and compression flange 8 fast-acting
shutter 6 is mounted. High-speed shutter design is shown in Fig. 15. The shutter of the generator
consists of a housing 5, the liner 15, moving piston 11, restrictor 14, a spring 2 and check valve 3. The
shutter is attached to the rear flange 6 with eight pins 7 and slip-on flange 12. Junction between the
flange 6 and a shutter housing 5 is sealed with a sealing rubber ring 8. In the valve body screwed
socket 9 (DN = 4 mm) to connect the air supply line to the generator. After socket the air on channel of
6 mm in diameter enters the cavity B shut-off valve. The hole in the restrictor 14 at the outlet of this
channel allows adjusting the air flow rate to pneumogenerator and, accordingly, the interval between
the generator operations.
In the body of shutter motionless liner 15 is set through the rubber O-ring 4, which forms a guide
surface for the piston 11. The liner 15 is fixed to the shutter body with plate restrictor 14. The movable
piston 11 with a sealing ring 10 can be moved to the right under the action of the spring 2 and under
the influence of air pressure in the cavity B and to the left under the influence of air pressure in the
cavity C. For the air supply from the cavity A of a prechamber into the cavity C in the shutter a hole
with diameter 2 mm is drilled in normal direction to the axis of the valve. In addition, in shutter body
holes 11 are made of 6 mm diameter to exhaust air from the cavity B into the atmosphere. Shut-off
valve 3 moves free along a cylindrical guide on the outer surface of the valve body and in the extreme
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left position it closes the entrance an exhaust nozzle. For reliable sealing a valve 3 has a rubber gasket
18 which is fixed with metal plates 16 and screws 17. The design provides automatic shutter operation
when submitting it to the air pressure from 3 to 10 bars. The principle of the shutter can be seen in Fig.
15. The upper half of Fig. 15 shows the initial position of the moving parts of the shutter before
pneumogenerator operation. The bottom half shows the position of the moving parts during the
exhaust process.

Before generator start the movable piston 11 by the spring 2 action is the extreme right position and
closes the groove in the liner. When the system is switched on compressed air through the inlet socket
9 enters into the cavity B of shut-off valve 3. Under the action of excess pressure in the cavity B the
valve moves to the left and covers an exhaust nozzle entrance 1. After that, the air flowing through the
gap between the check valve 3 and the cylindrical guide body 5 begins to fill the cavity A of a
prechamber. Increasing pressure in prechamber through the channel is transmitted into the cavity C in
the housing 5, and acts on the movable piston 11. At a time when pressure in prechamber reaches
approximately 90% of the pressure in the main air supply line to the pneumogenerator, pressure forces
acting on the movable piston 11 to the right is higher than the pressure forces acting to the left, and the
movable piston 11 begins to move to the left thus opening the discharge of air through a groove in the
liner from the chamber B of the shut-off valve 3 in the atmosphere through holes in the body of shutter
5. After that, pressure in cavity B shut-off valve 3 decreases and shut-off valve under the pressure of
air in the prechamber moves to the right, opening the inlet nozzle 1. The portion of the compressed air
stored in the prechamber is ejected through a nozzle, carrying out the necessary shock-wave effects on
the treated object. As a result of air emission from the prechamber a pressure in cavity A is reduced,
the spring returns the movable valve to its original position, after which the above-described process
of charging and operation the pneumopulse generator automatically repeated with a period of 6 - 10
seconds as long as compressed air supply in pneumogenerator will be blocked.
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Table 2. Main technical characteristics PG-10/1
Prechamber volume, dm3

10

Period of prechamber filling, s

6 - 10

Weight, kg

8

Diameter of the exhaust nozzle, mm

41

Operating pressure, bar

4 - 10

Stored energy, kJ

7.5 - 25

Duration of the exhaust, s

0.05

2.4.3 Pneumopulse generator PG-1/100
Assembly drawing of pneumopulse generator PG-1/100 is shown in Fig. 16. Pneumogenerator consists
of a housing 1, the fast-acting automatic shutter 5 and exhaust nozzle 6, made of a tube with diameter
of 25 * 4.0 mm. There is a thread 1” on the outer surface of the nozzle outlet end for connection to
various devices.
The body is formed by shell with a wall thickness of 4 mm and two welded flanges. Inside the housing
1 exhaust nozzle 6 is located in the form of a cylindrical tube, hermetically welded to the front flange
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and rear flange. At the rear flange with thread M 80 * 1.5 cup 2 is fixed. Inside the cup a piston 5 is
placed which closes the nozzle 6 inlet. A fast actuator 3 which triggers the piston 5 is placed
consistently with the piston. Handle 4 and socket for compressed air supply are attached to a cup.
Actuator 3 serves as a starter for the controlled discharge of air from the cavity before the piston 5.
Opening this valve will trigger pneumogenerator.

Air supply to the pneumogenerator causes an increase in pressure under the piston 5, which
immediately closes the inlet of the exhaust nozzle 6. After that, within 5 10 seconds there is an
accumulation of air in the housing 1. For pneumogenerator actuation it is necessary to press a serving
part of the actuator 3, which sharply drops the pressure from the cavity behind the piston 5. Reduction
in the pressure causes a rapid withdrawal of the main piston 5 from the inlet nozzle. Compressed air
stored in the housing almost immediately ejected through the exhaust nozzle, realizing at the outlet
required shock-wave effects on the treated object.
Table 3. Main technical characteristics PG-1/100

3.

Prechamber volume, dm3

1

Diameter of the exhaust nozzle, mm

25

Operating pressure, bar

10 – 100

Stored energy, kJ

1 – 10

Duration of the exhaust, s

0.02

PULSED GAS JETS

Formation of the gas flow pattern at the instantaneous start of gasdynamic impulse device is shown as
calculation results in Fig. 17 [16] and as experimental results in Fig. 18. From the beginning spherical
shock wave is moving through the undisturbed space, behind which the static pressure increases
dramatically. The main parameters that determine the impact of the bow shock, is pressure difference
on it, the pulse overpressure behind it and the momentum dynamic pressure of gas immediately behind
the wave. After the bow shock wave single-minded focus unsteady gas jet moves, in which there is
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alternation of supersonic and subsonic zones separated by shock waves. On the expiration a small time
the formation of stream ends and turns from non-stationary into a stationary flow. With a large reserve
of the working gas flow will exist for a long time. But as a rule, for impulse creation the pneumopulse
devices with fixed and limited volume of working gas are used, so as far as the outflow of gas, its
pressure drops to zero and there is the corresponding smooth (quasi-stationary) adjustment resulting
jet.
Based on the physical pattern of a pulsed jet, it becomes clear that deposits are consistently faced the
shock and the jet gas dynamic effects. Value the contribution of the shock wave and the jet in the
process of deposits destruction depends on the amount of storage capacity, the initial pressure in it, the
installation start mode, the distance to the treated object, and other factors that determine the
parameters of the forming pulse flow.

3.1 Evaluation of the bow shock wave characteristics
To calculate the pressure difference after bow shock wave, one can use a simple and intuitive
computational model. It is assumed that all the available reserve working gas at a pressure equal to the
initial pressure Po in a pulsed gas-dynamic device, is enclosed in a spherical surface, the volume Vo is
equal to the volume of storage capacity. The radius of the sphere is:

R0

3

3 V0
4

(8)

The area of a spherical surface:

F0

4

R02
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The process of spherical surface expanding corresponds to the motion of the bow shock wave. In the
process of expansion is assumed that the product (duplication) of pressure on the spherical surface
area remains constant. Then at a given radius R the pressure P on the shock wave is:

P

P0

R02
R2

(10)

In Fig. 19 shows the pressure on the shock wave obtained in experimental studies [6] and calculated
by the above method. In experiments with membrane almost instantaneous opening of the outlet was
provided. For the valve opening time was 3 4 ms. In some literature (for example, [7]), sonic
pressure equal of 150 dB is recommended as the minimum pressure required for the destruction of ash
deposits. We see that in this case, the pressure corresponding more than 150 dB is provided at a
distance up to 6.5 m.
3.2 Evaluation of the gas jet characteristics
The stationary outflow of gas from the holes (nozzles) of finite size in free space proceeds with the
formation of the gas jet [17]. The main feature of the gas jet is a significant difference between the
axial velocity of the gas inside the jet and the gas velocity in the surrounding space, which leads to the
formation of the jet boundary layer at the periphery of the jet. For practical purposes single- gas jets
are considered or two-phase jets with a low concentration (up to 10% by weight) of liquid or solid
particles, which cannot alter the gas-dynamic characteristics of the jet.
3.3 Geometrical characteristics of stationary subsonic jet
A subsonic jet flowing from a nozzle with a uniform velocity distribution into infinite space can be
considered as the simplest form. Here gas is moving basically in the direction of the jet (see Fig. 20).
At the interface between two streams, as a rule, there are vortexes randomly moving along and across
the stream to create mixing due to the exchange of gas from one stream to another. As a result, there is
increasing region around the jet with a continuous distribution of velocity, temperature and
concentration (in the case of different gases). This area is called the jet turbulent boundary layer.
Thickening of the jet boundary layer leads, on the one hand, to increase in cross-section of the excited
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flow, and, on the other hand, a decrease of the main stream velocity in cross-section. The site where
the original the jet velocity remains constant on the axis is called as initial section of the jet. The
length of the initial section of a subsonic jet usually is from 8 to 9 half-width values of the nozzle (or
radius for axisymmetric jets). Further thickening of the boundary layer leads to a decrease in velocity
on the axis, and a further portion of the jet is the main section. Between the initial and main sections
the transition section is located. For engineering calculations the length of transition section shall be
taken as zero.

The calculation of subsonic turbulent jets is guided by the following basic regularities that follow from
theoretical and experimental studies [17]:
1. In any section the jet transverse velocity components are negligible in comparison with the
longitudinal components, so they are not considered for practical calculations.
2. The impulse of the jet (momentum) is conserved along the jet and it is equal to the momentum of
the jet at the nozzle exit.
3. In cross-section of a subsonic jet static pressure is constant and it is equal to the pressure in the
ambient space.
Numerous experiments showed that the growth of the transverse dimension b along the jet length x in
a wide range of expiration conditions is almost linear (see Fig. 20) and can be described by a simple
formula:

b

c x b0

(11)

Here c = 0.27 for the initial section of the jet and c = 0.22 for the main section of the jet.
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For the problems of pneumopulse technologies the main interest is jet characteristics at a large
distance from the nozzle. Keeping in mind the short length of the initial section and neglecting
diameter of the nozzle, one can use the main portion of the design scheme of the free jet in the form of
a cone, starting from the nozzle with an aperture angle 2*arctg (0.22) = 24.8 degrees (see Fig. 21).
The change in velocity um on the axis in the main section of axisymmetric jet can be approximated by
a simple formula:

um

u0

12,4
x r0

(12)

Changing of the excess temperature at the axis for the main section of an axisymmetric jet is
approximated by the next formula:

Tm Tn
T0 Tn

12,4
x / r0

(13)

Changing the dynamic pressure on the axis along the length of the main portion of an axisymmetric jet
qm with respect to dynamic pressure of the jet at the nozzle exit q0:
qm

P
(u m ) 2
2 RTm
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12,4 2
T 12,4 Tn
x
((1 n )
) ( )2
T0 x r0 T0
r0

qm
q0

qm

(15)

Here:

P
(u 0 ) 2
2 RT0

q0

2

(16)

PM 2

3.4 Distribution of parameters in the jet transversal cross-sections
Theoretical and experimental results show that the distribution of excess speed (compared to the
velocity of gas in the ambient space) in the cross section of the jet boundary layer (or in the main
section jet) is universal in nature (see Fig. 22). Simple analytical relationship for the velocity
distribution was suggested by H. Schlichting [18]:

u un
um u n

f( )

3/ 2 2

(1

(17)

)

Here, = y / b the distance from the axis of the jet to the point in question, divided by the boundary
layer thickness (for the initial section) or by distance from the inner boundary jet to the thickness of
the jet (for the main section).
The temperature distribution in the jet can be described by a linear dependence on :

T Tn
Tm Tn

Tm T
Tm Tn

1

(18)

The expression for the density of the gas:

P
RT

R(Tm

P
(Tm

(19)

Tn ))

The expression for the dynamic pressure:

q

u2
2

P
2 R (Tm

(Tm

Tn ))

(u m

u n ) (1

3/ 2 2

)

un

2

(20)

For the submerged jet flow velocity in the surrounding space is un = 0. Accordingly, the dynamic
pressure in this case:

q

P
2 R (Tm

(Tm

Tn ))

(u m ) 2 (1

3/2 4

)

(21)

Dynamic pressure at the jet axis, where un = um:
qm

P
(u m ) 2
2 RTm

(22)

The distribution of relative dynamic pressure in the cross section of the isobaric jet:
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q

q
qm

(1
1

3/ 2 4

)
T
(1 n )
Tm

(23)

The last expression shows that the distribution of dynamic pressure of the jet cross section depends on
the ratio of the temperature in the jet and the surrounding area. At expiration of the cold stream in the
space filled with hot gas (Tn > Tm), the diagram of the distribution of dynamic pressure is less filled,
and the characteristic values of dynamic pressure decrease in 2 3 times. The above formulas allow us
with sufficient accuracy for practice to estimate the parameters at any point in a gas jet.
4.

EXAMPLES OF PNEUMOPULSE TECHNOLOGIES APPLICATION

The results of theoretical research in the field of nonstationary aerodynamics have found practical
application in the development of pneumopulse technologies for industry. Process of pneumopulse
technologies for industrial applications development includes the following stages:
-

consideration of possibilities to improve various processes when using pulsed gas jets;

-

optimization of the characteristics of devices used pulsed gas jets;

-

development and improvement of actual processes using pneumopulse technologies;

definition of actual technical and economic performances of technological processes using
pneumopulse technology.
Currently pneumopulse technologies developed for the following applications:
- eliminate freezes and sticking on the walls of the bunkers and containers;
- cleaning interior surfaces of pipelines;
- cleaning of heat exchangers of various designs and sizes;
- purification of ventilation devices;
- cleaning of electrical equipment surface;
- cleaning of heating systems of industrial and domestic buildings;
- cleaning of chemical reactors;
- cleaning of heat transfer surfaces in boilers.
Mentioned pneumopulse technologies have been used successfully at the enterprises of energy, coal
and steel industry in Russia and abroad. Application experience shows that pneumopulse technologies
are more efficient and cost-effective in comparison with others, designed to solution of similar
problems.The main economic feasibility of pneumopulse technologies application lays in elimination
of the costly labour-intensive and often dangerous manual operations, after which it becomes possible
the transition to the real prevention of problems, which gives, finally, a significant increase in
efficiency of use of permanent acting equipment.
Below it is a description of some developed pneumopulse technologies.
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4.1 Pneumopulse technology for bunkers cleaning

Schematic diagram of bunker cleaning system is shown in Fig. 23. The system is designed to eliminate
the adhesion and freezes of bulk materials on the walls in bunkers, regardless of their destination, size
and design. On the walls of the bunker 10 located pneumopulse generators 11, this may release pulsed
jet into material within a bunker. Typically, this technology used pneumogenerator PG-25/8. Typical
number of pneumogenerators in the cleaning system for one bunker is from 2 to 8 units. The air from
the compressor of a small power is supplied to the general receiver 5, and then by pipeline 13 to
pneumopulse generators.
Prechamber of each generator is filled with air to a pressure level equal to the pressure in the network,
after which the air from the prechamber rapidly ejected through the exhaust nozzle to the bunker 10,
performing a cleaning operation of the surface. The system can have both manual and automatic
(remote) control. Due to high speed of the pneumopulse generator action it is achieved a large value of
air flow rate through the nozzle, which ensures high efficiency of bunker surface cleaning [19].
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4.2 Pneumopulse technology for pipelines cleaning

This technology can be used to clean the internal surfaces of pipelines from saline, calcareous,
limestone, coal, cement and other deposits of different hardness. One version of the technology
developed for cleaning pipes with diameter from 50 mm to 300 mm is based on a pneumogenerator
PG-0.1/100 with a diameter of 40 mm and a length of 350 mm. The generator air supply is made
through a flexible hose with an inner diameter of 4 mm from the balloon 40 dm3 with compressed air
at a pressure of 150 bars. Pneumogenerator works automatically after 1 2 seconds and it is pulled
inside the pipe by a rope with diameter of 3 4 mm (see Fig. 24). This technology has been used for
cleaning pipes in the enterprises of power industry [20]. Practical experience has shown that for
cleaning of the pipeline of length 50 m it was needed a pneumogenerator working for 10 15 minutes
with air pressure of 30 40 bars. To clear the 100 meters of the pipeline consumed a balloon of
compressed air.
The use of the proposed pneumopulse technology for pipes cleaning showed its high efficiency, costeffectiveness, simplicity of application.
4.3 Pneumopulse technology for industrial and domestic heating systems cleaning
The deposits within the radiators and connecting pipelines are destroyed by shock wave system
created in the fluid flowing inside the heating system then they are cleaned and removed by the same
liquid. To organize a system of shock waves in the fluid impulse effects of compressed air is used.
An example of cleaning technology is shown in Fig. 25. Here in three-stores building standpipe with
radiators 2 is mounted. Water supply is from the top. Visual inspection showed that before cleaning
solid deposits of salts and oxides of iron were irregularly distributed along the length in the pipeline
and they overlapped cross-section of the pipe up to 70%. Heater sections at the bottom were
completely packed with black pasty mass with particles of size 1 – 1.5 mm. At the top of the inner
radiator surfaces more dense sediments from a pasty mass of black and brown colours with thickness
of 2 3 mm have been found.
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Initially, treatment of standpipe was carried out by using pneumogenerator 4 (type PG-1/100).
Compressed air is fed from the standard 40 dm3 balloon with an initial pressure of 130 140 bars.
Several shots from pneumopulse generator were fired in the standpipe with the initial pressure in the
50 60 bars through the nozzles 3 at a constant water flow. Most of the sediments deduced running
water as a thin black particles with dimensions of 0.1 mm. Discharge water flow rate measurement
showed that the flow of water through the standpipe after cleaning increased by 4.5 times.
To clean the heating radiators pneumogenerator was mounted on special plugs 4 in the heating
devices. Cleaning technology included five shots at each radiator with the air pressure 30 60 bars.
After this pneumopulse generator was disconnected and the quality of cleaning was estimated visually.
The internal cavity of the radiator was almost clean. After cleaning the regular plugs were installed on
the heating device and the heating system was put in working condition. Water supply under pressure
to 5 bars showed that the system integrity and the tightness of all joints were not violated.
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4.4 Pneumopulse technology for heat exchangers cleaning

The task of cleaning the heat exchanger is solved by pneumopulse generator PG-1/100, which throws
into water-filled heat exchanger a short-term jet of compressed air. Inside the heat exchanger a shock
wave creates that propagates in the fluid and destroys the fat. Number of points of supply air jets, their
orientation and duration of the treatment process are determined by practical consideration, depending
on the configuration of the heat exchanger and the strength characteristics of the sediments.
To clean the sediment of thickness from 2 to 5 mm in the space between the tubes of heat exchanger
800 TNG, nine pipes with diameter of 20 mm welded to the body heat exchanger were used, as shown
in Fig. 26. Through the each tube 10 15 shots were carried out from pneumogenerator with a storage
chamber volume of 1 dm3 at air pressure of 20 bars. Heat exchanger cleaning process has occupied
near two hours.
3.5 Pneumopulse technology for convective surfaces of boilers cleaning
While operating boilers a big problem is the formation of slag and ash, which are deposited on the heat
transfer surfaces and violate the normal operation of the boiler [21]. The relevance of pneumopulse
technology development for the boilers treatment was caused by, primarily, large absolute value of
losses with a decrease in boiler power, as well as high cost and lack of efficiency of existing treatment
means. Experience has shown that the use of pneumopulse devices enables the creation of highly
effective, safe and remotely operated treatment systems.
Investigations the possibilities of pneumopulse devices for boilers cleaning were started in the ITAM
SB RAS since 1992 [22-23]. Initially laboratory experimental studies were carried out of the pulsed
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jets effectiveness. As a result of the jet impact to models of sediment with different strengthens the
decisive influence of the shock wave in the process of deposits destruction was shown in comparison
with impact of the gas jet dynamic pressure. Data also were obtained on the effect of the pneumopulse
device design parameters on the characteristics of generated shock waves. It is established that the
effectiveness of the impact to a considerable extent is determined by the orientation of the shock wave
relative to the destroyed sample. The actual designs remotely operated pneumopulse generators were
developed with stored energy of compressed gas to 100 kJ. Design of multi nozzles device was
suggested, which significantly increase the area of the cleaned surface by 1.5 times. A significant
increase in the efficiency of cleaning is achieved by organizing the simultaneous action of several
pulse generators.

Currently pneumopulse treatment systems are installed on the boilers of different capacity. As an
example, Fig. 27 shows the installation of 14 pneumogenerators PG-25/8 on the average power boiler
OR-32 at sugar factory in Poland [24]. During the three months of operation the boiler heating
surfaces remained operational and clean, despite the severe operating conditions caused by the everchanging modes of operation. The average productivity was of 30 tons of steam per hour. The
temperature of exhaust gases was 15 degrees lower than in neighbouring similar boiler.
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In Fig. 28 shows a treatment system of 18 pneumogenerators PG-25/8 for cleaning the boiler super
heater PK-38 (Russia) with capacity 240 tons of steam per hour [25]. The system is automatically
enabled in accordance with a chosen technology regime. Analysis of the results has shown that the
treatment system has provided the boiler with an average capacity of 225 tons of steam per hour for 3
months. In this period the screens of super heater remained operational and clean, and the temperature
of exhaust gases decreased by 10 degrees.

Considered pneumopulse cleaning systems for boilers of small, medium and high capacity are based
on modern achievements in the field of unsteady gas dynamics and their characteristics are unique in
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the world. Upon successful completion of the testing period similar systems could be recommended
for replication in power industry in Russia and abroad.
CONCLUSIONS
Accumulated experience suggests that the use of pneumopulse technologies based on reliable fastacting pneumopulse devices can lead to a substantial modernization of known technological processes,
or even to the appearance of essentially new industrial technologies.
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Abstract
The possibilities of contact angle measurements of liquids at the solid surfaces under the different
conditions for prediction of the most perspective directions of polymer application for individual and
composite materials creation are considered. The surface free energy values at the «solid-gas» and
«solid-liquid» interfaces as parameters of such prediction are exhibited. The correlation of the
dispersive component of polymer surface energy with its free volume is founded. The new approach to
estimation and comparison of the intensity of polymer adhesion to inorganic substrates is proposed
and experimentally proved by measurements of tensile strength of corresponding composite materials.
The possibility of alteration of «polymer-liquid» interfacial energy with surfactant mixed adsorption
layers is demonstrated.
Key words: contact angle, wetting, adhesion, blood compatibility, free volume, composite materials,
adsorption, surface energy, interfacial energy, surfactant mixtures, Pluronic
1. INTRODUCTION
Polymers are widely used in different aspects of the field of science of materials as adhesives and
dresses of fibers in creation of constructional materials of various applications, base for creation of
materials for medicine and biology, membrane materials and so on. In present time the main task of
design of macromolecules is the development of principals permitted to synthesize polymers with
specified physical-chemical properties. But it is necessary to take into account the key role of
«polymer-medium» interface in variety of processes on the path of polymer to material and on service
of polymer material. So, it is desirable to have some parameters which may be used to predict the
polymer behavior in contact with different media. The specific surface free energy of polymers SV and
«polymer-liquid» interfacial energy SL can be such parameters.

Fig. 1. Scheme of contact angles determination
at the various conditions.
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Among a number of methods permitted to
determine the SV only few ones are
appropriate for polymers [1]. The number
of methods for SL determination is more
restricted [1]. The measurements of
advancing a), reciding ( r) contact angles
and contact angle in preferential wetting
conditions ( 21) allow to determine SV and
SL (Fig.1). For a long time this method is
successfully used in spite of the number still
unsolved problems of wetting theory and
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difficulties of experimental data interpretation for real systems [2-4].
2. THEORY
The principal possibility of the determination of polymer surface energetic characteristics appears
from the Young equation for equilibrium contact angle ( ) of liquid droplet on the solid surface:
cos

SV

SL
LV

SV , SL, LV are accordingly values of free surface energy of solid/vapor, solid/liquid and liquid/vapor
interfaces [2]. In accordance to thermodynamic the solid must be in balance with liquid and one’s
saturated vapor. Thus, the problem of adsorption of liquid from vapor onto solid surface leads to SV
decrease due to the film pressure ( ) of liquid adsorption layer in front of perimeter of drop takes place
if the experimental aim is to determine the SV value [5]:

os = (

SV

–

SL –

)/

LV.

Usually the solid surfaces are divided in high energy (metals, ionic crystals) and low energy ones
(particularly it is majority of polymers) [5, 6]. It is the rule to possess that in case of low energy
surface the value is negligibly low in comparison to SV, and SV is constant during the testing of
surface by contact angle. The SV value, divided high and low energy surfaces, is rather conditional.
For example, according to [6] it must be SV 60 mJ/m2. Estimation of water advancing contact angle
( a(W)) at such surface at 20oC using Young equation and Antonov’s rule [1] gives a (W) > 50o. At the
same time in [2] it is pointed that SV = const up to a (W) > 10o. Another assumption of SV = const is
the case when the criterion for test liquid LV < SV is fulfilled. Thus, the problem of determination of
conditions when
accounting is necessary, is not yet dissolved completely. Nevertheless, the
assumption about SV = const permits to use contact angle measurements as the method for SV value of
polymers determination [2, 7, 8].
Also it should be taken into account that Young equation is valid to ideally smooth solids with
homogeneous surfaces which do not interact with test liquids by chemical bonds formation,
dissolution or swelling. Practically the infinite set of metastable states can be realized during the
wetting of solid surface with test liquid [3, 5]. So, the static contact angles are not necessary the
equilibrium contact angles. That is why it is important to standardize carefully the choice of
experimental samples of each polymer using measuring of the advancing and receding contact angles
of liquid (usually it is distilled water) preliminary to the SV and SL determination.
The theoretical approaches to SV determination using contact angle measurements can be divided on
two groups. One of them bases on molecular theory of wetting, others use thermodynamic equation of
state for interfacial tension of solid – liquid systems [2, 5]. The main advantage of molecular theory of
wetting is the possibility to determine the components of the SV value which, in general, are the
mirrors of non-compensate attractive polar and dispersive intermolecular interactions inside the solid
phase.
So, this possibility permits to understand how these interactions must be changed, for example, using
inclusion of substituent in monomer link, to provide the desirable surface property of polymer. In turn,
this fact makes the contact angle measurements very informative and relatively express method for
physical-chemical analysis of new polymers and comparison of properties of numbers of related
polymers with different side groups.
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Many
different
approaches
for
determination of SV and its components
using molecular wetting theory are
developed [2, 5]. The main difference
between these approaches is the attempt
to divide SV to the components:
1) SV = dSV + pSV , where dSV includes
London interactions and pSV includes
Keesom, Debye forces and hydrogen
bonds;
Fig.2. The relation of energies of non covalence
interactions [9].

2) SV = LWSV + abSV, where LWSV
represents Lifshits-van der Waals
dispersion forces and abSV represents acid-base interactions which realized by donor-acceptor
mechanism between the Lewis acids or bases and dominate over all polar interactions (in particular,
Keesom and Debye forces) inside solid phase.
But it should be pointed that the contribution of each component in total SV still not determined
exactly. So, the problem of determination of LV components also exists for test liquids. For all these
liquids the corresponding components of surface tension LV must be known. It should be mentioned
that values of dLV , pLV and LWLV for the test liquids obtained at the different works are in a good
agreement [4, 7]. At the same time the abLV values (namely, +LV and –LV) differ for the same liquid
[8]. This fact must be taken into account in choice of test liquids and methods for the determination of
SV and its components.
In spite of dispersion forces provide minimal attractive energy in comparison to other intermolecular
attractive forces (Fig. 2), the additivity of dispersion interactions makes it considerably more longrange in comparison to orientation and induction ones. So, namely dispersive interactions will possess
by the special sensitivity to package density of polymer chains in surface layer which indicates the
package density inside the polymer phase. Thus, the surface energy characteristics, certainly dSV, may
be informative for prediction of polymer application for membrane materials.
It is not quite sufficient to know only the SV and its components to predict the possible ways of
polymer application for practice tasks decision. The possible macromolecular mobility in interfacial
layer contacting with different media (especially, liquids) may cause changes in pack of polymer
chains so as decrease the interfacial energy SL. So, even the mechanical stability of polymer material
may change in result of its longstanding contact with liquid due to spontaneous dispergating of
polymer into liquid phase if SL value is too low ( SL < 1mJ m–2)[10]. Thus, the determination of
polymer SL at the interfaces with liquids of different polarity is necessary. The first works concerning
this problem were performed by E. Ruckenstein and coworkers with respect to problem of blood
compatibility of polymer materials [10-12]. It was shown that the behavior of polymer material in
biological environment is determined by its equilibrium interfacial energies: S(W)W (polymer-water),
SO (polymer-octane) and S(O)W (polymer, saturated octane-water). So, the special technique permitting
to determine mentioned values was developed [11, 12]. This technique includes the measurements of
contact angles of water droplet W and air bubble V at the polymer surface after contact with octane
during 24h and the measurement of contact angle of water droplet at the polymer surface contacting
with octane OW during 24h (Fig. 3). Equations permitting to calculate S(W)W, SO and S(O)W using W, V
and OW experimental values are presented in [11,12].
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With respect to blood compatibility problem it was
exhibited that in system «polymer-water», simulating
the «polymer-blood» system, for blood compatible
polymer materials must be fulfilled the condition:
V
O
(1; 3) mJ m–2[10]. If S(W)W < 1 mJ m–2 the
S(W)W
WO
spontaneous dispergating of polymer into water phase
occurs, if S(W)W > 3 mJ m–2the plasma protein (in
particular, fibrinogen) adsorption leads to thrombosis.
Two general directions exist to provide the blood
S(W)W
S (1)
S( )W
compatibility of polymers. There are synthesis of
alternating and block copolymers with definite surface
morphology due to micro phase separation preventing
Wpp
Wdd
Wdp
platelet adhesion and modifying of polymer surface to
Fig. 3. Scheme of experimental
provide the appropriate value of «polymer-blood
determination of polymer work of adhesion plasma» interfacial energy. Three paths exist to realize
to model liquids. Contact angles are
second direction: the physical adsorption of surfactants
marked iv accordance to [12].
or their mixtures, chemisorption of interest compounds
and polymerizing inoculating [13, 14]. The advantage of adsorption modifying of polymer surfaces
with surfactant adsorption layers is stability of mechanical characteristics of polymer material while
surface characteristics changes. But the modifying layers at the polymer surface must be stable.
Water and octane appeared to be very convenient model objects with respect to problem of polymer
adhesion to the different substrates. First, it may simulate polar and non polar phases with respect to
comparison of adhesive properties of polymers. Second, octane surface tension value LW = 21,8 mJ m–
2
is the same for one for surface tension dispersion component of water [8]. This fact simplifies the
equations for calculation of S(W)W , SO and S(O)W [11, 12].
The parameters permitting to predict and to compare the adhesion properties of polymers are the work
of adhesion values:
to non polar phases (model liquid is octane)

Wdd =

SV

+

LV

(octane) –

SO ,

(1)

to polar phases (model liquid is water)

Wpp =

SV

+

LV

(water) –

S(W)W ,

(2)

to non polar and polar phases both

Wdp =

SO +

LV

(water) –

S(O)W.

This new approach for prediction of adhesion of polymers to inorganic substrates (in diffusion
«polymer-substrate» absence) is presented by us in details in work [15]. In this work the number of
advantages of one in comparison to other existing approaches for estimation and comparison of
adhesion using contact angle measurements [5, 16, 17]:
- using of equilibrium values of «polymer-model liquid» interfacial energy for prediction and
comparison of polymer adhesion whereas equilibrium claiming is not always satisfied when the work
of adhesion is calculated using Young-Dupre equation and experimental static contact angles of liquid
binders at the solid substrate surfaces;
- taking account of the possible alteration of the polymer adhesive properties caused by solidification
of binder;
- existing of possibility of polymer adhesion prediction to polar and non polar model phases both
permitting to apply the prediction results for hybrid composite materials.
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So, the possibilities of contact angle measurement for prediction of possible fields of polymer
application and optimization of choice of polymer for the decision of definite practical task mentioned
above will be illustrated further on certain examples.
3. EXPERIMENTAL
The films of linear and cross-linked polymers applied onto solid carrier (Alumina plate 10x15x1mm)
by glazing from solutions were used (Table 1). Polynorbornenes: non-substituted (PNB), containing
one (Me3Si-PNB) and two ((Me3Si)2-PNB) trimethylsilyl groups in monomer link) were synthesized
by ring-opening metathesis polymerization and characterized in A.V.Topchiev Institute of
Petrochemical Synthesis, RAS [18].
Table 1. Physical-chemical characteristics of polymers which were objects of investigations.
Structural formula of monomer link

Characteristics of polymers and
preparation

conditions of

films

Mw = 1100000; Mw/Mn = 2,2;
n

cis : trans configuration balance 20 : 80

PNB

Tg = 43oC (Ar)
0,5wt% in toluene; drying in air at 20oC during 2h
Mw = 500000; Mw/Mn = 2,5;

Me3Si-PNB
n

cis : trans configuration balance 30 : 70
Tg = 102oC (Ar)

SiMe3

0,5wt% in toluene; drying in air at 20oC during 2h
(Me3Si)2-PNB

n
Me3Si

Mw = 470000; Mw/Mn = 1,9;
cis : trans configuration balance 10 : 90
Tg = 167oC (Ar)

SiMe3

0,5wt% in toluene; drying in air at 20oC during 2h
composition of ENFB in mixture of ethanol : acetone 2:1 and
PAA in dimethylformamide;

ENR
O

O

O

PAA content
O

C
H2

subsequent heating at 160
[19]

O

O

C
H2

was varied in interval of (0÷10) wt%;

n

PAA
O

O

COOH

HOOC
NH

C

O

O

Polystyrene

NH
C
O

PS

n

Mw = 43000; Mw/Mn = 2,1;
Tg = 96oC (air)
0,5wt% in toluene
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ENFB binder with main ingredient epoxynovolac resin (ENR) was used as received with addition of
different amounts of modifying agent of polyamidoacid (PAA) which was a precursor of polyimide
[20]. Polystyrene was synthesized by frontal polymerization method and characterized in Institute of
Problems of Chemical Physics, RAS [21].
The surfaces of polymer films were standardized using values of water advancing a (W) and receding
(W)
contact angles. Samples for experiments were chosen so that a (W) and r (W) values differs from
r
ones pointed in Table 1 not above ±1 deg. Contact angles were measured using sessile drop technique
at 20oC using horizontal microscope with goniometer at power 20 times with accuracy 1deg.
Two-liquid method (Owens-Wendt-Kaelble)[5] was used to calculate the free surface energy of
polymer films SV and its dispersive dSV and polar pSV components. The calculations were performed
by solving of equation set:

1 cos
1 cos

where
(Fig.1),
liquids;

L1
p

and
L1,

SV

L1

L2

L1

L2

2

d
L1

d
SV

p
L1

2

d
L2

d
SV

p
L2

p
SV
p
SV

are contact angles of the droplets of test liquids at the polymer surface
d
d
L1,
L2 – polar and dispersive components of the surface tension of test
d
p
SV +
SV.
p

L2

L2,

Bidistilled water (W) and ethylene glycol (EG) with purity at least 99.8% with the water content less
0.005% (Sigma Aldrich) were used as test liquids, bidistilled water and octane (O) with purity 99%
(Merck), were used as model liquids [22].
Modified epoxynovolac resin (ER/PAA) was also used as binder for yarn-like micro plastics with
inorganic fibers. The micro plastics were prepared using ISO standard [19] (Table 2). Tensile strength
of micro plastics was determined also using ISO standard. The tasks of these experiments were to
compare the experimentally determined tensile strength with results of prediction of ER/PAA adhesive
properties using Wpp and Wdd values and to clarify of the influence of PAA additives on adhesive
properties of resin to different fibers. Wpp and Wdd were calculated using Eq.1,2. The Ruckenstein
technique was used for S(W)W and SO determination [11,12].
Table 2. Characteristics of micro plastics.
Fiber

Complex filament tensile
strength, GPa*

ER/PAA content, wt%

Porosity, %

Basalt

2,30

35 ± 3

3÷5

Glass

2,45

42 ± 4

2÷5

UKN

3,20

45 ± 3

3÷6

Torayca

4,90

33 ± 3

4÷9

*fabricator’s data
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To exhibit the possibilities of alteration of S(W)W using adsorption layers of surfactants13 with respect to
problem of blood compatibility of polymer materials, the aqueous solutions of following surfactants
were used as modifying agents of polystyrene surface: nonionic Pluronic F68 and Tween-80; cationic
chlorides of hexadecyltrimethylammonium (CTACl) and hexadecylpyridinium (CPCl); zwitterionic
polyelectrolite bovin serum albumin (BSA). It is known that surfactant mixtures can affect with more
efficiency in comparison to individual ones [23, 24]. So, the surfactant mixtures were used for
modifying of polystyrene surface to provide the desirable S(W)W value corresponding to Ruckenstein
criterion for blood-compatible materials. The surfactant concentrations and compositions of mixtures
were chosen on the base of our previous investigations (Table 3) [25, 26].
To control the surfactant adsorption at the polystyrene surface from aqueous solutions Quartz Qrystal
Microbalance (QCM) method was applied [26, 27]. To determine the contribution of individual
surfactants at summary adsorption on polystyrene from mixed F68/cationic surfactant solutions the
original technique was applied [27]. One includes the combination of QCM and radioactive label (RL)
methods.
Table 3. Concentrations and compositions of modifying surfactant mixtures.
Mixture

F68/CTACl

Concentration (C) and
mole fraction ( ) of
nonionic surfactant

-8

-5

F68/CPCl
-8

BSA/Tween-80
-5

C = (10 ÷ 5 10 )M

C = (10 ÷ 5 10 )M

C (Tween-80) = (4 10-7÷10-6)M;

0,5

0,5

C(BSA) = 10-4M = const

The radioactive tritium label was inserted into CPCl and CTACl molecules by thermal tritium
activation method [28]. At first the summary adsorption of F68 and cationic surfactant on polystyrene
film was measured by QCM. Then PS film was dissolved in toluene containing scintillator and the
quantity of adsorbed labeled cationic surfactant was determined by Liquid Scintillation Counting
method.
4. RESULTS AND DISCUSSION
The water wets bad the surfaces of polynorbornenes (Table 4). Wettability is less with content of
Me3Si-substituents in monomer link increase. This result points the hydropobization effect of side
Me3Si-groups in polymer chain caused by screening of -bonds in polymer chain by substituents. The
(W)
contact angle hysteresis
value is considerably high; one decreases with increase of Me3Sigroups. This result is probably connected with more uniform surface package of macromolecules
caused by the more uniform isomeric speciation for substituted polynorbornenes. It was shown earlier
that PNB is not stable in air atmosphere and one can react with oxygen already at the room
temperature [29]. Probably, the highest (W) value in case of PNB may be conditioned by the minimal
stability of this polymer to oxidation during the drying because of relative availability of its -bonds
for oxidation.

13

All reagents are from Sigma Aldrich
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Table 4. Contact angles of test liquids at the polynorbornens surfaces.
Polymer

a

(W)

, deg

r

(W)

(W)

, deg

, deg

a

(EG)

, deg

PNB

92

77

15

68

Me3Si-PNB

95

83

12

74

(Me3Si)2-PNB

100

93

7

83

The series of polynorbornenes with regular changing structure is very convenient object for
interrelation of «structure-surface energetic characteristics- property» of polymer exposure (Table 1).
The remarkable tendency of dSV decrease is observed in PNB > Me3Si-PNB > (Me3Si)2-PNB series
with polymer density decrease and increase of the coefficients of gas permeability. On the contrary,
the pSV keeps a constant value due to tendency of polymer to minimize the specific free surface energy
at the interface with non polar air phase. For more hard domain polymers Me3Si-PNB and (Me3Si)2PNB (Table 1) this effect may be related with screening of -bonds by Me3Si-groups. Thus, the results
point out the decrease of macromolecules packing density in surface polymer layer and demonstrate
the more sensitivity of soft dispersive interactions to its alteration in comparison to inductive and
orientation ones.
Table 5. Interrelation between the physical-chemical characteristics and surface energetic
characteristics of polynorbornenes.
Polymer
d
SV,
–2

mJ m

p
SV,
–2

mJ m

SV,

mJ m

–2

density(a),
cm

FFV

–3

Gas permeability
coefficient, Ba
H2

O2

PNB

20

4

24

0,98

0,16

21 [30]

3 [30]

Me3Si-PNB

15

4

19

0,92

0,20

77 [31]

21 [31]

(Me3Si)2-PNB

12

4

16

0,90

0,22

375 [32]

95 [32]

(a)

hydrostatic weighing method (isopropanol)

The packing density of macromolecules in surface polymer layer may correlate to one inside of
polymer phase and other physical-chemical properties related with domain hardness of
macromolecule. Really, this interrelation (Table 5) do exists between the polymer density, gas
permeability and free volume fraction (FFV). The FFV value was calculated using Bondy’s formulae:
FFV = (1 – 1,3·Vw·d/M), where d and M are the density and molar mass of monomer link, Vw is van der
Waals volume of monomer link calculated by method of Askadskii [33].
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0,23

FFV

0,22
0,21
0,2
0,19
0,18

y = -0,0076x + 0,3116

0,17

R2 = 0,9978

0,16

d

0,15
10

12

14

16

18

SV ,

-2

mJ m

20

22

Fig.4. Correlation dependence between FFV and
d
SV value for polynorbornenes.

Of special note is a good linear dependence
between the FFV and dSV values for series of
related
polymers
(polynorbornenes).
Concerning such dependence existing for other
series of polymers the novel experimental
investigations will be done. This result may be
in special interest to predict of polymer
application for membrane material creation
because one exhibits the possibility of express
determination of free volume alteration of
related polymers with different side groups
using contact angle measurements.

The wettability of solidified ENFB/PAA films with water depends on the PAA content (Table 6). The
best wettability at (PAA) = 3% was observed. With the (PAA) increase in interval
(0;10) the
d
does
not
change
in
its
accuracy
determination
scope
(Table
6).
At
the
same
time
the
dependence
SV
p
(PAA) = 3%. Thus, at this composition the ENFB/PAA provide a best
SV = f( ) has maximum at
adhesion to the test liquids due to the polar interactions.
Table 6. Contact angles of test and model liquids at the ENFB/PAA surfaces
at the different PAA content.
(PAA), %
, deg

0

1

2

3

5

7

10

75

71

66

64

68

73

74

(EG)

, deg

52

48

42

40

45

50

52

V,

deg

123

127

135

143

125

124

123

O,

deg

103

108

118

127

105

104

103

deg

124

126

128

132

128

124

121

a
a

(W)

WO,

The maximums of dependencies of V, O and WO from at (PAA) = 3% also point out the maximal
polarity of ENFB/PAA surface at this composition. The S(W)W minimal value at (PAA) = 3%
provides the maximal Wpp value due to interaction of ENFB/PAA with model liquid (water) thereby
polar interactions. The SO does not depend from (PAA). But calculation of Wdd show the maximal
adhesion of ENFB/PAA with model liquid (octane) at (PAA) = 3% (Table 7).
Table 7. The energetic and adhesion characteristics of ENFB/PAA surfaces
at the different PAA content.
(PAA), %
d
SV,
p
SV,
SV,

0

1

2

3

5

7

10

mJ m

–2

19

18

18

18

18

18

19

mJ m

–2

13

16

19

21

18

14

13

–2

32

34

37

39

36

32

32

8

7

4

2

7

8

8

mJ m

S(W)W,
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SO,

mJ m–2

3

2

2

2

2

3

3

–2

Wpp, mJ m

97

100

106

109

101

97

97

Wdd, mJ m–2

51

53

57

59

56

51

51

It was founded [20] that such adhesion behavior is provided by the peculiarities of chemical reactions
passing during thermo cocuring of ENFB with different PAA content. When (PAA) < 5% the
cocuring of ENFB and PAA by amide groups of PAA occurs and at (PAA) 5%, cocuring with the
participation of both amide and carboxyl groups of PAA occurs and leads to the formation of a threedimensional grid of complex structure. Moreover, at (PAA)
5% the phase separation in
ENFB/PAA during cocuring was observed, perhaps in consequence of polyimide formation at high
PAA content [20].
The extremal dependencies of Wpp = f( ) and Wdd = f( ) reflect the dependencies of micro plastic
tensile strength with ENFB/PAA network from PAA content P = f( ) which have maximums at
(PAA) = 3% independently from fiber type (Fig. 5).

Fig. 5. The dependencies of micro plastics tensile strength P from PAA content in network .

Table 8. The influence of adsorption modifying on the interfacial energy of
«polystyrene-water» interface.
Conditions
S(W)W,

PS

mJ m–2

19

BSA

BSA/Tween 80

-4

10 M

-4

10 M

13

3

Tween 80

F68/CTACl*

F68/CPCl*

(4 10 ÷10 )M

-3

10 M

10-3M

1

2

1

-7

-6

* the total surfactant concentration is presented
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5

P , GPa

(1)

2

R =0,9935

4,5

2

R =0,9874

4

(2)

2

3,5

R =0,8851
2

R =0,9548

3
2

R =0,7669

2,5

(3)
2

R =0,8550

2

R =0,9462
2

R =0,9912 Wpp , mJ/m2

2

Wdd , mJ/m

1,5
40

50

60

70

(4)

2

80

90

100

110

Fig. 6. The correlation dependencies of the work of adhesion of
ER/PAA network to model liquids with tensile strength of yarn-like
micro plastics with Torayca (1), UKN (2), Glass (3) and Basalt (4)
fibers at PAA content
3%.
by polar and non polar intermolecular interactions.

At the area of homogeneity
of ENFB/PAA network a
linear correlation between
the work of adhesion values
and micro plastic tensile
strength is observed (Fig.
6). This experimental fact
points out on interactions
between
ENFB/PAA
network and inorganic
fibers due to polar and
dispersion forces both.
So, in case of absence of
binder diffusion in fiber the
contact angle measurements
in a model «polymerliquid» systems appeared to
be able to predict the curing
ENFB/PAA
composition
possessing the maximal
adhesive properties realized

The data of Table 8 demonstrate the possibilities of interfacial energy S(W)W alteration for blood
compatibility providing by means of adsorption modifying of polymer surface using surfactants and
their mixtures.
The initial polystyrene surface possesses a bad blood compatibility because of relatively high S(W)W
value. It is known that modifying of surfaces with serum albumin adsorption layers may lead to the
blood compatibility if the great conformation changes of adsorbed protein molecules don’t occur [25].
But in case of polystyrene the individual adsorption layer of BSA formed from the solution with
concentration of BSA C = 10-4M is not able to provide the appropriate S(W)W. Alternately, Tween-80
adsorption layers give too low S(W)W which induce ones dispergation in the water after the washing of
modifying surface with water. This fact was registered using QCM (Fig. 7). The mixed BSA/Tween80 adsorption layers don’t remove from the modified surface after washing while ones provide the
S(W) value obey to the criterion one for blood compatible materials (Fig.7, Table 8).
It is known that Pluronic adsorption layers may give satisfactory modification effect with respect to
for blood compatibility providing of solid surfaces [14]. In order to enough adsorption and strong
stability modifying layers at the polymer surface, Pluronics must possess the polyoxypropylene (PPO)
chain length containing at least 56 links [14]. In spite of Pluronic F68 has only 30 links in PPO chain,
it’s significant adsorption can be promoted with cationic surfactants. Presence of CTACl and CPCl in
mixtures with F68 also provides stability of mixed adsorption layers during washing by water and
satisfactory for blood compatibility S(W)W value (Table 8).
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30

-2

7

, x10 mol m

1

25
20
15
10

2

5

3

lgC , M

0
-8

-7

-6

-5

-4

-3

-2

Fig.7. The adsorption ( ) dependence (QCM)
from the Tween-80 concentration (C) for Tween80 before washing (1), BSA/Tween-80 after
washing(2) at C(BSA) = const = 10-4M; point (3)
corresponds to (BSA) at C(BSA) = 10-4M.

Fig.8. The adsorption ( ) dependence from the
total surfactant concentration (C) for Pluronic
F68 (1), F68/CTACl (2) and F68/CPCl (3)
mixed solutions ( = 0,5): QCM and RL data.

5. CONCLUSIONS
The energetic characteristics of polymer surfaces at the interfaces with air and liquids simulating the
polar and non polar media are the convenient parameters which allow predict the possible fields of
polymers application for creation of materials. So, for this purpose the contact angle measurements are
very informative and relatively express method.
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THERMOCHEMISTRY OF SELENATES OF SOME s-d-ELEMENTS
Kenzhebek T. Rustembekov, Zaure M. Sharipova, Almagul T. Dyusekeeva
Academican Y.E. Buketov Karaganda State University
28, Universitetskaya Str., Karaganda, Kazakhstan, 100028

Abstract
The possibility of obtaining double selenates of cadmium’ with the s-elements is showed. Isobaric heat
capacity of the compounds was studied by the method of dynamic calorimetry in the range of
298.15 - 673 K. Abnormal jumps on the curves of the temperature dependence of the heat capacity of
the compounds show phase transitions of the type II, due to the valuable physical properties of
selenates. The results are of interest to inorganic materials engineering and for information banks on
the thermodynamic constants of inorganic substances.
Key words: cadmium selenates, calorimetry, heat capacity, phase transitions of type II, the
thermodynamic functions.
The widespread introduction of electronic technology in various sectors of industry, science and
inorganic chemistry confronts the task of finding new compounds with promising physical properties,
such as semiconductor, ferroelectric, radioluminescent, piezoelectric, and pyroelectric and
superconducting. In this regard, the study of a system consisting of oxides of alkali (alkaline earth), dmetals and selenium are important for inorganic materials engineering and forming them into new
selenates can have both original and unique properties. Some semiconductor, ferroelectric, magnetic
materials after special heat treatment transformed into a thermodynamically metastable state. That is,
changing the original properties and parameters of these materials. These processes occur by desire for
structure, formed under certain conditions, to move material in a thermodynamically stable state. To
monitor changes in the temperature dependence of heat capacity of solid crystalline substances and the
energy change in the exchange of cations, methods of calorimetric measurements of thermodynamic
properties of crystalline compounds (Reznitskii 1981, Reznitskii 1978) are used. Thermodynamic and
thermochemical properties of compounds are of interest for modeling the process of obtaining
materials with desired properties.
At the Department of Inorganic and Technical Chemistry, Karaganda State University named after
E.A.Buketov for several years a systematic study to find and develop the scientific foundations of the
directed synthesis of new oxycompounds of selenium and tellurium with unique physical properties
are carried out (Dyuseekeva 2008, Rustembekov 2009). In this paper we present the results of
synthesis and calorimetric study of the specific heatscapacity, new selenates of some s-, d-elements.
Studied double selenates were synthesized with a liquid-phase method. Alkali (alkaline earth) metals
and d-elements (grade "chemically pure") and 68% probability selenic acid grade "chemically pure" in
stoichiometric ratios were the initial components for synthesis. The formation of the equilibrium
composition of the compounds and personality were controlled by X-ray and chemical analyzes
(Dyuseekeva, Rustembekov 2007, Rustembekov, Dyuseekeva 2007, Rustembekov, Dyuseekeva
2008).
The heat capacity of the synthesized compounds was investigated in the temperature range
298.15 – 673 K on a series calorimeter T-400. Experiments were carried out under monotonic
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heating of the sample with an average speed of about 0.1 K per second for temperature differences
between the sample and the medium 3 – 30 K. At such temperature changes the time lag of
temperature on heat meters are measured. It should be noted that the value is determined by the
temperature difference of heat flow. Measurement scheme of the device provides a measurement of
temperature at fixed points in 25°C. Application of the device is limited to the volume specific heat
= 10·106 J/K·m3. Heat meters was the heat flux transducer, which provided flux measurements,
leveled the surface temperature of the sample made it possible to carry out the grading directly in the
thermal unit for accounting errors. Liquid nitrogen served as a refrigerant. The duration of the
measurements over the entire temperature range with the processing of experimental data was less
than 2.5 hours. Maximum permissible error of the instrument to passport data is ±10% (Technical
description and operating instructions for the T-400 1986). Calibration of the instrument was carried
out on the basis of determining the thermal conductivity of heat meter K (Platunov, Burawoy,
Kurepin, Petrov 1986). To do this, several experiments were conducted with a copper sample and the
empty ampoule. Thermal conductivity of the heat meter is determined by the formula:

Ê Ò = ÑCu / (

0
TCu

),

(1)

where CCu – total heat capacity of the copper sample, J/(mol·K);
TCu

T

– the average time lag for heat meters in experiments with a copper sample, s;

– the average delay time in the experiments with the empty ampoule, c.

Total heat capacity of the copper sample was calculated by the formula:
Cu

=

s.h.

· mCu,

(2)

where Cs.h. – valued the specific heat capacity of copper, J/(mol·K);
mCu – mass of the copper sample, kg.
The value of the specific heat capacity of the substance was calculated using the formula:
s.h.

where

=

/m0

– 0),

(3)

– thermal conductivity of heat-flow meter;
m0 – mass of the substance;
– the time lag of temperature on heat meters, s;
0

– the time lag of temperature on heat meters in the experiments with the empty ampoule, s.

Using the value of specific heat capacity, taking into account the molar mass value of molar heat
capacity was calculated by the formula:

Cì = Cs.h. M ,

(4)

where Cs.h. – the specific heat capacity of a substance
M – molar mass of the substance.
At each temperature five parallel experiments were carried out, whose results were averaged and
processed by methods of mathematical statistics.
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At each temperature for the average values of specific heat capacity evaluated the standard deviation (
) of (Spiridonov, Lopatkin 1970):
n

(Ci - C) 2

i=1

=

,

n-1

(5)

where n – is a number of experiments;
Ci – is a measured value of specific heat capacity;

C – the arithmetic mean of the measured values of specific heatcapacity.
For the average values of molar heat capacity of (Dyuseekeva 2008, Rustembekov 2009) the random
component of error was calculated:
0

where

0

=

tp
C

100 ,

(6)

– the random component of error in %;

tp – student's coefficient (for n = 5, tp = 2.75 with p = 0.95 confidence interval).
Systematic component of error was calculated by the formula:
c

where

c

=

C - C0
100 ,
C0

(7)

– the systematic component of error in %;

C0 – the value of the heat capacity of the exemplary steps taken at the temperature at which heat
is determined.
Determination of the maximum permissible error was carried out as follows:
o
ñ

.

(8)

In our studies we did not take into account the systematic errors and errors in temperature
measurement, since they were negligible in comparison with the random component. According to the
theory of errors, if random error is much larger bias error of the instrument scale, the accuracy of the
instrument will be determined by random error (Dyuseekeva 2008, Rustembekov 2009), and random
error is used instead of the limiting error.
The work was verified with the calorimeter to determine the specific heat of -Al2O3. The resulting
value (298.15) of -Al2O3, equal to 76.0 J/(mol·K), agrees satisfactorily with its recommended value
of 79.0 J/(mol·K). These data show not only the reliability of the results, but a negligible value of
systematic error, such as the measurement error of temperature.
To determine the accuracy of the coefficients in the equations of the temperature dependences of heat
capacity, values of the mean random errors for the considered temperature range were used.
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Due to the fact that the technical characteristics of the device do not allow you to directly calculate the
standard entropy of the selenates of the experimental data, it was determined by ion increments
(Kumok 1987). Based on known relations with the experimental data on heat capacity and the,
calculated values of entropy, temperature dependences of the functions Ñ0p (T) : f(T) were
calculated. Calculations were carried out using the following formulas (Dyuseekeva 2008,
Rustembekov 2009):
T
o

o

CopdT ,

H (T) - H (298.15)

(9)

298.15
T
o

o

S (T) = S (298.15) +
298.15

Ñp
T

dT ,

(10)

H o (T) - H o (298.15)
Ô (Ò) = S (T) .
T
õõ

o

(11)

The errors in the temperature dependence of the enthalpy evaluated with an average error of the
random component of the specific heat and the temperature dependence of the error and average error
was calculated by summing the experimental determination of heat capacity and entropy calculation
accuracy. The results of the calculations are defined within the accuracy of the calculation.
With the instrument of T-400 in the range of 298.15 – 673 K the specific heats of compounds
Na2Cd(SeO4)2, MgCd(SeO4)2, aCd(SeO4)2 were investigated, and then the molar heat capacity were
calculated from the experimental values. The results are presented in Table 1.
Table 1. The experimental values of heats Na2Cd(SeO4)2, MgCd(SeO4)2, aCd(SeO4)2
,

Cp

1

, J/(g·K)

Ñ ð0

2

o

, J/(mol·K)
3

Na2Cd(Se

4)2

298.15

0.3684±0.0130

164±16

323

0.5143±0.0081

229±10

348

0.6317±0.0069

281±9

373

0.7472±0.0084

332±10

398

0.8070±0.0102

359±13

423

0.8654±0.0033

385±4

448

0.7921±0.0085

352±10

473

0.7199±0.0076

320±9

498

0.6752±0.0076

300±9
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523

0.6155±0.0077

273±10

548

0.6055±0.0077

291±4

573

0.5627±0.0078

307±4

598

0.5428±0.0077

330±4

623

0.5865±0.0099

345±4

648

0.6415±0.0089

355±4

673

0.6668±0.0041

363±5
MgCd(Se

4 )2

298.15

0.5468±0.0168

231±20

323

0.6106±0.0066

258±8

348

0.7303±0.0069

309±8

373

0.5983±0.0058

253±7

398

0.7375±0.0056

312±7

423

0.8694±0.0060

367±7

448

0.9541±0.0069

403±8

473

1.0159±0.0076

429±9

498

0.9088±0.0062

384±7

523

0.8382±0.0063

354±7

548

0.7688±0.0063

325±7

573

0.7262±0.0101

307±12

598

0.9026±0.0077

381±9

623

0.9961±0.0066

421±8

648

1.1039±0.0073

467±9

673

1.1870±0.0074

502±9
Cd(Se

4)2

298.15

0.4896±0.0189

219±16

323

0.5122±0.0099

224±12

348

0.5750±0.0094

253±12

373

0.7665±0.0092

81±3

398

0.3851±0.0121

169±15

423

0.6047±0.0079

265±10

448

0.7346±0.0103

321±13

473

0.7741±0.0098

339±12

498

0.6733±0.0081

295±10

523

0.5865±0.0122

258±15
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548

0.4929±0.0072

217±9

1

2

3

573

0.3961±0.0083

173±10

598

0.4657±0.0053

205±6

623

0.4886±0.0100

215±12

648

0.5228±0.0154

229±19

673

0.5473±00132

241±16

From the results shown in Table 1, it is shown that over the entire temperature range of measurement
error in the heats are stacked outside the error of the instrument of T-400.
In the study of the specific heat Na2Cd(SeO4)2, MgCd(SeO4)2, aCd(SeO4)2 on the temperature at
423 K for Na2Cd(SeO4)2 at 348 and 473 K in the two other compounds detected abnormal sharp
discontinuities associated, probably, with phase transitions of type II. These transitions may be
associated with cationredistribution, with changes in the coefficients of thermal expansion and
changes of the magnetic moments of the synthesized compounds. Due to the presence of phase
transitions, the dependence of Ñop (T) : f(T) a few compounds was described by equations whose
coefficients are given in Table 2.
Table 2. The equations of the temperature dependence of specific heat Na2Cd(SeO4)2,
MgCd(SeO4)2, aCd(SeO4)2 in the range of 298.15 – 673 K
o

Na2Cd(Se

MgCd(Se

Cd(Se

291

-2

The coefficients of the equation Ñð = a + bT + cT , J/(mol·K)

ompound

4)2

4 )2

4)2

-3

a

b·10

603.3 22.3

-2.3 0.1

389.8 14.4

298 – 423

854.1 24.4

-1110.2 31.8

-

423 – 598

746.3 21.3

-274.7 7.9

-900.4 25.8

598 – 673

-231.1 6.2

1551.0 41.7

-

298 – 348

1085.1 29.2

-2231.2 60.0

-

348 – 373

1495.7 40.2

-1217.5 32.8

-1097.3 29.5

373 – 473

-520.6 14.0

718.9 19.3

1364.6 36.7

473 – 573

1792.6 48.2

-830.6 22.3

-3315.4 89.2

573 – 673

14.6 0.7

685.4 32.5

-

298 – 348

2641.9 125.2

6864.4 325.4

-

348 – 373

3033.6 143.8

-3561.3 168.8

-2259.2 107.1

373 – 473

1125.7 53.4

-1662.5 78.8

-

473 – 573

1113.2 52.8

-741.8 35.2

-1691.0 80.2

573 – 673
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Graphical representation of heat depending on the temperature of the compounds is shown in the
figure below.
Thus, in the range of 298.15 – 673 K specific heat capacityof double selenates were experimentally
determined, equations of the temperature dependence of heat capacity are derived (Platunov,
Burawoy, Kurepin, Petrov 1986, Spiridonov, Lopatkin 1970). In the study of the temperature
dependence of the heat capacity of the synthesized compounds identified in the curves of
Ñop (T) : f(T) -shape effects are probably related to the phase transition II-type: Na2Cd(SeO4) 2

C0P, J/(mol· K)

C0P, J/(mol· K)

C0P, J/(mol· K)

(423 K), MgCd(SeO4)2 (348, 473 K), aCd(SeO4)2 (348, 473 K).

500

350

300

400

200
250
300

1

150

,

250

450

650

100

2

200

,

250

450

650

3

0

,

250

450

650

Notation of curves: 1 – Na2Cd(SeO4)2, 2 – MgCd(SeO4)2, 3 – aCd(SeO4)2.
Fig. – Double selenates of cadmium of the heat capacity on the temperature
On the basis of known relationships, and values of the coefficients of the equations of the temperature
dependence of the heat capacity of the compounds thermodynamic functions, So (T) ,

Ho (T) Ho (298.15) and Ô õõ (Ò) were calculated. The results are shown in Table 3. For all values
of heat capacity and enthalpy over the entire range of temperatures average random error components
were evaluated, and for the values of entropy and the reduced thermodynamic potential in the
evaluation of error the accuracy of the calculation of the entropy was included (± 3%).
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Table 3. Thermodynamic functions Na2Cd(SeO4)2, MgCd(SeO4)2, aCd(SeO4)2
in the range 298.15 – 673 K

Ñoð (Ò)

,
1

o

,

o

So (T)

,

J/(mol·K)

J/(mol·K)

2

3
Na2Cd(Se

Ho (T) - H o (298.15)
J/mol

o

,

Ô õõ (Ò)
J/(mol·K)

4

5

4)2

298.15

164±5

290±17

-

290±17

300

170±5

291±17

333±10

290±17

325

234±7

307±18

5404±155

290±17

350

284±8

326±19

11900±340

292±17

375

325±9

347±20

19538±559

295±17

400

359±10

369±22

28102±804

299±18

425

387±11

392±23

37429±1070

304±18

450

355±10

413±24

46642±1334

309±18

475

327±9

431±25

55160±1578

315±18

500

299±9

447±26

62985±1801

322±19

525

271±8

461±27

70115±2005

328±19

550

298±9

474±28

77286±2210

334±20

575

318±9

488±29

84963±2430

341±20

600

338±10

502±29

93061±2662

347±20

625

350±10

516±30

101509±2903

354±21

650

361±10

530±31

110248±3153

360±21

675

372±11

543±32

119225±3410

367±22

MgCd(Se

4 )2

1

2

3

4

5

298.15

231±6

237±7

-

237±13

300

234±6

238±14

465±13

237±13

325

273±7

259±15

6805±183

238±14

350

312±8

280±16

14114±380

240±14

375

248±7

299±17

21021±565

243±14

400

323±9

318±18

28330±762

247±14

425

371±10

339±19

37030±996

252±14

450

406±11

362±21

46762±1258

258±15
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475

431±12

384±22

57242±1540

264±15

500

385±10

405±23

67352±1812

270±15

525

352±9

423±24

76543±2059

277±16

550

326±9

439±25

85002±2287

284±16

575

305±8

453±26

92883±2499

291±17

600

373±10

467±27

101475±2730

298±17

625

425±11

484±28

111469±2999

305±17

650

468±13

501±29

122645±3299

313±18

675

504±14

520±30

134812±3626

320±18

Cd(Se

4)2

298.15

219±10

252±8

-

252±8

300

220±10

254±20

439±21

252±20

325

237±11

272±21

6158±292

253±20

350

254±12

290±22

12305±583

255±20

375

68±3

301±23

16143±765

258±20

400

197±9

311±24

19831±940

261±20

425

269±13

325±25

25723±1219

264±20

450

315±15

342±26

33080±1568

268±21

475

341±16

359±28

41321±1958

272±21

500

294±14

376±29

49202±2332

277±21

525

253±12

389±30

56044±2656

282±22

550

211±10

340±31

61847±2932

287±22

575

170±8

408±32

66610±3157

292±23

600

198±9

416±32

71292±3379

297±23

625

217±10

425±33

76490±3626

302±23

650

231±11

433±34

82091±3891

307±24

675

241±11

442±34

88000±4171

312±24

The values of standard entropies have been evaluated by the Kumokionic entropy increments
(Kumok 1987) as follows:

So (298.15) Na 2Cd(SeO 4 ) 2 =2Si (298.15) Na + Si (298.15) Cd 2+ +2Si (298.15) (SeO4 ) 2-

(12)

So (298.15) MgCd(SeO 4 )2 Si (298.15) Mg 2+ +Si (298.15) Cd 2+ +2Si (298.15) (SeO4 )2-

(13)

So (298.15) CaCd(SeO4 ) 2 =Si (298.15) Ca 2+ +Si (298.15) Cd 2+ +2Si (298.15) (SeO4 ) 2-

(14)

Where Si(298.15) – ion entropy increment of the element.
294

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Thus, by the method of dynamic calorimetry in the range of 298.15 – 673 K isobaric heat capacity of
the synthesized double selenates s-elements and cadmium was studied, which are derived on the basis
of the equation depending on the temperature of the heat capacity.On the curves of temperature
dependences of heat capacity for all compounds detected -shaped effects related to the phase
transition of type II. The presence of type II phase transition in the heat capacity curve suggests that
these compounds may possess unique physical properties.On the basis of experimental data on heat
capacity and entropy values calculated for the double selenates temperature dependences of
thermodynamic functionswere determined. The research results may be of interest for the direct
synthesis of halkogenates with desired properties, for chemical and metallurgical processes involving
selenium compounds. In addition, they can serve as baseline data for basic reference and information
banks on the thermodynamic constants of inorganic substances.
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Abstract
Turkey is a land of cotton fibres furthermore cotton fabric production. In recent years, glass fibre
fabric manufacture is rapidly developing in the country, as well. The production wastes of these two
industries are re-used in various applications however the key aim of this preliminary work is to reevaluate and combine these two very different waste fibers, namely cotton and glass, in a hybrid
composite in order to design a more value added product. For this purpose, waste E-glass and cotton
fibres were used as reinforcement in the polyester matrix in order to produce a hybrid composite by
using compression moulding technique. Mechanical analyses including impact resistance, tensile
strength and hardness tests were investigated. For micro-structural analysis, scanning electron
microscopy (SEM) was also carried out as an instrument. Consequently, cotton and E-glass fiber
fabric wastes can be recycled for making more value added products in the future.
Key words: hybrid composite, cotton waste, e-glass fibre, natural fibre composite.
1. INTRODUCTION
In recent years, there has been a growing interest for using natural fibres in polymer matrices because
they are environmentally friendly, low cost, biodegradable, and renewable resources. Although there
are some drawbacks in using natural reinforcement materials in synthetic polymer matrices, such as
their inherent variability, poor wetability and poor interfacial adhesion with many polymer matrices;
getting hybrid composites by combining proper reinforcement materials or using physical and
chemical treatments of the fibres can be the solutions [1,2].
Mostly, interior panels for automobiles and trucks are an example of today’s use of natural fibres in
polymer matrix composites [2,3]. The main advantages of using natural fibres are related with their
environmental aspects and their low weight which let these composites be able to compete with glass
mat thermoplastics in wide spread use for automotive industry. Compression molding and resin
transfer molding techniques are mostly prefered methods for producing thermoset composites[3]. In
the literature, there are several studies on natural fibre reinforced polymers and hybridization of
composites [1-6].
Since Turkey is a land of cotton fibers for years, there is a vast production of cotton fabric in the
country. Waste of this fabric production is reused in many fields in Turkey on the other hand these
wastes can be evaluated in more value added novel products, like benefiting them in hybrid
composites. Nowadays, glass fiber fabrics are being manufactured increasingly in Turkey, mostly used
in sailing sector. There has been also some waste in this sector however they are not evaluated in a
professional manner. The key aim of this study is to re-evaluate and combine the two very different
waste fibers, namely cotton and glass, in a hybrid composite in order to design a more value added
product. For this purpose, waste E-glass fibres and cotton fibres opened from waste cotton fabrics
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were reinforced to the polyester matrix in order to produce a hybrid composite by using compression
molding technique. Mechanical performances of these composites were investigated with Shore D
hardness, tensile strength and Charpy impact resistance tests. Scanning electron microscopy (SEM)
was carried out to investigate the fibre-matrix adhesion.
2. MATERIALS AND METHOD
2.1. Reinforcement and matrix material selection
In this study, for manufacturing the hybrid composite; polyester (PET) was used as the matrix material
where both waste e-glass and cotton fibers were used as reinforcement materials. Cotton fibers were
recycled from woven cotton fabric by using rag pulling machine which can be seen in Fig. 1a. Waste
E-glass fibers were provided from a fiber glass fabric manufacturer (Fig. 1b) [7]. Moreover, E type
glass was selected owing to its conformity of usage with PET resin and manufacturing by compression
molding technique [8]. Key characteristics of cotton and E-glass fibers were listed in Table 1 and 2.
a

b

Fig. 1. Rag pulling machine and recycled cotton fibers (a), trimmed waste e-glass fibers (b).
Table 1. Key characteristics of Cotton fiber [12]
Young Modulus (MPa)

5300-8000

Tensile Strength (MPa)

400-850

Elongation (%)

3-8

Table 2. Key characteristics of E-glass fiber [8, 12]
Type of fiber

E

Availability with resin

Polyester

Fiber diameter( )

Nom. 12
2
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Weight/ unit area(g/m )

225±7%

Split Tex (g/1000m)

30

Wettability

Quick
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Crosslinking type

Silane

Trimmed length(mm)

50

Young Modulus (MPa)

73000

Tensile Strength (MPa)

1900-2600

Elongation (%)

0-3.2

2.2. Manufacturing methodology
Composite panels were manufactured manually by the compression molding technique. Both female
and male moulds were designed for this study. Before placing the materials into these moulds, moulds
were smoothed over with wax to let them re-usable. Moreover polyester resin, trimmed e-glass fibers
and recycled cotton fibers were mixed with using separator paper in the moulds due to the
predetermined amounts. In this application, the most crucial parameter was to provide homogeneity in
the composite and in order to accomplish this, preparation of the samples were done in extreme care.
Moulds were then placed into hydraulic press (Fig. 2a) under 90 bar pressure through 24 hours.
Characteristics of the manufactured hybrid composites are listed in Table 3.
All test specimens were cut from these composite panels by CNC milling cutter (Fig. 2b) in relation to
the according standards [9-11].
a

b

Fig. 2. Hydraulic press (a), CNC milling cutter (b).
Table 3. Characteristics of hybrid composite specimens
Specimen

Polyester
(g)

Hardener

Cobalt

(g)

(g)

1

300

5

2

300

3
4

Code

298

E-glass
fiber (g)

Cotton
fiber(g)

Total
fiber
ratio
(%)

1

-

-

0

5

1

40

15

15.5

300

5

1

60

15

20

300

5

1

60

25

22
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2.3. Performance tests and analysis
Shore D Hardness test (ASTM D 2240-05) [9], Charpy impact resistance test (EN-ISO 179:1997) [10]
and tensile strength (ASTM D368-08) [11] test were performed to the composites (Fig. 3). Also, SEM
analysis was made to investigate the hybrid microstructure.
a

b

c

Fig. 3. Equipments of Shore D hardness test (a), Charpy impact resistance test (b), Tensile strength
test (c).
3. RESULTS AND DISCUSSION
3.1. Tensile strength tests
Test results indicate that the hybrid composites including 60 g e-glass fiber and 15 g cotton (coded as
3) wastes demonstrate higher maximum stress and maximum force values when it is compared to the
composites including 40 g e-glass fiber and 15 g cotton (coded as 2). This result can be clearly
justified by glass fibers’ superior tensile strength and modulus characteristics when compared with
that of cotton and polyester resin. Glass fibers have confirmed their superior reinforcement
characteristics to the hybrid composite therefore the increase of the glass fiber weight ratio improves
the strength of the composite as expected. On the other hand, the same specimens (coded as 3) have
also higher maximum stress values compared to the composites including 60 g e-glass fiber and 25 g
cotton wastes (coded as 4). This can be explained with the accumulation of cotton wastes in higher
weight ratios through the cross section of the test specimens which leads to weak points (Table 4, Fig.
4a) and moreover cotton fibers inherent low tenacity and low modulus characteristics to that of glass
fibers explain the reduction of the stress values, but on the other hand enhancing the strain
characteristics. Either they are e-glass or cotton, the increase in total fiber ratio results in higher
breaking elongation values as well (Table 4, Fig. 4b).
Table 4. Tensile strength test results.
Specimen Code
1
2
3
4
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Maximum Force (N)
1051.56
1410.94
1606.25
1532.81

Breaking Elongation (%)
0.519
0.525
0.662
0.743
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a

b

40
35
30
25
20
15
10
5
0

1

Maximum Stress
[N/mm2]

21.91

2
29.39

3
33.46

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

4

Breaking
Elongation [%]

31.93

1

2

3

4

0.519

0.525

0.662

0.743

Fig. 4. Tensile strength test results: maximum stress (a), breaking elongation (b).
3.2. Shore D hardness test and Charpy impact resistance
According to test results, composites with increasing e-glass fiber ratio have higher hardness and
Charpy impact resistance values (Fig. 5). These results can be explained by the glass fibers high
modulus characteristics. The hardness of the materials can be lowered down by addition of cotton
fibers, as seen in the specimen coded as 4. For reducing the hardness of the hybrid composite, the
cotton fiber weight ratio can be increased but on the other hand, the preparation of the samples with
higher cotton fiber is becoming more difficult. High wetting characteristics and interfacial adhesion of
cotton fibers make them easily accumulate in the resin at higher weight ratios therefore non-uniformity
occurs in the hybrid composite. This is a challenging problem and it can be overcome by improving
mixture application and determining an optimum ratio for cotton fiber.
a

b
84

2.50

82

2.00

80

1.50

78

1.00

76

0.50

74

0.00

72
70
Shore-D
Hardness

1

2

3

75

78

83

Charpy Impact
Resistance (Joule)

1

2

3

1.00

1.50

2.00

Fig. 5. (a) Shore D hardness test results, (b) Charpy impact resistance test results.
3.3. SEM analysis
Recycled cotton fibers and trimmed waste e-glass fiber bundles in the brittle polyester matrix can be
seen in Fig. 6a. Moreover, average diameter of the e-glass fibers used in this study was given as 12 in
300
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Table 1.This can also be confirmed by the measurement of the diameters of e-glass fibers from the
SEM images shown in Fig. 6b.
a

b

Fig. 7. SEM analysis: Hybrid composite structure (a) diameters of e-glass fibers (b).
4. CONCLUSION
In this preliminary work, test results indicate that increase in e-glass fiber ratio improves the tensile
strength of hybrid composites while it is contrary for cotton fibers. Utilization of waste cotton fibers as
a reinforcement material in 15g shows better tensile strength in comparison with its 25g in 300g PET
matrix. Although addition of cotton allows low density and low cost production by recycling the
wastes; it causes accumulation through the cross section of the specimens that leads to weak points
and so, loss of strength. Higher hardness and impact resistance were achieved by increasing the e-glass
fiber amounts from 40g to 60g in 300g PET matrix because of both thermoset PET matrix and e glass
fibers. Although high modulus and brittle structure of E-glass fibers causes hardness in the composite
this can be reduced by hybridization of the composite by utilizing cotton fibers that causes an increase
at the breaking elongation of the composites. Hybrid structure can be separately seen from SEM
images which also approves the fiber matrix adhesion.
These hybrid composites can be preferred in automotive industry as a buffer material. Their cost
analysis, mechanical performance including hardness and tensile strength seems to be adequate.
However, toughness of these hybrid structures is not in sufficient limits. Therefore, for future work, to
eliminate ductility, composites can be subjected to thermal treatments. Moreover, homogeneity of the
panels must be improved.
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Abstract
There has been major progress both in the methods developed for the production of nanomaterials
and the number of practical applications in the recent years. Nanomaterials are used in many fields
one of which is the textile industry. The research in textile industry is mainly focused on using
nanomaterials during manufacturing or finishing to produce nanostructured materials with either
special functions or improved properties. Carbon nanotubes, nanoclays, metals, metal oxides are
some of the nanomaterials which are used in textile applications. They improve the durability,
antibacterial/antimicrobial properties, self cleaning, water repellency, odorness, anticreasing, UV
shielding, electrical conductivity, antistatic properties, flame retardancy of textile materials.
In this paper, general information about nanomaterials is provided, the properties obtained through
the use of nanomaterials in the production of nanostructured textiles and a review of related studies
are presented.
Key words: nanomaterials, nanostructured textiles, textile applications.
3. INTRODUCTION
Nanotechnology is increasingly attracting worldwide attention owing to its wide range of end uses and
economical potential. Textile industry is one of the most comprehensive fields for nanotechnology
which gather many sub-study areas under its roof [1].
The term of nanotechnology can be described as the study of the controlling of a matter on an atomic
and molecular scale [1]. Since atoms and molecules have different properties from bulk materials; the
material that is divided into small particles shows unexpected properties that vary distinctly from those
of bulk material [2]. Therefore, the term of nanomaterials, can generally be defined as the materials
whose structures exhibit significantly novel physical, chemical and biological properties [3].
The research in textile industry is mainly focused on using nanomaterials during manufacturing or
finishing to produce nanostructured materials with either special functions or improved properties [3].
There are several studies about use of nanomaterials in textile applications some of which are UV
protection, water repellency, dirt resistance, self cleaning, antibacterial antimicrobial behavior, anti
odor or odor release, electrical conductivity, heat conductivity, antistatic, flame retardancy and
improved dye ability properties to textiles.
In this study, general information about inorganic nanomaterials which are mostly used in textile
applications is given and their mechanisms on related property are determined. Moreover, a detailed
review of many researches on mainly studied applications is gathered in order to develop a point of
view for the new researchers.
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4. INORGANIC NANOMATERIALS USED FOR TEXTILES
The inorganic nanomaterials include titanium dioxide (TiO2), zinc oxide (ZnO), silver (Ag), copper
(Cu), gold (Au), silica nanoparticles, carbon nanotubes (CNTs), nanolayered clay and their metal and
nonmetallic nanocomposites [4].
4.1. Nanoparticles of metal oxides
Nanoparticles of TiO2, ZnO, MgO and CaO are a group of metal oxides that have photo catalytic
ability, electrical conductivity, UV absorbing and photo oxidizing capacity against chemical and
biological species. Nanoparticles of metal oxides have higher efficiency than larger sized particles due
to their larger surface area. Moreover, transparency of nanoparticles prevents the textile’s color from
blurring [5].
4.1.1. TiO2 nanoparticles and their nanocomposites
TiO2 nanomaterials normally have electronic band gaps larger than 3.0 eV and high absorption in the
UV region. TiO2 nanomaterials are very stable, nontoxic, and cheap. They are suitable for UV
protection applications due to their optical and biologically benign properties. TiO2 is a semiconductor
with a wide band gap, with optical absorption in the UV region (<400 nm) [1]. Due to the very large
surface area and the increase in band gap with the decrease in nanoparticles’ size, the nanoscaled TiO 2
particles show many unique properties such as high stability, long lasting, safe and broad spectrum
antibiosis [6].
Their goodness in photo catalytic activities makes TiO2 nanoparticles preferable in the use of self
cleaning, antibacterial agent, UV protecting agent, environmental purification, water and air purifier,
gas sensors, and high efficient solar cell applications [4]. Moreover, the nanocomposites of TiO2 with
noble metals such as gold and silver increases the photo catalytic activities by extending the light
absorption range of TiO2 from UV to visible light [6].
Although there are three mostly known crystalline structures for TiO2 (Anatase, Rutile and Brookite),
higher surface area makes of Anatase TiO2 most applicable in photo catalysis. On the other hand,
Rutile is more stable than Anatase and Brookite at higher temperatures, which is mostly used in
pigment industry [4].
Among various techniques, sol gel process is one of the most used techniques for the production of
Anatase TiO2 nanoparticles [7].
2.1.2. ZnO nanoparticles
As TiO2, ZnO is an n-type semiconductor both of which are the only two metal oxides, among the 3d
transition metal oxide semiconductor series, have sufficient stability on photo excitation state. The
band gap energy of ZnO is 3.37 eV. ZnO nanoparticles are widely used in solar cells, sensors,
displays, gas sensors, piezoelectric devices, electro-acoustic transducers, photodiodes and UV light
emitting devices, sunscreens, gas sensors, antireflection coatings, and catalysis. [8]. ZnO is also used
to reinforce polymeric nanocomposites by increasing wear resistance and enhancing anti sliding
capability as a result of their high elastic modulus and strength [9].
ZnO nanoparticles have some advantages, compared to silver nanoparticles, such as lower cost,
whiteness and property of UV blocking due to their high absorption ability of infrared light and
infrared electromagnetic wave with their large surface area [8].
Although there are various techniques which have been used for the preparation of ZnO particles,
chemical route is known as the most commonly used one [9].
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Other metal oxides such as MgO and CaO also exhibited antibacterial activity [5]. Moreover, fire
retardant coatings with SiO2 are used to increase the fire retardance (FR) via “insulation” [10].
4.2. Metal nanoparticles
Metal nanoparticles show fascinating properties that varies from those of individual atoms, surfaces or
bulk materials. Their current or potential applications are diverse and interdisciplinary due to their
huge potential in nanotechnology [11].
4.2.1. Silver (Ag) nanoparticles
Since ancient times, silver has been mostly used material to fight against bacteria, viruses and other
eukaryotic microorganisms in antimicrobial and antibacterial applications. Moreover their use in the
nanoscale dimensions increases in number of particles per unit area which maximizes their
antibacterial effects [12]. Silver nanoparticles or nanosilver are clusters of silver atoms whose
diameters vary from 1 to 100nm [13].
The use of silver ion or metallic silver as well as silver nanoparticles includes medicines for burn
treatments, dental materials, coating stainless steel materials, textile fabrics, water treatment,
sunscreen lotions, etc. and possesses low toxicity to human cells, high thermal stability and low
volatility [12].
There are various techniques for preparation of silver nanoparticles such as photo catalytic reduction,
chemical reduction process, photochemical or radiation chemical reduction, metallic wire explosion,
sonochemical, polyols, matrix chemistry, photo reduction, reverse micelle based methods and even
biological synthesized [4].
2.2.2. Copper (Cu) nanoparticles
Copper nanoparticles have unique optical, catalytic and chemical characteristics specialized in
nanosize level [14].
Although the most known metal and metal oxide nanoparticles used as antibacterial agents in
fibers/fabrics are silver, ZnO, and titanium oxide, copper has also been used by ancient civilization to
treat people stricken with afflictions and to maintain hygiene. Therefore, its use in medical
applications is relevant today [15]. For instance the cloths with copper nanoparticles are sterile and can
be useful in hospitals to prevent or to minimize infection with pathogenic bacteria such as S. Aureus,
E. Coli and Aspergillus [16].
Although silver and gold nanoparticles are applicable owing to their high conductivity and anti
oxidation properties, copper nanoparticles are more preferable in electrical conductivity applications
due to their lower cost and comparatively reduced electro migration effect. However, the oxidation of
copper in air leads to deterioration of electrical conductivity [17].
The wet phase, thermal decomposition, chemical reduction (metal salt processes) and the RF thermal
plasma methods are some of the reported techniques used in the preparation of copper nanoparticles
[17].
2.2.3. Gold (Au) nanoparticles
Gold is well known as a novel material used in biomedical applications. The gold nanoparticles’
antibacterial effectiveness against acne or scurf and their lack of tolerance to the antibiotic have
resulted to their commercial usage in soap and cosmetic industries. They are able to remove waste
materials from the skin and control sebum [4].

305

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Functionalized gold nanoparticles are also potent candidates of drug delivery applications due to their
unique dimensions, tunable functionalities on surfaces and controllable drug release [18].
4.3. Nanoclay
Nanoclays are nanoparticles of layered mineral silicates. Depending on chemical composition and
morphology of nanoparticles, nanoclays are categorized into several classes such as Montmorillonite,
Bentonite, Kaolinite, Hectorite, and Halloysite. Also, organically modified nanoclays (organoclays)
have potential uses in polymer nanocomposites, as rheological modifiers, gas absorbents and drug
delivery carriers [19]. The most used clay particle in textile coating is Montmorillonite, chemically
(Na, Ca) (Al, Mg) 6(Si4O10) 3(OH) 6-nH2O, Hydrated Sodium Calcium Aluminum Magnesium
Silicate Hydroxide [20].
There are some improved properties expected from nanoclays such as enhanced mechanical
properties, FR behavior, thermal stability, shrink reduction and barrier properties (films, air tight
layers) [10].
Clay particle is able to absorb various pollutants including organic compounds (such as atrazine,
trifluraline, parathion and malathion) and inorganic trace metals (such as copper, zinc, cadmium and
mercury) from soils and groundwater which are mostly health hazards [20]. Since clay is
biodegradable and generated from purely nature occurring resources; antibacterial efficiency,
sterilizing effect, adsorption of toxins and membrane coating are pointed out as some practical
potential biomedical applications of nanoclay [4].
4.4. Carbon nanotubes (CNTs) and its nanocomposites
Owing to their excellent chemical and physical properties, CNTs which are discovered in 1991 are
used in many applications of science and engineering [21]. Good electrical conductivity, fire
retardancy, UV protection, garment comfort, high stiffness and high strength can be achieved from by
using low content of CNTs in polymeric nanocomposites [4].
While diameters of nanotubes vary between 1 to 100nm, their lengths can be up to millimeters. Their
densities are approximately 1.3 g/cm³ and their Young’s Module is of 1TPa which is greater than all
carbon fibers [22].
Generally two types of nanotubes as single walled nanotubes (SWNT) and multi walled nanotubes
(MWNT) are available. SWNT have a one cylindrical sheet of graphene which have diameters of 1nm
and length of up to centimeters. MWNT have series of such cylinders and have diameters vary from 2
to 100 nm and length of tens of microns. The cylinders of MWNT are located at intervals of 0.35 nm
[22].
Production methods of MWNT are chemical vapor deposition, plasma enhanced chemical vapor
deposition, thermal chemical vapor deposition, vapor phase growth, electrochemical synthesis, use of
supercritical fluids and solvo thermal procedures [23]. The most common used method is chemical
vapor deposition (CVD) [22].
Such of CNT nanocomposites with metal and metal oxides are CNT/TiO2 CNT–Fe/CO, CNT–CO,
CNT–SnO, CNT–SiO2, CNT–ZnO, CNT–SnO2, CNT–SiC [4].
4.5. Silica
One of the most encouraging nanoparticle to generate nano roughening on textile surface is nanosilica.
Due to this property it can produce super hydrophobic surfaces. Silica cannot tie to the surface of
cotton, therefore using of silica nanoparticles is necessary to generate nano roughening. Additionally,
a strong connection between fiber and particles can be achieved by fictionalization of silica and cotton
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surface. Unlike the other nano roughening on fiber surfaces, this is very robust and durable. Nanosilica
is not only used for the water repellent lotus effect but also to produce wrinkle resistance in silk, to
reduce the friction and wear of nylon 6 and PU coating. Reduction of the peak heat release of polymer
matrix enables the fabric to use for flame retardant applications and this reduction can be enabled by
nanosilica which has a high thermal stability [3].
5. APPLICATIONS OF NANOMATERIALS IN TEXTILE
3.1. Flame Retardancy
Flame retardancy is an important and necessary property for some applications of the textile products
such as curtains, floor coverings, and in some special areas such as military applications, safety and
protective garments, automotive and aerospace applications, electronic and optical devices,
geotechnical applications [24]. In recent years, the improvement of flame retardancy has become more
and more important to comply with the safety requirements. Flame retardancy can be obtained through
chemical treatment of fabrics or through modification of the polymer by the use of the flame retardants
[25]. Owing to its very high thermal stability, nanoclays being the most studied nanoparticles used for
flame retardant textiles. On the other hand, CNTs, boroxosiloxane, Sb3O2, Al2O3 and Mg (OH)2 are the
nanoparticles being investigated for their performances in improving flame retardancy of textiles [26].
The inclusion of nanoparticles into textiles may be achieved through adding into fiber structure during
fiber manufacture or into surface treatments and coatings. They may act as a means of either adding
improved fire performance directly or adding to an already underlying flame retardant property [27].
In the literature there are many studies addressing these issues.
Bourbigot et al. (2002) reported the fire performance of polyamide 6/clay filaments which were
converted into knitted fabric form. When exposed to 35 kW/m2 heat flux in a cone calorimeter, peak
heat release rate was reduced by 33% in comparison with pure materials [28]. A review of Horrocks et
al. (2005) studied on the usage of functionalized nanoclays as additives for improving tensile
properties and fire performance in fiber forming polymers. They emphasized that the nanoclays, when
present by themselves, will not be able to fulfill all the required features of an ideal flame retardant.
The effect of nanoclays in polyamide 6 and 6.6 in combination with selected phosphorus containing
flame retardants resulted that the nanoclays may increase the effectiveness of more conventional
normal flame retardants [29]. Zhang et al. (2005) also reported that the flammability of isotactic
polypropylene can be reduced by the addition of small amounts of clay in conjunction with
conventional phosphorus and a hindered amine flame retardants due to the possible P-N synergism
[30]. Solarski et al. (2007) studied the effect of various quantities of Cloisite® 30B added to a
polylactide matrix to produce polylactide based nanocomposites which were then converted into
filaments. Although there is a decrease of the tensile properties was observed when the quantity of
Cloisite® 30B increased, a strong decrease, up to 38%, of the heat release rate was measured from the
fabrics knitted from these composite filaments [31]. Another study of Horrocks et al. (2007) on the
production of polypropylene modified clay composite filaments indicated that while the clay presence
did not confer flame retardancy, it did change the burning character [32]. Erdem et al. (2009) studied
the preparation of polypropylene filaments incorporating 0.3, 1, and 3% SiO2 nanoparticles. Flame
retardancy of filaments (LOI) found to be increased with the increasing weight of nano SiO 2 particles;
for instance, 3% nanoparticle addition provided 22% increase in LOI value of filaments [24].
Moreover, nanosized TiO 2 particles coated as a durable finish on cellulosic fabric shows significant
photo catalytic self cleaning and flame retardancy activity in a study of Moafi et al. (2011) [33]. An
improvement on flame retarding ability of air plasma-Al2O3 treatment was achieved in a study of
Raslan et al. (2011) which investigated the possibility of using dielectric barrier discharge air plasma
treatment for fiber surface activation to facilitate deposition of aluminum oxide (Al2O3) [34].
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3.2. UV Protection
There are both organic and inorganic UV blockers for limiting the rate of photo yellowing. Inorganic
UV blockers are usually certain semi conductor oxides, such as TiO2, ZnO and Al2O3 [35]. The UV
blocking property of a fabric is enhanced when a dye, pigment, or ultraviolet absorber finish is present
that absorbs ultraviolet radiation and blocks its transmission through a fabric to the skin. Metal oxides
like ZnO or TiO2 as UV blocker are more stable when compared to organic UV blocking agents. ZnO
nanoparticles will really enhance the UV blocking property due to their increase surface area and
intense absorption in the UV region [36].
A study of Uddin et al. (2007) used TiO2 nanoparticles which are produced by sol gel technique as a
thin film on the fiber surface in order to provide required photo catalytic properties when exposed to
solar like light. As a result, they found that photocatalytic activity was retained after 20 washing cycles
[37]. Katangur et al. (2005) analyzed the changes in mechanical and chemical properties of Kevlar
fabric coated with low level (5 wt %) TiO2 and ZnO nanoparticle embedded acrylic. Their results
showed that TiO2 and ZnO nanoparticle embedded acrylic coating prevented UV degradation of
Kevlar fabric and protected Kevlar fabric retained almost all of mechanical properties after a week of
UV exposure [38]. Kathirvelu et al. (2009) studied on functional finishing of cotton fabrics using
nanoparticles of ZnO. The concentration of nano ZnO present in the fabric was changed and the
results showed that the increase in concentration leads to the enhanced absorption of UV rays giving
better protection [39]. In another study, TiO2 and ZnO nanomaterials, which used as UV protecting
agents in sunscreens, were investigated by Landsiedel et al. for their potential genotoxicity in in vitro
and in vivo test systems. Four inorganic nanomaterials were investigated for potential genotoxicity by
tests recognizing DNA damage, gene mutations and chromosome mutations. In the result of this study,
no increase in genotoxicity induced by any of the investigated nanomaterials was observed [40]. A
study on novel properties of nano ZnO coated cotton fabric was investigated by Yadav et al. (2006).
They found that the nano ZnO coated cotton fabric is proved to have better strength properties, air
permeability and UV absorption property. The ZnO nanoparticles were prepared by a novel aqueous
method and applied onto cotton fabrics using acrylic binder. The UV blocking property of these
fabrics was evaluated in addition to their friction and mechanical properties [41].
3.3. Dirt Resistance / Self Cleaning
There are basically two types of stain eliminating surfaces involving nanotechnology. First one, rough
surfaces can be high waterproof. Dirt particles can be hold by these kinds of surfaces and can be easily
moved away by a simple rinse of water. The second one has a surface by photocatalytic layers.
Nanosized Ag, TiO2, and ZnO are generally used in order to obtain stain proof property. Metallic ions
and compounds play an important role in sterilizing effect due to the fact that part of the oxygen in the
air or water is turned into active oxygen by a catalyst containing the metallic ion, thereby destroying
the organic substance to create this sterilizing effect [42, 43].
Kathirvelu et al. (2008) focused on nanosized ZnO particles and their application on cotton and
polyester/cotton fabrics for stain elimination. As a result of their experimental work, they found that
ZnO treatment on fabric improved stainproof property of fabric independently of both material
composition and fabric structure. Furthermore they concluded that ZnO nanoparticle size affected the
intensity of stainproof behavior [43]. A study of Bozzi et al. (2005) on self cleaning property of
wool/polyamide and polyester textiles by TiO2 rutile modification under daylight irradiation at ambient
temperature concluded that a combination of TiO2 powder and Titaniumtetra-isopropoxide (TTIP)
colloids loaded on wool/polyamide or polyester textiles showed to be kinetically suitable for the self
cleaning of wine and coffee stains using a solar simulated light with 50% AM1. Under neon light the
self cleaning effect needed much longer times [44]. Yuranova et al. (2006) investigated self cleaning
property of cotton textiles surfaces modified by photoactive SiO2/TiO2 coating. TiO2–SiO2 colloids
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were mixed in ratio 1:1 by sol gel technique and loaded on cotton fabric without modifying the cotton
structure. TiO2–SiO2 layer thickness on the cotton fibers was 20–30 nm. The TiO2–SiO2 coating
showed a higher photocatalytic activity than TiO 2 coating alone because of the high dispersion and the
structural effects of the amorphous silica present [45].
3.4. Comfort: Water repellency/Hydrophobicity/Odorness/Anticreasing
The wettability of solid surfaces which is controlled by chemical composition and geometry of the
surface is an important characteristic of materials. Fluorochemicals are mostly used as water and oil
repellent textile finishing due to their low surface free energy. Surface roughness adjusts the
wettability of the solid materials. An increase in surface roughness of hydrophobic materials improves
surface water repellency. The surface roughness may be controlled by various processing methods
including deposition of gold clusters, plasma fluorination of a polymer surface, densely packed
aligned CNTsand phase separation of polymer blends. Sol gel technique is another method used to
increase the surface roughness [46].
Yu et al (2007) analyzed hydrophobicity of cotton fabrics treated with both silica sol and
perfluorooctylated quaternary ammonium silane coupling agent (PFSC) by conventional pad-dry-cure
process and found that treated fabrics had high hydrophobicity besides high oleophobicity [46]. A
study on the use of silica nanoparticles and mixed silanes as finishing on cotton fabric was
investigated by Roe et al. (2009) which aimed to obtain appropriate combinations of silica
nanoparticles and mixed silanes that could provide durable hydrophobic cotton surface. As result of
this experiment work it was concluded that the fabric treated with Aerosil® 90 silica type containing
silane crosslinkers OTMS (octyltrimethoxysilane) and BTEOSE (bistriethoxysilylethane) had highest
contact angle means best hydrophobic property. Furthermore, the fabric was almost durable to
laundering process and crocking. This study also verified that silica nanoparticles and mixed silanes
can be used as surface treatment as place of fluoro polymers/coatings for achieving durable
hydrophobic fabrics [47]. Soeno et al. (2004) investigated water repellent property of a surface
complicated microstructure of SiO2 nanoparticles by using electrostatic self assembly process. Water
contact angle measurements and AFM observation were done in order to discuss the result. They
found that SiO2 nanoparticle film showed ultra water repellency and silica nanoparticles on fabric
surface can increase the surface roughness which is the important characteristic required for ultra
water repellency [48]. Ramaratnam et al. (2008) applied some techniques to create surfaces that lead
to ultra hydrophobicity using hydrophobic polymer/nanoparticle systems. Based on the methods used
in this study the silver nanoparticles approach improved hydrophobcity and had little or no
aggregation problems [49].
Another important comfort property is flavor-release property. Encapsulation technology is mostly
used for the flavors and fragrances application. Lee (2008) prepared water soluble fragrance-loaded
nano dispersion capsules by a method which is mild, simple, low cost and no pollution. The analysis
results showed that the components of fragrance, especially volatile components with low molecular
were almost entirely encapsulated in the nano dispersion capsules. Cotton towel was washed by the
detergent powder mixed with the fragrance loaded nano dispersion capsules and towel maintains its
fragrance characteristic long time [50]. Similarly, Wang et al. 2006 focused on the preparation of
nanocapsules whose shell wall were formed by self assembling technology and their application for
some important detergent ingredients such as percarbonate, enzymes and fragrances [51]. Silver
nanoparticles have been used to produce ‘‘self cleaning’’ or ‘‘antiodor’’ clothes [52]. Socks, paints,
bandage, and food containers include nanosilver (n-Ag) to make use of its antimicrobial properties. In
clothing such as socks, n-Ag may prevent the growth of odor causing bacteria [53, 54].
Anticrease property also plays an important role in comfort. Anticrease property can be improved by
using nanoparticle finishing. Fabrics that treated by agent including nano ZnO and water soluble
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polyurethane showed better anticrease behavior than untreated [55]. Gao et al. (2005) found that wool
fabrics finished with maleic anhydride as crease resistant agent and nanosilica as catalyzator for crease
resistance had the characteristics of better dry and wet elastic recovery, satisfactory mechanical
property and style [56]. Yuen et al. (2009) investigated crease resistance of cotton fabric that treated
by nano TiO2 and concluded that the addition of nano TiO2 enhanced the crease resistance and
decrease the bending length of the cotton fabric [57].
3.5. Antibacterial/Antimicrobial Applications
The antibacterial or antimicrobial finishing of fibers and fabrics used in various environments has
attracted much attention in recent years [58]. Increasing awareness of general sanitation, contact
disease transmission and personal protection has led to the development of textiles with antibacterial
and antimicrobial properties. The properties of textiles are improved to protect wearers from spread of
bacteria and diseases [59]. Researchers are focusing on durable, environmentally friendly, and cost
effective types of safe antibacterial agents. Active agents in the form of nanoparticles are seen as
candidates for use as new antibacterial materials [58]. With the use of nanosized particles, the number
of particles per unit area is increased, and thus antibacterial effects can be maximized. For imparting
antibacterial and antimicrobial properties, nanosized silver, TiO2, and ZnO are used.
According to silvers’ antimicrobial mechanism, metal ions get through or break down the cell
membrane and make a chemical bond with the cellular enzymes –SH group. The consequent critical
decrease of enzymatic activity causes microorganism metabolisms change and inhibits their growth,
up to the cell's death. The production of oxygen radicals which oxidize bacteria’s molecular structure
are catalyzed by metal ions. Since the produced oxygen penetrates from fiber to environment; there is
no need to a have a direct linkage between antimicrobial agent and bacteria in such a system. Because
of this, propagation of microorganisms is blocked by metal ions [4].
The silver nanoparticles hold on to the membrane of the cell and diffuse in to the bacteria. These
nanoparticles not only interact with sulfur containing proteins that located within the bacterial
membrane, but also with the phosphorus containing compounds like DNA. A region which has a low
molecular weight is created in the center of the bacteria when silver nanoparticles diffuse into the
bacterial cell. And bacteria conglomerates in this region to protect the DNA from silver ions. Cell
division occurs according to the nanoparticles attack to the respiratory chain, and finally cell death
come true. Silver ions which release from nanoparticles increase bactericidal activity in the bacterial
cells [12].
TiO2 is a photo catalyst; once it is illuminated by light with energy higher than its band gaps, the
electrons in TiO2 will jump from the valence band to the conduction band, and the electron (e-) and
electric hole (h+) pairs will form on the surface of the photo catalyst. The negative electrons and
oxygen will combine into O2--, the positive electric holes and water will generate hydroxyl radicals.
Since both are unstable chemical substances, when the organic compound falls on the surface of the
photo catalyst it will combine with O2- and OH- respectively, and turn into carbon dioxide (CO2) and
water (H2O). Through the reaction, the photo catalyst is able to decompose common organic matters in
the air such as odor molecules, bacteria and viruses [1].
Lee et al. (2003) investigated the antibacterial efficacy of nanosized silver colloidal solution on the
cellulosic and synthetic fabrics against two kinds of bacteria; Gram-positive and Gram-negative. The
antibacterial treatment of the textile fabrics was achieved by padding them with nanosized silver
colloidal solution. Nanosized silver particles in colloidal solution were well dispersed on the surfaces
of specimens and had excellent antibacterial effect on all specimens. The antibacterial efficacy of the
fabrics was maintained after many times laundering [60]. Hu et al. (2007) studied the antibacterial
activity of chitosan nanoparticles encapsulating silver oxide on cotton fabric against S. Aureus and E.
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Coli and the friction behavior of the treated fabrics. They prepared an aqueous emulsion of chitosan
nanoparticles encapsulating silver oxide and applied this emulsion onto cotton fabric using a padding
method. The cotton fabric finished with the emulsion had a 100% bacterial reduction. As chitosan is
not soluble in alkaline conditions, the nanoparticles on the fabric did not dissolve during laundry and
the antibacterial activity remained effective after 20 washings. It was assured with the Kawabata fabric
objective measurement system that the handle of the fabric was not affected by the treatment. [61].
Kathirvelu et al. (2009) studied the synthesis and characterization of nanosized ZnO particles and their
application on cotton and polyester/cotton fabrics for antibacterial activity. The results indicated that
the antibacterial activity performance of ZnO nanoparticles could be efficiently transferred to fabric
materials through the application of ZnO nanoparticles on the surface of both woven and knitted
cotton and polyester/cotton blended fabrics [62]. Khalil-Abad et al. (2009) investigated the adsorption
of silver nanoparticles on normal and cationized cotton and their antibacterial activity. Adsorption of
silver nanoparticles on cationized cotton was more than that on normal cotton and they resulted that
cationic modification could be used for modification of cellulosic fibers for increasing silver
nanoparticle adsorption on their surfaces and producing stronger antibacterial activity [63]. In a study
of Messasoud et al. (2010), cotton based textile samples were impregnated in Ag–TiO2 by a pad
coating procedure and the antibacterial activity of so-functionalized textiles had been examined with
respect to E. Coli and L. Innocua bacteria. It was shown that, while TiO2 nanoparticles attached to
textile fibres had no antibacterial activity, functionalized textiles exhibited a strong antibacterial
activity due to silver nanoparticles, and this activity could be reached for a large range of impregnated
silver amounts [58]. Anita et al. (2010), studied on fine-tuning the properties of ZnO nanoparticles.
They prepared the ZnO nanoparticles by wet chemical method from soluble starch, zinc nitrate and
sodium hydroxide. They coated cotton fabric with the synthesized ZnO and expressed that the coated
fabric with 2% ZnO nanoparticles have high antibacterial efficiency (up to 99.9%) [59]. Hebeish et al.
(2011) also investigated the antibacterial activity of the cotton fabrics containing green synthesized
silver nanoparticles. Results showed that, regardless of the concentration of silver nanoparticles used,
the bacterial reduction was always higher than 95% without washing. The result of durability to wash
of the treated fabric also showed long lasting bactericidal effect even after 20 washing cycles. The
treatment was found to be safe, cost effective and environmental friendly in the fabrication of
antibacterial finishing of textiles [64]. Montazer et al. (2011) investigated the antibacterial activity as
well as the self cleaning properties and UV protection properties of the polyester wool fabric after
treating with two different types of enzymes to increase the surface activity with a purpose of higher
nano TiO2 adsorption. The fabric was first treated with proteases and lipases to hydrolyze the wool and
the polyester surfaces respectively and then dipped into an ultrasound bath containing nano TiO2 and
crosslinking agent. The results indicated that the treated sample with nano TiO2 have an excellent
antibacterial activity against E. Coli as the reduction of bacteria could reach to 100% with 0.75% nano
TiO2 and 99% with 0.25% nano TiO2 [65]. In another study, Montazer et al. (2011) studied and
antibacterial features of wool samples treated with nanoparticles of TiO2 together with the antifelting
property. The antibacterial activity was assessed through the calculation of bacterial reduction against
E. Coli and S. Aureus bacteria. With increasing content of TiO2 nanoparticles on the surface of the
wool and higher antibacterial properties were obtained [66].
Anita et al. (2011) also developed an antimicrobial resistant fabric with copper oxide nanoparticles.
This copper oxide nanoparticles were 50nm in size and were prepared by a wet chemical method,
microencapsulated by an ionic gelation method. After application on to the cotton fabric, higher
antimicrobial activity was observed against S. Aureus and E. Coli. Moreover, results showed that the
coating did not make major changes in the characteristics of fabric [14]. Chattopadhyay et al. (2010)
investigated Cu nano treatment on cotton fabric. The nanosized copper (about 60nm) colloidal
solution were prepared and applied to cotton fabric and it is clearly seen from the results that the Cu
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nano treatment improved the resistance of cotton towards microbial attack when measured in terms of
loss in breaking load due to soil burial test [67].
3.6. Electrical Conductivity/Antistatic Applications
Electro-textiles are textile structures which provide electronic function and indicate conductivity. They
have various applications such as; antistatic fields, electromagnetic shielding, electronic applications
and protective clothing in explosive areas [68]. Because of their high strength, elastic modulus and
conductivity, mostly CNTs and CNT composites are preferred for electronic and mechanical devices
[69].
Hecht et al. (2007) fabricated a CNT network which has good mechanical and electrical properties on
a fabric. Its excellent electrical properties were determined by CNTs network. With inter-dispersing
the network into the fabric matrix during production, more intensive and a three dimensional network
was produced on the surface of fabric [70]. Xue et al. (2007) obtained conductive fibers with CNTs by
two methods; wet spinning and coating processes in their study. By wet spinning method, conductivity
of CNTs/PVA fiber was about tens kX/cm for 40 wt% of CNTs to PVA. In coating technique, because
of their low density, small yarn diameter and high add-on, while keeping their original strength and
flexibility, PVA/CNTs coated polyester yarn, PP yarn, and silk yarn have better electrical properties
than the other conductive yarns [71]. Kang et al. (2011) evolved a method for producing smart fabric
by using conventional fabrics and single wall nanotubes (SWNTs). Conformal coating of SWNTs was
attained on the micro fibril surface. Their method may offer new design opportunities for wearable
electronics and have significant implications for sensor applications [72].
On the other hand, because of their little water absorbance, synthetic fibers have static charge. It was
investigated that nanosized TiO2, ZnO whiskers and silane nanosol could give antistatic properties to
synthetic fibers [1]. There are several studies about the usage of inorganic nanoparticles for antistatic
applications.
To improve the antistatic property of inner antistatic agents whose mechanism is based on attracting
moisture by polar radical groups, antistatic polymer fibers were examined by using CNTs in a study of
Chenshaa et al. (2007). According to the study, the antistatic property is affected by the content of
CNTs in the composite antistatic agent [73]. Li et al. investigated a work on the antistatic effect of
CNTs on polypropylene fibers. The antistatic ability of PP fibers was improved by CNTs. As a result,
it was understood that CNTs have a higher antistatic effect than carbon black [74].
6. CONCLUSION
Since nanomaterials possess unique, beneficial chemical, physical, and mechanical properties, they
can be used for a wide variety of applications in many fields one of which is the textile industry.
Carbon nanotubes, nanoclays, metals, metal oxides are the nanomaterials which are used in several
textile applications including durability, antibacterial/antimicrobial properties, self cleaning, water
repellency, odorness, anticreasing, UV shielding, electrical conductivity, antistatic properties and
flame retardancy.
In the light of the literature, depending on the strong interdisciplinary character of nanomaterials, it is
also very evident that nanomaterials will lead the future of the technological developments while
bringing a new dimension to conventional textiles.
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ON THE CHANGE OF ELECTRIC PARAMETERS OF CINCRETE MEASURED
WITH A CONTACT COMPOUND
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Abstract
NDT method of impedance spectroscopy was used to characterize concrete slab specimens without
and with contact graphite compound coating. Differences in tan (f), ImZ(f) and ReZ(f) spectra for dry
specimens were observed. Furthermore, based on the predominant loss type, the material quality was
characterized. Our measurements confirmed the reproducibility ot this method. Furthermore, the
influence of the concrete specimen composition on their electric parameters was assessed.
Key words: impedance spectroscopy, dielectric losses, loss factor, conductivity losses, polarization
losses, contact paste
1. INTRODUCTION
The measurement method presented here is based on the measurement of electric impedance
characteristics of the system whose configuration is metal - building material - metal. The building
material behaves as a dielectric in this system. We are therefore studying the properties of this
dielectric. The key indicators, representing the specimen system to be analyzed are the measured
system impedance real and imaginary part and, mainly, the loss factor versus frequency plots. As
supplementary indicators serve the resistance and capacitance versus frequency plots of the system
into which the building material in question was built in.
The method is intended to provide both qualitative and quantitative evaluation of the above-mentioned
parameters. The curve shape makes it possible to detect the effect of dampening and drying on the
material, changes in its structure, change in porosity, its service life reduction, technology related
defects, etc. By comparing the results with an impedance spectrum of defined specimens, we may
exactly identify the deviations in the properties being tracked. However, it is beyond the capacity of
this method to quantify the building material parameters. On the other hand, this method can be very
well used as a comparative method and we expect that, after some analysis and refinement of the idea
are accomplished, it can be used as an absolute method.
The frequency dependence of the quantities in question is being evaluated by means of impedance
spectroscopy from the voltage ratios and phase shifts between the A, B, inputs of the oscilloscope.
The values of the capacitance CB and resistance RB forming the parallel input network depend on the
channel B input capacitance and resistance (including those of the lead-in cables with BNC
connectors). There is, therefore, no need for inserting any accurate C – R network into the B input. Let
the resulting impedance of the CB – RB network be denoted ZB and its phase, B ( = angular
frequency).
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Fig 1

Fig 2

Block diagram of the measuring apparatus.

Metal – building material – metal system. (Brass electrodes are pressed against the
measured specimen surface).

Fig. 3 Illustration and block diagram of the apparatus employing Agilent and HP
measuring instruments.
The phase of the measured impedance Z will be
1

B

arctan

sin
UB
UA

.

cos

The absolute value of the measured impedance will therefore be
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The loss factor of the system under test:

tan

1
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.

(3)

1

The resistance of the parallel RC network representing the measured system (the specimen) is

R

Re( Z ) ( 1 tan 2

1

)

(4)

and its capacity

C

tan 1
.
R

(5)

2. CONCRETE SLABS: DESCRIPTION AND FORMULA
Steel moulds were used to manufacture the test specimens. The mix was poured into the moulds in
two consecutive layers. Having been filled, the moulds were deposited in the lab to be kept at a
temperature of 20 ± 1 °C and relative humidity RH of 45 ± 5 %. The moulds were covered with a PE
foil after the surface had withered. After 24 hours had elapsed, the specimens were subjected to final
moulding. Subsequently, they were immersed into a water bath for 28 days.
The dimensions of thus formed blocks were 100 x 100 x 400 mm. These blocks were cut by a
diamond saw to produce slabs of a thickness of 10 mm. Therefore, the dimensions of these slabs were
100 x 100 x 10 mm. Out of these dimensions, the thickness is the most important parameter because
of the signal attenuation.
B20/25 concrete with 4 m maximum grain size was selected as the reference formula.
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Table 1. Formulas for the different concrete mixes.
quantity

R3E

unit

3

1m

R4B

quantity

unit

3

1m

CEM II 32.5 R cement

325

kg

CEM II 32,5 R cement

325

kg

0 to 4 mm sand (Brat ice)

1885

kg

0 to 4 mm sand (Brat ice)

1125

kg

-

-

-

4 to 8 mm grit (Tova ov)

760

kg

real water

283.7

l

real water

223.8

l

water to cement ratio w/c

0.87

-

water to cement ratio w/c

0.69

-

- machine mixed, using a manual mixer

- machine mixed, using a manual mixer

- dried sand

- dried sand, 4-8 mm aggregates, "slightly" wet

- The ingredients having been blended according to
the formula, the mix appeared to be dry (loose). A
total of 113.7 L of water have been added per 1 m3
of fresh concrete

- The ingredients having been blended according
to the formula, the mix appeared to be dry
(loose). A total of 53.8 L of water have been
added per 1 m3 of fresh concrete

- consistence test: cone slump = 0 cm

- consistence test: cone slump = 0 cm

- 13 + 20 s compaction on a vibrating table

- 2 x 15 s compaction on a vibrating table

quantity

R5E

unit

1 m3

R6B

quantity

unit

1 m3

CEM II 32.5 R cement

325

kg

CEM II 32.5 R cement

325

kg

0 to 4 mm sand (Brat ice)

1125

kg

0 to 4 mm sand (Brat ice)

1125

kg

4 to 8 mm grit (Tova ov)

380

kg

4 to 8 mm grit (Tova ov)

253

kg

8 to 16 mm grit (Olbramovice)

380

kg

8 to 16 mm grit (Olbramovice)

253

kg

-

-

-

16 to 22 mm grit (Želešice)

253

kg

real water

207,9

l

real water

219,2

l

water to cement ratio w/c

0,64

-

water to cement ratio w/c

0,68

-

- machine mixed, using a manual mixer

- machine mixed, using a manual mixer

- dried sand, 4 to 8 mm aggregates: "slightly" wet,
8 to 16 mm aggregates: dried up

- dried sand, 4 to 8 mm aggregates: "slightly" wet, 8 to 16
mm and 16 to 22 mm aggregates: dried up

- The ingredients having been blended according to
the formula, the mix appeared to be dry (loose). A
total of 37.9 L of water have been added per 1 m3
of fresh concrete

- The ingredients having been blended according
to the formula, the mix appeared to be dry
(loose). A total of 49.2 L of water have been
added per 1 m3 of fresh concrete

- consistence test: cone slump = 0 cm

- consistence test: cone slump = 0 cm

- 15 + 20 s compaction on a vibrating table

- 2 x 15 s compaction on a vibrating table
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3. EXPERIMENT
Concrete slab specimens were inserted – one behind the other – in a fixture between 2 brass electrodes
of dimensions 40 x 25 mm (which were pressed to them by means of a jackscrew) to be subjected to
an impedance analysis. As this was a comparison method, the specimen surfaces had to feature the
same roughness and, as far as possible, an overall adherence to the electrodes. The input voltage
equalled 5 V and the applied frequency ranged from 40 Hz to 1 MHz.

Fig. 4. Concrete specimens with and without graphite coating (carbon paste).
4. MEASUREMENTS RESULTS
In the diagram, there are four curves characterizing the mixes. They differ from each other. The
highest loss factor values (Fig. 5) occur at lower frequencies of the exciting signal. The loss factor is
observed to decrease at higher frequencies. The first peak to observe is identified for R3 mix at the
left-hand side of the frequency scale. The second peak is situated on the right of the first one and
pertains to R4 mix. For R5 mix, the loss factor curve is situated slightly higher than that of R4 mix at
frequencies below 10 kHz. Except the lowest frequency range, the curves almost mingle with one
another. For R6 mix, the peak is observed on the right of other mixes’ peaks, namely at about 4 kHz.
The mixes under test differ in the kind of the aggregates used. From the shape of the loss factor
frequency spectra, we infer a connection between the aggregate grading and the loss factor peak
frequency and its shift to higher frequencies. However, the loss factor values near each other for these
peak frequencies. Therefore, for the time being we do not infer any connection between tan and the
grading parameters.
Prior to coating the specimen faces with the graphite compound, local peaks were observed in the loss
factor spectrum (Fig. 5), whose position in the spectrum shifted to lower frequencies with the
decreasing grading size.
The occurrence of the peaks in the frequency spectra indicates the polarization losses to predominate,
whereas their decreasing protrusions indicate conductivity-related losses. (Fig. 5).
After the specimen faces were coated with graphite compound, the loss factor doubled approximately
(Fig 6). No local peaks are observed in the diagrams and the curve shape corresponds to the
conductivity- related losses. This in turn corresponds to the real and imaginary component drops
observed. The impedance real component values did not drop as much as the imaginary ones.
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tan (f)
1.0
0.8

(f)

R5E
R6B

R3E
R4B
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Fig. 5 Loss factor versus frequency diagram
(without graphite compound).

10

Fig. 6 Loss factor versus frequency diagram
(with graphite compound).

The numerals in parentheses in Figs. 6, 8 and 10 stand for the specimen number of the compound
used, so that the result reproducibility can be tracked for different specimens of the same mix.
In view of the fact that the electrode modification (spreading the graphite compound over the surface)
is expected to result in reducing the impedance real and imaginary component values, we are not able
to estimate the change in the loss factor. It is just thus quantity which would provide us with
information about which of the concrete slab impedance components is more sensitive to the
specimen-to-electrode contact face quality improvement.
Assessment of the impedance real component spectra (Fig. 9 and 10) confirmed the expected drop in
the real component resulting from coating the specimen faces with the graphite compound, for all
specimens and for all aggregate gradings. The drop amounted approximately to 30 % at the lowest
frequencies. The non-graphite curve shape is convex. Coating the faces with the graphite compound
makes the curve turn into a concave-shaped one in the lowest frequency region.
For different frequencies of the exciting signal, the electrical resistance (Figs 9 and 10) trend shows to
be opposite to the electrical capacitance (as calculated from the impedance imaginary component, i.e.,
the capacitance). Larger-sized gradings result in lower resistances, being nearly identical for specimen
No 4 and 5. The curve differences can only be observed in the frequency range from 40 Hz to 1 kHz.
The differences are hardly measurable in the remaining part of the frequency range.
When analyzing the impedance imaginary component versus frequency diagrams, we observe a drop
in values of Im(Z) of about 60% for each of the specimens. The curve shape changes from convex to
concave in the lowest frequency region, too A local peak (Fig. 8) occurred for specimens R5, R6
(higher aggregate grading).
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Fig. 8 Impedance imaginary component versus
frequency diagram (with graphite compound).
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Fig. 9 Impedance real component versus
frequency diagram (without graphite
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Fig. 10 Impedance real component versus
frequency diagram (with graphite compound).

The highest capacitance values to measure were observed for the mixes containing the largest-size
aggregate gradings (Table 2). Reduced gradings size resulted in lower specimen capacitance values.
Judging from the electric capacitance value, the static relative permittivity 0 is higher for larger-sized
gradings. How these values changes after having coated the specimen surface with graphite compound
is shown in Table 3.
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Table 2. Electrical parameters for the selected (reference) frequency of 100 Hz prior to and after
coating the surface with graphite compound.. C - capacitance, R - resistance, |Z| - impedance absolute
value, tan - loss factor, - phasor angle.
Prior
to
coating

After
coating

Prior
to
coating

After
coating

Prior
to
coating

After
coating

Prior
to
coating

After
coating

Prior
to
coating

After
coating

C/pF

C/pF

R/M

R/M

|Z|/M

|Z|/M

tan /-

tan /-

/°

/°

R3E

69.4

143.4

17.40

9.95

27.50

14.91

0.82

0.89

315

318

R4B

130.0

190.6

9.08

8.53

14.57

11.94

0.79

1.05

316

323

R5E

156.0

280.2

9.30

6.71

13.31

8.78

0.98

1.18

322

255

R6B

199.0

379.8

3.75

5.66

8.34

7.04

0.50

1.64

307

23.3

The capacitance C corresponding to the reference frequency of 100 Hz was calculated from the
impedance imaginary component XC = Im(Z) using following formula:

Xc

1
C

1
2 fC

C

1
.
2 fX c

(6)

Table 2 summarizes the specimen electric quantities for the selected frequency of 100 Hz. (prior to
and after coating the surface with the graphite compound. The capacitance and resistance trends are in
agreement with those observed in the frequency spectra. Like the electric resistance values, the
impedance absolute values are decreasing with the growing size of the aggregate grading. This
confirms the predominance of the real component and is in agreement with the specimen phase angle
detected at the selected frequency.
The measurement results are providing us with a true picture of the concrete slab bulk properties. The
precondition that the specimen growing capacitance together with decreasing resistance should result
in reducing the impedance absolute value therefore appears to be met here.
Table 3. Orienting comparison of the quantities considered.
Non-coated surface

Coated surface

Re(Z)

>

Re(Z)

Impedance real component (resistance)

Im(Z)

>

Im(Z)

Impedance imaginary component

C

<

C

Capacitance

S

<

S

Electrode superficial area

However, we are not able to infer any connection between the phase angle and the loss factor values at
1 kHz on the one hand and the aggregate grading on the other. The frequencies of 1 kHz and higher do
not appear to be suitable for fast evaluation of electric parameters of cement-based and similar
materials.
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The specimens under test, while dry, were also subjected to reproducibility tests several times at
various time periods. Thus obtained curves proved to almost duplicate each other with minimum
variances, thus giving evidence of a good reproducibility of the method.
It is to be noted that the different polarization types do not contribute equally at different frequencies
to the permittivity of various dielectrics featuring various structure and in the entire frequency range
[12]. In a technical dielectric, where basic polarization types occur, the permittivity (or other quantity
under consideration) versus frequency curve at a constant temperature results from the combination of
the curves corresponding to the different mechanisms It id from this point of view that the different
components’ predominance at given frequencies were assessed.
Beside the effect of the frequency, the influence of the temperature should also be taken into account.
When increasing the temperature, the dispersion regions are shifting to higher frequencies, because the
dipole molecule are becoming more mobile. This is why out measurements were carried out the the
laboratory temperature.
5. CONCLUSIONS
The impedance spectroscopy method was applied to characterize cement-based concrete specimens,
which differed in various gradings aggregates. We observed a change in the electrical quantity
frequency spectra prior to and after having coated the specimen surface with graphite compound. Thin
slabs against whose walls electrodes were pressed were studied. A relationship between the aggregate
grading parameters and the impedance real and imaginary components was found out. Furthermore, a
relationship between the position of a local peak in the loss factor spectrum and the grading employed.
No connection between the water-to-cement ratio and the electric parameters has been observed.
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Abstract
Concrete setting and hardening designate the concrete grade. The impedance spectroscopy method, as
one of the non-destructive testing method group, was used to characterize concrete specimens and
track the changes in the concrete spectrum. Variances in the tan (f) and Im Z(f) or Re Z(f) of the
specimens under investigation have been observed. The specimen quality has been described by means
of the loss type prevailing in the material. The results of this study are expected to provide information
about the correlation between the n-factor and the concrete setting time.
Key words: impedance spectroscopy, dielectric losses, loss factor, conductivity losses, polarization
losses, porosity
1. INTRODUCTION
The impedance spectroscopy is a non-destructive testing method employing the impedance
characteristic frequency dependence to analyzing the properties of the material in question. The
experiment set-up designed to study the system under investigation includes: a metal-material-metal
network, which is relevant for identifying the application limits of the impedance spectroscopy
method. The method cannot be applied to thick-layer low-conductivity materials. Reinforced concrete
products may serve as an example. The principle of the mentioned method consists is studying the
dielectric losses versus frequency plots. The dielectric losses of composite materials and plastics can
assume values which are many times as high as those of most material commonly used in the building
industry.

Fig. 1. Measuring set-up and one of specimens. [1].
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Fig. 2. Circuit diagram of the measuring set-up: AC power supply, specimen under test, doublechannel oscilloscope [1].
Analysis of impedance spectra of inhomogeneous materials is a part of the impedance spectroscopy
which is still waiting for its development. At present, one is not able to determine unambiguously the
individual material component contributions to the total electric conductivity and polarization at
various frequencies of the exciting field. Materials having higher electric resistance values (over
500 k ) can be regarded – under certain simplifying assumptions – as dielectrics. A theory of
dielectric polarization was formulated by Debye [7,8] for homogeneous materials. However,
experiments carried out on real materials and the respective conclusions did not show to be in
agreement with the fundamentals theories. K S Cole and R H Cole and, also, Fuoss and Kirkwood,
started from the Debye’s theory to derive models of a dielectric which appear to fit experiment results
and conclusions [7] more closely. The behavior of a dielectric in an AC electric field is best described
in terms of the complex relative permittivity. Debye has derived a formula for the complex relative
permittivity, *, of weakly polar liquid dielectrics, as follows:
s

*( j )
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.

j
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Here is the relaxation time, independent of the time, however dependent on the temperature,
0 Hz),
- optical permittivity (frequency
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frequency =2 f, f - frequency of the exciting electric field [7, 8].
Following equation holds for the loss factor tan :
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There are several different relaxation times in a real dielectric. Their distribution is described by a
distribution function. Exact determination of a suitable distribution function being difficult, an
approximation by a properly selected analytical function is usually carried out. According to Cole’s,
the complex relative permittivity can be expressed as follows [7]:
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Here, 1 is the most probable relaxation time, around which the particular relaxation times are
distributed according to a distribution function f ( ), where is a distribution parameter (0< <1).
J R Macdonald [8] made a reference to the formal equivalence between the complex relative
permittivity as described by equations (1), (3), and the formulas for a complex impedance Z. Formulas
for the real and imaginary components of the complex relative permittivity have been derived and,
based on the above mentioned equivalence, equations for the components of the complex specific
impedance have been obtained. Using an appropriate software package, parameters of the two model
types have been searched for the material under investigation. The degree of correlation between the
model and experiment properties is expressed by means of Pearson’s correlation coefficient r [7].
The frequency dependence of the quantities studied by the impedance spectroscopy method is
determined from the relative voltage (UB/UA) and the phase shift ( ) between the double-channel
oscilloscope A and B-channels (Fig. 2).
An external electric field gives rise to dielectric losses in the specimen in consequence of three
different effects:
Dipole polarization relaxation: It occurs in polar materials. Being accompanied by energy losses in a
dielectric, it is temperature and frequency dependent. The set-up time: 10-12 to 10-8 s in low-molecular
compounds, being a great many orders of magnitude higher in macromolecular compounds.
Ion polarization relaxation: It occurs in non-dense ion-packing ion solids (inorganic glasses,
ceramics). Being accompanied by energy losses in a dielectric, it is temperature and frequency
dependent. The set-up time: 10-13 to 10-8 s.
Electric conductivity: Losses arise in both DC and AC conductivity processes, giving rise to the
electric field losses and their conversion into Joulean heat. The physical nature of the losses consists in
free-charge-carrier scattering by oscillating particles constituting the solid structure.
The relaxation polarization is a phenomenon which is characterized by slow response, by contrast to
the elastic polarization, in which the recovery is almost instantaneous. Let polar particles of different
kind exist in a dielectric being only loosely bound to their neighbours. These particles will
simultaneously perform oscillations and chaotic displacements with respect to their environment. If an
external electric field is applied, these thermal movements will be gradually aligned with the direction
of this electric field. In this way, there arises a non-symmetric distribution of electric charges, thus
giving rise to a dipole moment. Both the polarization growth and decrease (after the external electric
field is switched off) are proceeding slowly. The relaxation polarization is temperature dependent,
being always accompanied by dielectric losses and dielectric heating. Thermal ionic polarization and
thermal dielectric (dipole) polarization are the main types in this category.
2. MATERIAL TO BE MEASURED
For the impedance spectroscopy measurements, our concrete specimens of dimensions 100 mm x 100
mm x 400 mm (Fig. 3) have been split so as to reduce their thickness to 10 mm, i.e., 100 mm x 100
mm x 10 mm.
The specimen composition follows from the formula, see table 1:
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Table 1. Concrete component percentage
C 30/37 XF4, S4, surface NH
kg/m3

%

CEM I 42,5R

320

14,45

Slug 420

100

4,52

Water

210

9,48

Spolostan 7L

4

0,18

Chrysoair

0,15

0,01

Halámky D5 0/4

800

36,13

Rejta 4/8

280

12,65

Rejta 8/16

500

22,58

Fig. 3 Two concrete specimens intended for the temperature measurement, immediately after having
been poured into the beams.
40
hydration in a open air
hydration in a foil
hydration in a water

/°C

35
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Fig. 4. Monitoring the temperature inside the concrete specimens during the concrete setting process.
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3. EXPERIMENTAL SET UP
The experiments, described below, was making by using sinus signal generator Agilent 33220A and
Agilent 54645A oscilloscope (Fig. 1):
Experiment 1: The experiment was designed so as to provide distinguishable impedance spectra of
self-setting concrete during the setting process.
Experiment 2: The concrete samples were characterized after 15 days. The samples were saved at the
different environment (water, air, plastic foil).
The specimens under investigation were inserted between two electrodes (which were pressed against
the specimens using a screw fixture) and subsequently subjected to the impedance analysis.
The loss factor frequency dependence was obtained by using specific software for measurement
instruments control. So the frequency dependent of imaginary part of specific impedance versus real
part of specific impedance was obtained. The specific impedance values were calculated of
experimental values. Of created and calculated models was determined the coefficients values, which
are expressed on the Table 2.
4. MEASUREMENT RESULTS
Experiment 1:
The porosity or the porosity degree is related to the impedance imaginary component Im (Z) versus the
impedance real component Re (Z) plot. In this plot, we can determine the angle made by the abscissa
(line connecting the arc starting point with the arc centre with the impedance real axis (see Fig. 5 - the
angle made by the straight line with the real axis). Putting the mentioned angle into the formula, we
can calculate the value of the n-factor, characterizing the specimen porosity degree:

n 1

2 /

(4)

Fig. 5. Illustration of an impedance imaginary component Im(Z) versus the impedance real component
Re(Z) plot. [8].
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Fig. 6. Impedance imaginary component Im(Z) versus the impedance real component Re(Z) plot.
The table 2 shows n-factors for different hydration stages calculated from the impedance imaginary
and real parts:
Table 2. Calculated values of the n-factor in the course of concrete hydration. The concrete was
fabricated on 29.03.2011
Measurement date

Setting period (days)

n

30.3.2011

1

0,618

2.4.2011

3

0,899

3.4.2011

4

0,908

4.4.2011

5

0,930

5.4.2011

6

0,932

6.4.2011

7

0,933

1.0

n

0.9

0.8

0.7

0.6

1

3

5

7

t/days

Fig. 7. The n-factor versus time of hydratation dependent.
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Fig. 8. Loss factor versus frequency plot for a concrete specimen (the frequency being plotted in log
scale).
It is clearly seen that the n-factor grows with the hydration time. It remains almost unchanged at the
end of the 1-week cycle. The initial lines used in the n-factor calculations are shown in Fig. 6.
The drawback of this characteristic tracking method (Fig. 6) consists in the need for equal-thickness
specimens being cut from the original specimen. From this point of view, the loss factor (tan ) versus
frequency (f) plot is more convenient (in Fig. 6, the frequency is plotted in a logarithmic scale for
lucidity). The loss factor, as a parameter, is a pure material constant. It is related neither to the
specimen size, nor to its dimensions [4].
In Figure 6, the curve gradation corresponds to a one-day time interval between the measurements.
The values of the curve obtained after the first hydration day (30.03.2010) are by several orders of
magnitude lower as compared with the other ones, so that this curve is difficult to identify in the
diagram.
Fig. 8 diagram shows clearly the predominance of conductivity losses in the material (the loss factor
tan
decreasing with the frequency) throughout all concrete hydration stages. The longer the
hydration time was, the lower the loss factor values were measured (almost throughout the whole
frequency spectrum). For example, the sixth day minus the first day hydration tan value is about 2.5
for the frequency of 1 kHz. It means that the material electric conductivity decreased during the
hydration process. One might assume that the lower the material conductivity (which in turn is due to
newly formed capillary pores) the lower loss factors at given frequencies, however, the loss factor
value depends on the material permittivity, too. It follows from the Im Z(Re Z) phasor diagram, that
when the impedance real part is going down, the impedance imaginary part is decreasing as well. This
is in a good agreement with the growing loss factor. The predominance of the polarization losses
(growing trend of tan ) was observed after the first hydration day only at frequencies below about
500 Hz. When the water content grows, the material loss factor grows as well. In general, polarization
mechanisms can be used to characterize the material water content, elasticity variations, defect
occurrence etc.
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Experiment 2:
Fig. 9 shows experimental frequency spectra of the loss factor tan for the indicated range of
frequencies f. The loss factor reaches maximum values at the lowest frequencies of the exciting
electric field being applied.
4
hydration in a open air
hydration in a foil
hydration in a water

- tan

3

2

1

0

2

10

10

3

4

5

10

10

6

10

f/Hz

Fig. 9. The dielectric loss factor spectra versus frequency after 15 days of hydration at different
environmental.
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-2x10

0
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0.4x10

6

0.8x10

6

1.2x10

6

Re Z/

Fig. 10. The specific impedance values of concrete hydratation at different environmental.
It is seen that the concrete specimens whose hydration took place in water feature a higher loss factor
than those hydrated in a foil or in the open air up to a frequency of about 4 kHz, where the spectra are
nearing each other. Higher values of the loss factor (Fig 9) in the spectrum low-frequency region give
evidence of the relaxation processes to influence the resulting tan spectrum in the low-frequency
region more strongly than in the higher-frequency region. It can be presumed that a local extreme of
the loss factor tan is lying in the low-frequency region (outside the frequency range used) for the
concrete specimens under investigation. For the local extreme in question, the reciprocal value of the
frequency equals the most probable relaxation time of the material in the defined frequency range (for
the current specimen condition, i.e., composition, hydration degree, water content). From the spectrum
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differences, we may infer the most probable relaxation time to be higher for the open-air-hydrating
specimen. The most probable relaxation time of the foil-ageing specimen appears to be closest to the
most probable relaxation time of the specimen in question, the relaxation time distribution being
similar to that of the open-air-hydrating specimen. From 4 kHz upwards, all loss factor curves show
fluctuations, however, a trend is clearly apparent. The specimen that has hydrated in the open air
shows different lass factor values than the other specimens in the frequency interval from 9 kHz to
100 kHz. All spectra show a slight loss factor increase in the high frequency region. This can be
explained by either the presence of water in the aggregates or in the specific aggregate kind (Halámky
stone quarry – 0/4 fraction – kind of granite). The second hypothesis is in a better agreement with the
conclusions concerning the characterization of the kinds of granite in dry and wet condition by means
of the impedance spectroscopy method [5]. The specific impedance spectra as measured on the
material under investigation are in a good agreement with the theory of a semi-circle (Cole’s,
MacDonald) [7,8], whose centre has been shifted downwards below the horizontal axis (see
illustrative Fig. 5).
The lowest specific impedance values have been observed throughout the exciting electric signal
spectrum (the frequency is growing from the right-hand-side of the diagram to the left-hand-side,
Fig. 10) for a specimen that had aged in water. At the time of the experiment, the conductivity of the
specimen was higher, but the specific impedance imaginary component to the real component ratio
exceeded the same ratio for other specimens. This is in a good agreement with the loss factor behavior
described above. The specific impedance curves (Fig. 10) reach maximum values at different
frequencies. The specimen that hydrated in the open-air peaks at 50 Hz to 60 Hz, the curve in the
middle peaks at 80 Hz to 120 Hz, the last curve, at about 250 Hz.
Table 3. The model parameters values, obtain of dielectric loss factor spectra by using different
hydratation environment, - optical permittivity (f
), s - static permittivity (f =0), - relaxation
time, - distribution parameter, r - Pearsons correlation coefficient, N - number of spectra points.
Hydratation environment
Parameter /
environment

water

plastic
foil

air

72,3

91,6

99,8

5

4

s

5,3·10

3,6·10

1,3·104

[s]

6,4

0,964

0,473

0,114

0,176

0,268

r

0,9924

0,9621

0,8837

N

46

46

46

From the loss factor spectra, complex relative permittivity values for limiting values of the exciting
frequency, the most probable relaxation time and the distribution parameter have been obtained.
The dynamic permittivity of specimen having hydrated in various environments shows a rising trend,
whereas the static permittivity values tend to decrease. The most probable relaxation time confirms the
estimates resulting from the analysis of the loss factor spectra. The distribution parameter increases
if the water content in the concrete hydration environment decreases. The correlation coefficient has
lowest values for the open-air-ageing concrete loss factor spectra.
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5. CONCLUSIONS
The impedance spectroscopy method was employed to characterize the concrete hydration process
stages.
The resulting change in the frequency characteristics fits the assumption that the respective physical
property changes are reflected in the impedance loss factor. Dielectric losses have been described. The
characteristic reproducibility was good within narrow time intervals.
For open-air hydration, a relation between the porosity (its degree) and the shape of Im Z (impedance
imaginary component) versus Re Z (impedance real component) plot has been confirmed to exist. The
characteristics proved to be reproducible within narrow time intervals.
The impedance spectroscopy method has been used to characterize concrete ageing in various
environments. This was confirmed by the spectrum model, which was able to identify these values.
Approximation and best-fit-search of the loss factor spectrum for the concrete specimen that hardened
in the open air proved to be difficult and less accurate, which is due to the low value of Pearson’s
correlation coefficient.
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Abstract
The shortening of construction time and an attempt to lower the costs of the construction have become
important construction trends. A significant factor in building construction is an adequately chosen
lifting mechanism. It has to be chosen not only in order to save time but it also has to be financially
advantageous.
This article analyzes contemporary methods that are used for lifting mechanisms proposals. It shows
the pros and cons of such methods and it attempts to show the right direction for the development of a
new method.
The conclusion of this article highlights the necessity to create a new and more exact method for the
optimal proposal of lifting mechanisms and their systems.
Key words: Proposal optimization, lifting mechanism, construction site, performance, working cycle
INTRODUCTION
Recently, the construction speed and low costs have become important criteria in construction. This
trend started to result in low quality buildings which have been negatively perceived. If the two
criteria are considered, any maker is pushed to work without detailed planning of the construction
process and they will not be able to ensure that the building will be of required quality, price and in
time. Neglecting the planning process leads to construction protraction which results in delay penalty.
Another variant is construction completion in required time but not in the required quality which leads
to complaints and to costly repairs. All these factors lead to financial loss for the maker.
Makers start to realize this and they start to do a detailed planning. Planning methods of construction
as well as program equipment that facilitate this work are sophisticated. However, one of the crucial
elements in a list of financial costs is a machine holding, notably costs of lifting mechanisms.
That is why it is necessary to emphasize this subject matter and suggest an easy but effective solution
to this problem. The right design of lifting mechanisms can prevent complications during construction
and it can also prevent the construction costs increase.
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Division of lifting mechanism
Lifting winches, telescopic manipulators, high lift trucks, building lifts, stationary cranes and mobile
cranes belong to the basic lifting mechanisms.
Stationary and mobile cranes are most commonly used during the construction of large building sites.
These two crane types are discussed further in this article.
Mobile cranes
Mobile cranes move independently in the construction site and also in public traffic if necessary. Its
main advantage is labour mobility and these cranes do not require building of special foundation sites.
On the contrary, the main disadvantage of these cranes appears to be their capability to unload only
under a certain angle. By this their usability in construction of higher buildings is considerably
restricted.
These cranes can be divided according to several basic criteria such as:
Type of undercarriage:
wheel undercarriage
The main advantage of such cranes is that they can be transferred on public road. On the contrary,
their main disadvantage is their lower load-carrying capacity and they cover a smaller area.

Fig. 1. An example Grove GCK 3045 (Source: Pragotechnik 2011a, accessed February 12 2012).
caterpillar undercarriage
The main advantage of such cranes is their movement in rough conditions of construction sites. On the
opposite, their biggest disadvantage is a necessity to ensure special semi-trailers while transporting to
the construction site.
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Fig. 2. An example Crane for soft terrain (Source: Pragotechnik 2011c, accessed February 12 2012).
Special wheel undercarriage
The main advantage of these cranes is their high load-carrying capacity and an easy unloading process.
The disadvantage of these cranes is their transport to the construction site. These vehicles are largesized that it is necessary to ask for a transit permit and the crane has to be accompanied by convoy
cars.

Fig. 3. An example Grove GMK 7450 (Source: Pragotechnik 2011b, accessed February 12 2012).
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Types of crane jib:
lattice crane jib
telescope crane jib
Type of load chart for a crane truck:

Fig. 4. An example Load diagram (Source: Pragotechnik 2011b, accessed February 12 2012).
Tower cranes
These cranes reach to vast areas from one point. These types of cranes are often used for high
buildings and also in building sites where longer usage of the lifting mechanisms is expected. This
category can be divided according to several criteria and the basic criteria appear to be:
Division according to load-carrying capacity:
light cranes
These cranes have load-carrying capacity up to 3 tons and they are used for the construction of
maximum five-floor houses with a width of about 12 metres.
medium-size cranes
These cranes have load-carrying capacity from 3 to 6 tons and they are used for the construction of
maximum twelve-floor buildings.
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heavy cranes
These cranes have load-carrying capacity from 6 tons higher and they are used for the construction of
high-rise buildings and vast building complexes.
Division according to the turn type:
with a lower turn
In this case the counterweight is located in the lower part of the tower so the crane turns around as a
complete whole including the tower. It is necessary to bear this fact in mind and project the crane
sufficiently far away from the building construction or any other obstacles.
with an upper turn
In this case the counterweight is situated on the crane jib. The crane jib is rotary and the tower is
stable. When using this crane type, it is possible to place the crane so that it is closer to the building
construction or other obstacles.
Division according to a crane travel
with a crane travel
This crane type is built on the crane railway. The main disadvantage of this variant is a necessity to
build such a railway which is expensive. This disadvantage may appear to be insignificant because its
main advantage is its capability to reach to distant places by means of one machine.
without a crane travel
The advantage of these machines seems to be lower costs for the machine founding. On the contrary,
the disadvantage is only one position of the machine which causes that it covers only a small area.
Division according to a tower type:
with a lattice tower
This type is the most often used type. The tower height is variable and its change is done by insertion
or withdrawal of a tower piece. The crane performs this change itself. The height of these types of
cranes can reach heights above 100 metres. It is necessary to anchor the tower into the structure.
with a telescopic tower
This construction is used only with small cranes. Hollow elements are telescopically inserted one into
another.
climbing cranes
This crane type has got invariable tower length. However, this crane type grows together with the
construction.
Division of cranes according to their composition:
assembly cranes
These crane types need for their composition another lifting mechanism which appears to be their
main disadvantage. Their biggest advantage is that they cover a large area and their carrying capacity
is high.
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Fig. 5. An example High-top-EC-H: builder (Source: Liebherr 2006a, accessed February 13 2012).

self-erecting cranes
These crane types do not require any other lifting mechanism to start working which is a big
advantage. Nevertheless, their carrying capacity is small.

Fig. 6. An example H Krane: builder (Source: Liebherr 2006b, accessed February 13 2012)
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Type of load chart for the tower crane:

Fig. 7. An example Load diagrams in relation to the position of the crane jib
(Source: Craneservis 2008, accessed February 13 2012).
Contemporary methods used for lifting mechanism design in construction
In my opinion, basic methods that have been used for lifting mechanism design are relatively outdated.
But these methods can be still applied. Their application is correct, nevertheless, the development of
lifting mechanisms has accelerated so much that these methods have become only orientation and
these methods cannot be relied upon. Such methods include for example:
Method that uses the indicator of the number of workers:
The number of necessary cranes is set according to the number of workers who need the crane for their
work in the construction site. Authors of this method do not deal with the crane types and only
exceptionally do they specify the relationship according to the type of the building construction.
Usually from 10 to 20 workers are assigned to the construction site for one crane in action.
Method that uses the indicator of the enclosure in a unit of time:
This method relies on the number of cubic metres of the enclosure that can be built while supplied by
one crane in a certain unit of time, for example one month. This method also does not consider the
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crane type. One thousand cubic metres of the enclosure per month can be built while supplied by one
crane.
Method that uses the indicator of weight of the transferred material in a unit of time:
In this method it is crucial how many kilonewtons of material it is possible to transfer with the help of
one crane in a unit of time, for example in a month. This method does not deal with the crane type.
One crane can carry 3000 – 6600 kilonewtons of material per month.
Method that uses the indicator of volume or weight of material carried in a unit of time:
The design in this case uses volume or weight of materials carried in a unit of time. It is for example a
cubic metre of concrete, square metre of casing and so on.
Method of crane design according to the time norms of crane operated processes:
Priority in this method is to find out the time norms of crane operated processes because the duration
of all operations can be then determined. This duration is then divided by the required construction
time and the result is the final number of cranes. Rounding up of final number to integer is necessary.
The final number has to be corrected with the so called coefficient of idle time of a machine. This
coefficient can rise up to 48 %.
Method of estimate of time that is necessary for crane operation:
This method assumes that 80 % of construction material in the construction site will be carried by the
crane. That is why it is first necessary to determine the density of the building construction. This is
determined on the basis of the enclosure [m3] and relative weight [t/m3]. Another precondition of this
method is that the crane carries at the end of the crane jib 1 ton in one cycle of 6 minutes. Based on
these facts it is then possible to determine the time that is necessary for the material transfer. However,
coefficients of real possibilities have to be applied.
Methods for assessing the time utilization of lifting mechanism created at vut Brno
The latest solution of this matter is represented by two methods that deal with the design of lifting
mechanisms. These two methods have been dealt with in VUT Brno. The first person who started to
deal with this matter was Doc. Ing. Vít Moty ka, CSc. a his follower was Ing. Lukáš Klempa. Each of
them started to solve the matter with the help of a different method. Doc. Ing. Vít Moty ka, CSc.
solved the matter with the utilization of complete operation. Ing. Lukáš Klempa, on the other hand,
solved the method with the usage of simulation model. These two methods are discussed further in this
paper.
Method of complete operation
In order to assess the time utilization of the crane by this method, it is necessary to know the time
schedule of the certain construction process, list of materials, layout of construction site facilities and
also a certain crane type. It is possible to design the crane type by several methods. The easiest method
is based on a certain element type. Such element has to have at least one of these prerequisites:
Carried material causes the worst bending moment in relation to the allowable crane load.
Carried material is transferred by the crane to the furthest horizontal or vertical distance.
Carried material requires the longest time for crane operation.
The author has created a tabular and graphic summary of materials that form the most important
components of the construction. The summary shows the number of necessary cycles or the material
usage. Graphs show approximate numbers of required cycles in a period of time or an amount of
carried material. Numbers gained from these materials are used for calculation of the crane utilization.
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The calculated approximate numbers can then be used for any crane type with similar technical
parameters.
The evaluation of machine performance efficiency does not take account of time loss. Time losses
appear as a consequence of stopping the operation because of operating another activity in the same
time. Based on this fact, the author decided to apply mathematical method of complete operation. This
method enables to set the so called operation intensity of a certain system that is dependent on the
number of incoming materials that require both the operation and the number of systems that serve
their expedition, in this case cranes. The basic structure of this method is as follows:

Cranes

Front
Input of operated
elements - materials

Output of operated
elements - materials

Operation system
Fig. 8. An example Basic structure of the complete operation system
The exact simulation of all movements of cranes is necessary for the time appraisal of performance of
the crane. This is not possible and that is why the author divided the construction processes into three
basic groups that are as follows:
A group of construction processes that requires full time capacity of the crane. In this case, the
time of action without operation gets to zero and that is why it is possible to assume a zero
value.
A group that does not require full time capacity of the crane for the material supply. In this
case unit amount of material is supplied in a certain time interval.
A group that has unusual requirements for the crane operation. This group requires a
minimum number of operation requests, usually less that once in two hours.
If all calculations indicate that the final values do not fit the time requirements for the work shifts or
other required terms, it is necessary to find other possible solutions. There are several ways how this
situation can be solved:
Double shifts can be introduced in the construction site. This variant means the need of more
workers.
A time limit of the most risk activities can be extended. However, this will prolong the
construction time which may result in financial sanctions.
Stocking strategy may be applied in certain situations. It appears to be the best possible
solution but it is possible to be used only in a small number of cases.
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A more powerful crane can be used. This solution appears to be the least negative and in
comparison with other variants it is also the least expensive.
This method uses computer software. This enables fast calculations and in case of a mistake the
correction is possible only in a certain part and there is no need to count everything over. The main
disadvantage is a need of computer technology and at least a basic knowledge of it.
Method of simulation model
The basic prerequisite for the creation of this method was a summation of activities that require the
crane operation. This method was created on a model of a monolithic ferroconcrete construction.
Shuttering, bar setting, concrete work, removal of shuttering and setting were determined to be crucial
activities for the crane operation.
Other input prerequisites in this method:
The model is dependent on the time schedule of the construction
The time schedule determines the time unit
The quantity of work for each activity is calculated
Concurrences of job performances are known
Stockpiles and positions for material storage to the position of the crane are set
An exact crane type is chosen
As soon as all the above mentioned criteria are applied, it is possible to compose the simulation model
and then also the mathematical one.
The author introduced the simulation model in a following way:

Periodically repetitive cycle of the process supply

Number of cycles
that are necessary
for supplying the
technologic
process

Time of 1 working
cycle

Time of the crane hook
movement in 1 cycle

Processing time of
one operation

Time of load hitching
Time of load unhitching

Speed of:
-upstroke

Crane
type

-dropping
Technologica
l process

Trajectory of crab travel
in 1 cycle

-crab travel
-turning

Fig. 9. An example Simulation model
Based on the model that is mentioned above it is necessary to calculate the values that are used in it.
These values will be further used when the mathematic model is created.

348

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
The calculation of load movement in one working cycle is crucial. This calculation consists of the time
that is necessary for the travel height and dropping, the time of slewing the crane jib and the time of
the crane travel on a crane track. After the calculation it is possible to express the time of one working
cycle of the crane. It can be done by adding the values of the load movement and the time that is
necessary for hitching and unhitching of the load.
Another important step is to determine the number of cycles for single operations of the construction.
These values can be gained by dividing the volume of the carried material and the volume of material
that the crane carries in one working cycle. Then it is possible to determine the crane operation length
in each construction process by the multiplication of the length of one working cycle with the number
of finished cycles.
The author used a graph to exemplify the method of the mathematic model. Graphic representation is
divided to the so called “steps”. One step represents according to the author the time after the first
crane operated activity gets back to the beginning of the process.

Fig. 10. An example Division of the time interval into certain steps
During the model composition it is necessary to include technological stops and there is also a
possibility that new activities may enter the construction process. Furthermore, a division of activities
on the basis of their priority is crucial. The activity of high priority is always preferred. It means that
even in cases when it is put into the process later than others, its processing is preferred.
CONCLUSION – FURTHER DEVELOPMENT OF THIS MATTER
While considering the contemporary matter of lifting mechanisms, my supervisor and I have agreed
that it is necessary to specify contemporary methods of proposing lifting mechanisms and take into
account certain crane types. Our output should facilitate and specify the crane design or crane system
in construction sites and it should be helpful to those who deal with the design of these mechanisms.
The output should also lead to the financial savings for the maker. The savings can be reached by the
correct proposal of these machines. Another part of our work will be a survey of input values of all
actions that are commonly present in all typical construction sites that have been built recently. The
aim of our work is that the method will show the most problematic parts during construction, for
example the longest lasting phase when the crane will be used the most. This information will then
enable to limit the crane operation time. Nevertheless, the planned period of construction should
remain and the time of construction should not be prolonged in connection with the suggested
machines.
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Abstract
During recycling of building waste there arises fine material which is not being used and nowadays it
ends up at waste dumps. The authors of this paper are dealing with recycling of building waste and its
re-use during revitalisation of panel housing estates. Recycled building waste itself would not be
suitable for green spaces which would affect the appearance of housing estates. The authors focus on
mixing of fine parts of recyclate with organic material which is gained by composting. The new
mixture should have characteristics as similar as possible to natural conditions for a successful
growth of vegetation even though there is used the waste which would normally end up in dumps. This
solution is interesting not only from the economic point of view but also from the point of view of
environment protection.
Key words: Recycling, building waste, organic material, revitalisation, estate, environment
INTRODUCTION
The issue of the environment protection in the building industry and in construction material
production has still been underestimated even nowadays. Primary raw materials gained by means of
mining and energy-consuming processing are most commonly used in the production. However, re-use
of materials from reconstructions, renovations and demolitions not only saves the environment but it is
also convenient from the economic point of view. In the building industry as well as in reclamation of
mining sites, revitalisations and other landscaping and planting works, topsoil and subsoil layers and
peat are primarily used instead of secondary materials which originate from biological waste. The
importance and immediacy of this topic can be best illustrated by actual numbers – in the Czech
Republic itself, the amount of reclamation and revitalisation works that have been carried out since
1993 was 20 billion CZK. A significant part of these costs was invested unnecessarily. In the global
scale, the annual costs connected with reclamation are about 50 trillion dollars. In the Czech Republic,
technologies based on large volumes of earthworks are used. These are mostly connected with topsoil,
its transfers, storing, distribution and finishing procedures at the space designated for reclamation.
These procedures are very costly. The necessary organic matter arises from the dead leaves and other
dead parts of planted trees. This process is easy to disrupt by, for instance, denudation or
mineralization and therefore it is very slow and it lacks efficiency. The following chapters provide
information about recycling, describe the principles of the researched technology and introduce the
initial results of the research.
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Demolition, redevelopment, demolition works, renovation of buildings and the current way
ofdealing with construction waste
Currently, most of these activities are carried out without previous considering “what to do with the
waste”. Selection procedures are won by those who offer the lowest price without thinking about the
future.
In most cases the debris is not re-used and all the waste is transported to waste dumps. This leads to an
increase in costs and to excessive burdening of the environment not only during the process of
demolition (transport, loading) but also by destroying natural resources.
The current trend in both construction and revitalisation is the following:
Demolition of existing buildings
All the building (waste) material is transported to waste dumps
New building material is brought in
Beginning of new construction
For a responsible manager, the main aim should lie in a complex evaluation of the demolition
and evaluation for the future
The whole idea is based on the assumption that before something new starts to be built, it should be
clear how the deal with the old one. This means:
To reduce taking away as much as possible
To reduce the use of waste dumps as much as possible
To reduce the use of new materials for building
To reduce the bringing of new material to the site
To reduce storage
To maximise re-appreciation (Henková 1992, own translation)
The way of secondary use of building waste
The basis of building waste recycling
In the process of recycling as a whole it should be a clear rule that the quality and efficiency of the
whole process of recycling depends on the quality of the demolition work and especially on the
demolition waste sorting directly on the spot” (www.arsm.cz). Building waste as such is in many cases
not dangerous. Much bigger threat to the environment is represented by its amount and by the fact that
in most cases the waste is not re-used. An ideal solution is the use of mobile recycling lines which
consist of both grinding and separating parts ( ech 2011).
The recycling process consists of several parts:
Demolition
Pre-sorting (elimination of visible foreign substances, especially of contaminated or organic etc.)
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Graining
Elimination of foreign substances (e.g. iron)
Sorting (output grading of recyclate)

Fig. 2. An example of a mobile recycling line.
The following diagram shows the recycling process scheme which is used in the Czech Republic.

Fig. 3. Scheme of the recycling process used in the Czech Republic (Source:
www.panelovedomy.ekowatt.cz, accessed February 15 2012).
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Principles of the research and the materials used
This section of the paper describes materials which were used during the research.
These are both materials which are products of recycling and organic material which arises from
biological waste. This research will deal primarily with fine-grained material which is created during
the recycling process and which is mostly unutilized and is only transported to waste dumps.
Materials created during the recycling process
According to the type of the building, its state and its material composition it is possible to gain reusable materials during the process of recycling.
By planning of the recycling in advance and pre-sorting before beginning of demolition works, it is
possible to maximise the amount of material which can be subsequently re-used. This kind of material
arises during the recycling of concrete, glass, ceramic components, wood and tar.
Debris
Debris is waste from recycling of materials from demolition. Recyclates of building materials may be
used in various activities connected with construction. However, their full utilisation is not ensured so
far.
Machines and devices which are used in building materials recycling can modify the original debris.
The way the demolition works are carried out is also very important. In spite of the efforts to
maximise the use of this material in construction, more than 20 per cent of materials remain unutilized.
In renovations and reconstructions of building, this percentage is higher than 50 per cent.
This residual material is called minus material. It arises during graining of materials from demolition,
mainly of masonry construction and coats. This fine fraction which contains mixture of bricks, lime,
concrete and also soil is not suitable for any further use in building. It is difficult to densify it, it is
highly moisture-absorbent and it contains non-homogeneous materials. Its main disadvantage is its
dustiness. Therefore most companies only transport the grained material to waste dumps (Henek
2011).
Organic material
According to the size and the way of composting it is possible to distinguish three main types of
composting:
In-home composting
Community composting
During in-home and community composting, aeration is ensured mostly by the natural physical
processed – diffusion and convection. However, manual digging up (with pitchfork or shovel) is
advisable at least twice a year.
Industrial composting
During industrial composting, organic waste is processed in central composting plants. Aeration is
mostly realizes by mechanical digging up done by compost shovellers. Aeration can be also done by
means of forced aeration when the air renewal in composted material is realized by pumping air in and
out.
The aim of composting is to return organic remnants into the cycle of substances in nature. Humus and
its acids are important for formation of optimal structure and looseness of soil and they help to retain
sufficient amount of nutrients and water. Compost makes processing of soil easier, increases
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absorption and retention capacities, restores soil, supports life in soil, reduces plant diseases and pests,
reduces soil acidity and stabilizes pH value, reduces erosion, lowers water consumption, prevents
desiccation and in the long term it provides plants with vital nutrients.
Soil micro-organisms use humus as a permanent source of nutrients. The reproduction efficiency of
humus is in composts incomparably higher than in other organic fertilizers. Compost creates
extraordinarily stable and highly valuable organic structure of soil. It contains all the important main
and trace nutrients. Compost is non-harmful from the point of view of hygiene. Compost of high
quality is completely free from germinative seeds and rootstocks of weeds. Releasing of nutrients from
compost is gradual. Nutritive value of compost of high quality may also substitute great amount of
industrial fertilizers which brings not only direct economic effect but also significant ecological
benefits.
The main objective of this research is to link two completely unrelated areas of human activities:
building industry and agriculture.
The first stage of the research
Materials and aids used
Inorganic
For the sake of the possibility of comparison of various materials, the following materials were used in
this research.
Debris
This material arose during graining and sorting of a building made of burnt brick, lime mortar and
lime plasters both internal and external.
The building is from the 1930s and therefore the lime is weathered and only moderately alkaline.
The mixture contains 52 per cent of brick grit fraction 0-4 mm, 4 per cent of concrete 0-4mm, 23 per
cent of sand 0-4mm and 21 per cent of lime dust.
Silica sand – medium grain 0.75mm
Silica sand ST 56
Silica sand RTK 3
Burnt clay 1-3 mm
Organic
For the first stage of the research, compact organic constituent was used as the organic material.
Peat
Vegetable – lucerne seed (used for finding out of growth qualities)
Aids
Plastic pipeline – cut into equally long parts and modified by plastic wrap and bottom
Geotextile
Measure container – for substrate and lucerne seed
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Trowel for stirring
Technological procedure
Pipeline preparation
Insertion of textile and placing on horizontal surface with identical properties such as, for instance, the
same sun exposure for all the samples
Substrate preparation
Three portions of peat and one portion of inorganic material were mixed in the container.
Filling of the prepared containers from the plastic pipeline
The containers were filled and the substrate was shaken off and refilled up to 5 cm from the upper
edge. After the filling and placing at the checking stand, the substrate was dampened evenly. This
resulted in settlement of the substrate and it was therefore refilled up to 5 cm below the upper edge. A
small amount from each substrate was laid aside for refill and covering of seeds. Seeds of lucerne were
measured and evenly sprinkled on the substrate surface. Four samples from each and the fifth sample
as the checking sample. The seeds were then covered by centimetre-thick layer of substrate.
Treatment of the samples
The samples were dampened regularly and they were regularly checked not to become dry. Because
the samples were stored in an open space, they were not protected against rain. However, rain affected
all the samples in the same way.
Results of the first stage of the research
After first three days the plants appeared. In all the samples there was the same amount of them.
However, after some time (3 days) some of the plants in samples with silica sand perished. In the
sample with debris the plants have been growing.
Currently, measuring of infiltration has been in progress. So far it is clear that debris because of its
alkaline character decreased pH level of the mixture and thus contributed to better growth. Another
factor is that debris lightens the mixture.
Conclusion of the first stage of the research
For the next stage of the research, it is necessary to choose another organic part, for example garden
substrate or topsoil or subsoil layer. It remains undecided whether used garden substrate of one or
more types. Furthermore, it is necessary to replace textile by draining layer or another retaining natural
material such as jute or sisal. For further experiments it is also necessary to know the source of debris.
Planned continuation of the research
The objective of the research is to develop a complex technology for production of special reclamation
substrates. This new technology should bring about a decrease of demands on currently used
expensive technical steps during reclamation, such as manipulation, storage and distribution of topsoil.
It should also enable and increase in biodiversity of reclaimed areas. By developing a new complex
technology for efficient reclamation and revitalization, there arises an exceptional space for
entrepreneurial opportunities in the Czech Republic.
Another aim of the research is to suggest a complex use of utmost amount of recycled material from
demolitions and reconstructions of various types of buildings. This will lead to an analysis of the types
of the building and the materials which they contain, and a suggestion for sorting technology and
subsequent effective re-use of the materials.
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CONCLUSION
This research should contribute to complex use of materials gained during recycling of building
material. The use of the fine-grain fraction of the recyclate is very limited and the rest of the fraction is
transported to waste dumps. A future aim is to suggest the possibilities of recycling of all the materials
gained during partial renovations of various types of buildings which would lead to considerable
financial savings and to protection of the environment.
The article was solved on the basis of the specific research
technological processes in the recycling and subsequent use
brownfields." The proposer is Ing. Svatava Henková, CSc. The
University of Technology, Faculty of Civil Engineering, Institute
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FERRITE WOOD FIBROUS COMPOSITE MATERIALS FOR ELECTROMAGNETIC
WAVE PROTECTION
Sanchi K. Nenkova, Kiril V. Dimitrov, Petar N. Velev, Martin Vitanov, V. Vasilev
University of Chemical Technology and Metallurgy, 1756 Sofia, Bulgaria

Abstract
Ferrite wood fibrous composite materials represent a great interest in the production of special
articles with electromagnetic wave absorpton for different applications in electronics, electrotechics,
office equiqments and many other rooms with high electromagnetic concentration.The present
investigations are connected with development of new method for preparation of ferrite-containing
lignocellulose fibrous material by treatment with mixture of Fe2+/Fe3+ and on this basis ferrite wood
fibrous composite materials have been produced.
The new ferrite wood fibrous composite materials are very usful for different application.
Key words: Ferrite wood fibrous materials, composites, electromagnetic wave protection
1. INTRODUCTION
The fast developing science and engineering, particularly production of new materials, continuously
change the quality of life. The greater part of industry as product generates also problems for the
society. The natural fibers and the wastes of the agricultural industry are used as fillers in polymer
matrixes of specific properties. Particular interest present composites on the base of thermoplastic
matrices reinforced by lignocellulose materials such as: wood, wheat, straw, almond peels and rice
husks. These fillers introduce some advantages compared to the conventional inorganic fillers which
contribute to their regenerative character (Bakar 2005). The modification of cellulose and cellulose
fibers (Boufil 2006, Zhang 2008, Kitkulnumchai 2008, Pasquini 2008, Majumdar 2005) gives many
new opportunities of application which makes it a very important product. Its use in composite
materials (Pasquini 2008, Majumdar 2005) as regenerative material is one more reason to consider this
product singular.
Particular interest present the magnetic fibers prepared through magnetic powder introduction in the
lignocellulose matrix and the subsequent production of nonwoven textile materials for magnetic
protection (Rubacha 2007).
There is carried out modification of cellulose fibers and microcrystalline cellulose (MCC) with Fe for
preparation of materials with thermal and electrical properties. It is found that the thermal stability
decreases while high electrical conductivity is achieved in the modified materials (Sundar 2011).
A considerable number of researches are devoted to the modification of cellulose fibers by ferrite
powder (Leonowicz 2004, Kaszuwara 2004, Rubacha 2004) with the purpose to produce composites
of magnetic properties.
There are investigations on modified polysaccharides that acquire magnetic properties when treated by
Fe+2 in insoluble polysaccharide matrix (Raymond 1995). The materials produced are suitable for use
in the production of composites for electromagnetic wave protection.
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Interest present the researches related to the development of adequate methods for modification of
lignocelluloses by copper-sulphur containing reduction systems to impart new properties and
subsequent production of wood polymer composites for electromagnetic wave protection (Nenkova
2011).
The present researches are connected with preparation and study of ferrite containing lignocelluloses
by treatment with two-component Fe+2 and Fe+3 system and on their basis production of ferrite wood
fibrous composite materials for engineering and household purposes.
2. MATERIALS
Wood fibers are used – high yield fiber materials (HYFM), obtained during processing of broad-leaf
wood splinters with the purpose to produce thermo mechanical mass that is used for the manufacture
of wood fibrous plates. They are delivered from Lesoplast Ltd, town of Troyan. As binding agent for
preparation of the wood-polymer composites phenolformaldehyde resin is used – content 0,1%
compared to the fibers. The following are used as modifying reagents: FeCl2x4H2O - SIGMA
ALDRICH Chemie GmbH, M 198,881 g/mol, FeCl3x6H2O - SIGMA ALDRICH Chemie GmbH, M
270,33 g/mol.
3. EXPERIMENTAL
3.1 Wood fibers modification.
Table 1 presents the modification conditions of the wood fibers.
The lignocellulose material - HYFM is modified by ferrite system which contains water solutions of
FeCl2.4H2O, and FeCl3.6H2O, mixed in molar ratio 1:2. The solution thus prepared is diluted with
water in proportion from 1:2 to 1:10, then it is mixed with the lignocellulose material at constant
hydromodule ( =1:8), stirred and a definite quantity of NH4OH is added. The modification time is
varied from 5 to 30 minutes. The temperature of performing the modification is room temperature
(from 20 to 25 ). In alkaline medium of high
the ferrous chlorides hydrolyze with formation of
magnetite (Hunger 2006).
Table 1. Modification conditions of HYFM.
Sample

Dilution of
modified
solution

NH4
(ml)

Time
min.

Fe content in
solution, %

Fe content in
fibers, %

Fe loss in fibers
after
modification, %

.1

01:01

20

5

93

7.2

85.8

.2

01:02

20

5

62

8.3

53.7

.3

01:10

20

5

18

8.8

9.2

,4

01:20

20

5

9

1.3

7.7

,5

01:01

20

30

93

6.5

86.5

.6

01:02

20

30

62

5.8

56.2

.7

01:10

20

30

18

3.7

14.3

.8

01:20

20

30

9

4.9

4.1
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The modified high yield fibrous materials (HYFM) are characterized with respect to infrared
spectroscopy and iron content.
3.2 Determination of the iron content after modification of the fibrous materials
The iron content is determined according to ICP, after thermal and acidic decomposition of the
samples. The study is performed in the Central Research Laboratory of the University of Chemical
Technology and Metallurgy. Figure 1 and Fig. 2 present graphically the results.

Fig.1. Fe content (%) after fiber modification, duration 5 minutes.
In these modification conditions the following dependences are observed:
- When the process duration is 5 minutes (Fig. 1) with increase of the degree of modified solution
dilution the quantity of iron in the fibers increases and the loss is the smallest for proportion 1:10.
- When the process duration is 30 minutes (Fig. 2) with increase of the degree of modified solution
dilution the quantity of iron in the fibers increases and the loss particularly for proportion 1:20 is
considerably smaller.

Fig.2. Fe content after fiber modification, duration 30 minutes
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Comparing the data in figures 1 and 2 and Table 1, as optimum modification conditions we
recommend: process duration 5 minutes and degree of modifying solution dilution 1:10.
3.3. Iron losses after fibrous material modification.
Figure 3 presents graphically the results of iron content in the wood fibers.

Fig.3. Iron losses after fibrous material modification
The optimum results in relation to iron content in the fibers and the losses in the solution are achieved
during modification under the following conditions: ratio 1:10 and duration 5 minutes.
3.4. Preparation of ferrite fibrous composite samples.
In the preparation of wood fibrous composite samples the following is used:
Ferrite wood fibers modified by the above described method and the specified optimum
conditions as follows: proportion 1:10 and duration 5 minutes.
Wood fiber mass (12% dry substance), submitted by the production line of Lesoplast Ltd.,
Troyan town.
The composite materials have been produced in Lesoplast Ltd., by laboratory press under the
conditions and parameters given in Table 2.
Table 2. Conditions and parameters of composite samples production.
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Fiber
quantity
Sample
Troyan,
(%)

Modified
fiber
quantity,
(%)

0

100

-

10

250

180

1

87,5

12,5

10

250

180

2

75

25

10

250

180

3

50

50

10

250

180

Time Mass
(min) (g)
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The composites are produced under conditions and parameters accepted for the production of wood
materials by the aqueous method: the Phenol formaldehyde resin (PF) quantity compared to fibers
1%; paraffin emulsion content 10%; degree of grinding (DS) 18 sec., mass pH 5,5. The composites are
pressed for 1,30 minutes under specific pressure of 50 kg/cm2 and 8,30 minutes under 12,5 kg/cm2.
Degree of grinding (DS) 18 sec., mass pH 5,5.
3.5. Characterization of the composite samples.
The composite materials are characterized in relation to: X-ray diffraction, physical-mechanical
characteristics, infrared spectroscopy, electrical conductivity and electromagnetic absorption.
3.5.1 X-ray Diffraction
The analysis is performed by apparatus Brucker D8 diffractometer in the Institute of Inorganic
Chemistry of the Bulgarian Academy of Sciences. Figure 4 shows the roentgenogram.

Fig.4. X-ray diffraction analysis of composite produced of modified wood fibers
The X-ray analysis shows the presence of magnetite in the modified fibrous composite. The first peak
is due to the fibrous material and the considerable presence of cellulose in it, the second peak which
shows the magnetite is clearly expressed that confirms the successful modification of the wood fibers.
The composite of the lowest modified fibers content is used. The research made has also specified the
size of the magnetite particles: =10nm.
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3.5.2. Physical-mechanical characteristics
3.5.2.1 Three-point bending
Figure 5 presents graphically the three-point bending strength depending on the modified fiber content
in the composite.

Fig 5. Three-point bending strength depending on the percentage of introduced modified fibers
Figure 5 clearly shows that the highest indicator of three-point bending strength has the sample
without modified fibers. With the increase of the percentage of introduced modified fibers the strength
value decreases in three-point bending.
3.5.2.2 Tensile strength
The tensile strength results of the composites are graphically presented in Fig. 6 and Fig. 7,
respectively: tensile strength and tensile elasticity modulus.

Fig.6. Tensile strength depending on the percentage of introduced modified fibers
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Figure 6 indicates that all the samples containing modified fibers show lower values for tensile
strength compared to the zero one. The lowest value has the sample which contains 50% of modified
wood fibers. The cited above dependences of tensile strength refer also to the elasticity modulus
indicator (Fig. 7)

Fig.7. Elasticity modulus in tension depending on the quantity (%) of introduced modified fibers
3.5.2.3 Impact strength according to Izod
The results of this characteristic are graphically presented in Fig. 8

Fig.8. Impact strength according to Izod depending on the percentage of introduced modified fibers
It is obvious that with the increase of the modified fiber percentage above 12,5% the impact strength
decreases.
3.5.3 Infrared spectroscopy
The infrared spectra of the modified fibers (Fig. 9) show the appearance of a band at ~ 400 cm-1 that is
characteristic for the metal-oxygen bond (Balasuria 2002). Probably, this bond is as a result of
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coordination bonding of the metal ions with oxygen atoms of the cellulose OH groups and the
aromatic nucleus of the lignone macromolecule.

)

b)
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c)
Fig.9. Infrared spectra of: ) initial fibers; b) modified fibers; c) modified fibers with added bonding
agent
3.5.4. Electric conductivity of the composites
Table 3 presents the results. All samples belong to the category of dielectrics. It is obvious that the
electric resistances data of the composite samples are close between them and do not differ
significantly from the zero samples.
Table 3. Composite electric conductivity
Sample 0
/m

1
8

6.10

2
8

2.10

3
8

1,2.10

4
8

6.10

5
8

2,1.10

3.5.5. Microwave absorption of the ferrite wood fibrous composites
Figure 10 presents graphically the data of the microwave absorption
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Fig. 10. Microwave losses depending on the frequency
The diagram shows that with increase of the wave frequency the losses in dB also grow as a result of
the composite sample absorption (Lecheva 2008).
4. CONCLUSION
The results of the performed researches related to the development of method for production of wood
ferrite fibers and on their base, respectively, composites as well as investigation of the properties of
the produced new materials lead to the following summarizing and conclusions:
Method is developed for wood fiber modification by two-component Fe+2 and Fe+3 system and
the following optimum conditions for deposition in the lignocellulose matrix of suitable proportion of
the two components in the ferrite system are determined.
There are prepared, by the pressing method, wood ferrite fibrous composite materials on the
base of the modified wood fibers and wood fibrous mass from the current production of Lesoplast Ltd.
On the basis of the results from the development of the method and the characterization of the
produced wood fibrous ferrite composite samples in relation to iron content, physical-mechanical
indicators and electrical conductivity the following dependences are defined:
1. Optimum results with respect to the iron content in the fibers and the losses in the solution are
achieved when modifying wood fibers by the two-component ion Fe+2 and Fe+3 system under the
following conditions: proportion 1:10 and duration 5 minutes for fibers not containing (PF) and for
fibers containing (PF) at proportion 1:20 and duration 5 minutes, respectively.
2. The XRD-ray analysis has proven the presence of magnetite of particle nano-size. The peak in the
roentgenogram is clearly expressed that is a proof for successfully run modification of the wood
fibers.
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3. High values of the physical-mechanical characteristics (three-point bending strength, tensile
strength and elasticity modulus) are achieved for composites of lower percentage of modified fibers.
4. With respect to the impact strength indicator, increase of the impact strength is observed with
decrease of the modified fibers for all composite samples.
5. The produced composite materials are dielectrics. The data about the electrical resistance are close
between them and do not differ significantly from the initial sample.
6. The analyses of the microwave absorption have shown that the presence of magnetite particles in
the samples results in adsorbing the microwaves in the composite samples.
The complete research shows that the developed ferrite wood fibrous composite materials have
comparatively good physical-mechanical characteristics towards a high content of the wood
component and present a new valuable product for practical application.
The authors express gratitude to Fund “Researches” - Ministry of Education, Youth and Science - for
the financial support to carry out the present investigations.
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NANOCOMPOSITE WOOD FIBROUS MATERIALS FOR ELECTROMAGNETIC
WAVE PROTECTION
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Abstract
Recently, wood polymer nanocomposite materials with improved electroconductiviy, microwave
absorption capacity and with high quantity of wood component represent a great interest because of
their unique properties and possibilities for obtaining of different technical articles and applications .
An original method for obtaining of cupper – sulfide modified nanocomposite wood-fibrous materials
has been developed. A mathematic modulation and optimization of the process is conducted using of
carbamydeformaldehyde resin as bonding agent. Cupper–sulfide modified nanocomposite woodfibrous materials with high physical-mechanical indexes, high quantity of wood component and
improved electroconductivity for electromagnetic wave protection are obtained.
Key words: cupper – sulfide wood nanocomposites,,carbamydeformaldehyde resin, mathematic
modulation and optimization, electroconductivity
1. INTRODUCTION
Presently, metalcontaining nanomaterials and particularly the polymer nanocomposites are of great
interest because of their unique physical and chemical properties and possibilities for different
application (Wang, 1998).
Composites with improved characteristics – strength, thermal resistance and other specific properties
– are produced by addition of mineral fillers, metals and fibers to polymers. In recent years a great
progress is achieved in this direction by means of creating nanocomposite materials of better and
novel properties with low filler percentage and many possibilities for new applications (Lio, 1993).
There is a large variety of new hybrid and metal polymer nanocomposite materials in which a strong
interaction of the nanoparticles and the polymer chains is observed on the level of chemical bonding
(Pomagailo, 2001)
The nanocomposites provide possibility to manufacture products of super conductivity properties. The
researches in this line are very promising and could result in the development of new materials with
unique properties (Wang, 2000, Wu 1989).
Great interest presents the researches related to production, characterization and adoption of electroconductive polymers and fibrous materials with microwave absorption properties: Method for fiber
modification by electro-conductive pigment on nano-cupro-sulphide polymer dispersion base and new
electro-conductive polyacrylonitrile pigments with microwave absorption properties produced by
chemical modification of deposition and coordinative bonding of copper complexes to polymer
substance for microwave absorbers (Lekova, 1998).
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During the past years there is an intensification of the researches related to the methods for copper
sulphide electrolytic deposition on polyacrylonitrile in presence of complexing agents: with
triethanolamine (Yen-Hung Chen, 2009) and with ethylenediamine tetra acetic acid (Yen-Hung Chen,
2010).
The researches show the actuality, importance and necessity to carry on thorough researches
concerning production of new type of metal containing nano composite polymer materials with
improved electrical conductivity and microwave adsorption capability for application in engineering
and household as products for electromagnetic wave protection. In this respect, wood polymer plates
present particular interest as construction material to be used in the furniture industry, building and
packaging.
The purpose of the present research is the development of a continuous one-stage method for
production of cupper-sulphide wood-polymer nanocomposite materials and this method to be
adoptable to the existing equipment and technology for wood fiber plates (WFP) production in
LESOPLAST Inc. – Troyan.
The researches comprise:
- Experiments on development of appropriate and optimal method for wood fiber material
modification to obtain cupper-sulphide lignocellulose nanocomposites;
- Experiments on defining the technological stage and adequate equipment to obtain copper-sulphide
wood fiber nanocomposite plate materials;
- modeling and optimization of the developed method in respect of compositions, proportion of the
individual components and parameters by using of carbamideformaldehyde resin as bonding agent for
the achievement of improved electrical conductivity (corresponding electromagnetic wave absorption),
high content of wood component and with retaining the level of the initial standardized WFP
characteristics.
2. MATERIALS AND METHOD
In present investigations are used
wood fibers – high gain fibrous material (HFM), obtained in Lesoplast AD, Troyan by hydro
heat treatment of wood chops for wood plates;
carbamyde formaldehyde resin – content 0,1 % towards the fibers as binder of wood fibrous
composites.
Before mathematic modeling and optimization of process for obtaining of cupper–sulfide modified
nanocomposite wood-fibrous materials, preliminary experiments for establishing of suitable
technological modification stage have been carried out.
Experiments for establishing of technological stage
.* The obtained results on the stage, consists by treatment of technological chops in steaming
chamber, showed that the modification process do not pass uniformly in the depth of wood and stayed
on the surface or in the solution. This unevenness of modified and unmodified fibers in wood sample
carpet will bring to bad results regarding electroconductivity. Therefore, the stage with steaming
treatment of technological chops is not suitable as a modification method.
.* On the gluing stage of wood fibrous mass, the modification process is carries out in the volume of
wood fibrous mass by homogenization CuSO45H2O:Na2S2O3 5H2O solution in proportion 1:2 with
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fibrous suspension. Obtained samples do not possess good results regarding electro conductivity. This
may be explained by considerable loss of modified reagents.
These previous results showed the advisability for conducting the treatment of wood fibers by surface
modification with mixture of CuSO4 5H2O:Na2S2O3 5H2O on the stages - gluing and formation of
wood fibrous carpet.
Experiments for establishing of the treatment conditions and starting parameters
Previous experiments for obtaining of cupper-sulfide wood fibrous composite specimens with
carbamydeformaldehyde resin as bonding agent with purpose an establishing suitable conditions and
parameters have been conducted:
1. Constant parameters
1.1. Mole proportion CuSO4.5H2O:Na2S2O3. 5H2O = 1:1,75;
1.2. Percent of modification agents in quantity 30 % towards absolute dry mass;
1.3. Duration - 10 minutes
1.4. Temperature for pressing – 178

;

1.5. Duration of staying before pressing – 10 minutes.
2. Description of samples
The samples are surfacing treated with reagents before pressing.
2.1. Sample

0 - wood fibrous mass;

2.2. Sample

0’ - wood fibrous mass only with modification reagents;

2.3. Sample
1 - wood fibrous mass with modification reagents and 1% carbamydeformaldehyde
resin and 1 % paraffin emulsion towards absolute dry wood fibrous mass;
2.4. Sample
2 - wood fibrous mass with modification reagents and 2% carbamydeformaldehyde
resin and 1 % paraffin emulsion towards absolute dry wood fibrous mass;
2.5. Sample
3 - wood fibrous mass with modification reagents and 3% carbamydeformaldehyde
resin and 1 % paraffin emulsion towards absolute dry wood fibrous mass;
The specimens produced are characterized in respect of thickness, bending strength, swelling in water
volume weight and volume electrical resistance.
The results (Table 1) show that:
- the reagent mixture improves the indexes of specimens: improving strength, decreasing swelling
and lower electrical resistance (improved electro conductivity).
- the carbamydformaldehyde resin additive (CFR)- 1 to 3 % as bonding agent has an minimal effect
on the indexes.
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Table1. Indexes of composite specimens
Thickness,
mm

Bending
strength,

Swelling,

Volume
weight,

%

kg/m3

Volume résistance,

0

2,7

28,76

74,04

1012

1,8142

+11

0’

2,6

29,91

50,00

1004

1,2141

+9

1

2,7

28,79

48,15

1035

6,5312

+9

2

2,7

28,52

48,15

974

2.1870

+9

3

2,8

30,20

48,00

972

2,7632

+9

On the basis of experimental results are established conditions and starting parameters, as fowling:
1. The quantity of reagent mixture CuSO4 5H2O:Na2S2O3 5H2O towards absolute dry wood fibrous
mass – 25%, 35%, 45 % (step 10) - 1
2. Mole proportion CuSO4 5H2O:Na2S2O3 5H2O - 1:1, 1:1,5, 1:2 step 0,5 3. Duration of staying before pressing - 7, 12, 17 minutes step 5 -

2

3

Constant parameters:
1. Temperature of pressing - 170

175° ;

2. Duration of staying before pressing – 10 minutes.
The experiments are carried out with wood fibrous mass from production of Lesoplast AD- Troyan
with fowling indexes: concentration – 3,75 %; grinding degree – 22DS; 15 % CFR and 10 % paraffin
emulsion. The quantity of gluing substance is 1 % towards absolute dry wood fibrous mass. The
experiments are conducted with specimens- sixes 30x30 cm. by surfacing treatment with the mixture
of reagents. The obtained samples have 15 % wood fibrous material. The fowling process is pressing1700 , duration - 10 minutes.
The specimens are characterized in respect of electrical conductivity (volume electrical resistance by
apparatus DC- MILLI- PICO- METER MV 40, VE KOMBINT PRACITRONIC, Dresden, as well as
the bending strength by apparatus ZWICK Z0,5 Zwick Co GmbH, standart EN 622-1. The swelling
is determined according EN 622-2.
3. ANALYSIS AND DISCUSSION
In the present work, the modeling and optimization of the modification process of the wood
nanocomposites are conducted with the fowling main performance characteristics (outputs):
- y1 – bending strength on face, [MPa];
- y2 – bending strength on sieve, [MPa];
-

3

– swelling in water, [%];

-

4

– logarithm of the volume resistivity, [ ].
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These outputs are depended by the influence of the three process parameters (factors): x 1 - %
modification additive of two reagents towards absolute dry wood fibrous (WF) mass, 2 – mole
proportion CuSO4 5H2O:Na2S2O3 5H2O; x3 – duration of staying before pressing [min.].Changed
limitations are: 25 1 45, 1 2 2 and 7 17.The weight of absolute dry WF mass at experiment is
constantly, but the additives have different percent and mole proportions. By this reason WF mass and
additives do not observed as three mutually dependent variable quantities.
The aim of the optimization problem is to find a great number of suitable combinations of two
additives ( factors x 1 and x 2 ), as a duration of staying ( x 3 ) at which the bending strength ( target
function 1 and 2) is over 30
and swelling under 37%.
The decision of the optimization problem
For the decision of so formulating task is selected a model based approach, especially regression
model, which describes the relations of the outputs j, j=1,2,3,4 and factors 1, 2 x3 . (11,12). Since
in examining sphere of changing of factors there are not unsteady changing of initial quantities, the
mathematical model must search in the class of polynomial models:
k

ŷ ju =

bi f iu .

(1)

i 1

Where, u = 1, 2,…N is number of attempt, i = 1, 2,... k – numbers of coefficients in the model. b =[b1
b2 … bk] – -verse vector of valuations of regression coefficients. fiu – random, previous given of
factors ( 1, 2 x3), ŷ ju – predict value of aim function. This function is received by replacement of
values of f iu for every experiment.
The organization of the experiment is very significant for the effectiveness of the investigation. In this
case the experiment is conducted using optimal composition plan with 14 attempts (N=14
experiments).
In present work models of complete second order with 10 adequate for 4-th target functions
coefficients are considered. In Table 2 the obtained regression coefficients are given. In Table 3 the
obtained results from statistic analysis of the models are summarized. Qjr - Means the residual sum of
quadratics of corresponding models.
N

Q jr
Where,

ŷ ju -

u 1

y ju

2

ŷ ju ,

j

1 4

(2)

is the predict value on j – model in u-attempt.

This predicted value characterizes the dispersion of experimental values of initial
yju near to the predicted model values. The reason of the showing may be due of:
) non adequate of the model ;
b) an influence of accident error.
The model may be suitable for using (prediction and optimization) if the influence of non adequate is
commensurably or lower in comparison with the influence of accident error. This may be ascertained
by the comparison of dispersions. The valuation of dispersion, connected with Qjr is calculated.

s 2jr
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Where

jr

= N - k is the number of degrees of freedom. It is compared with the valuation of dispersion
2

of random error s j . For valuation of the adequate of model [1] the repeated experiments nj, j=1,2,3,4
at the same regime in centre of the plan x1 =35,

2

=1.5

3

=12 have been conducted. These
2

experiments give the possibility to estimate the dispersion of the random error s j :
Table 2.Regression coefficients
Included function, f
iu

Free article
1

2

x3

1*

2

1 * x3

2*

x3

Coefficients in the
model for

Coefficients in the
model for

Coefficients in the
model for

Coefficients in
the model for

1

2

3

4

34.9091

16.7166

25.8138

10.4291

-1.3815

-1.1265

-1.2550

-0.0766

2.0395

3.8955

2.9690

-0.1191

1.0430

0.1590

0.6000

0.2101

1.5494

-0.7319

0.4075

-0.0674

0.9106

1.6544

1.2825

0.0181

-0.5894

-1.2644

-0.9275

0.1218

-3.0791

0.0684

-1.5087

0.0824

-1.8091

3.8184

1.0113

0.2329

-1.5466

0.6459

-0.4537

0.1613

1^2

2^2

x3^2

s

2
j

1

nj

nj 1 i 1

( y ji

y j )2 ,

Where nj is the number of observations,

j 1 4,
y j - arithmetical mean. Number of freedom degrees is

= nj -1.
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Table3. Level of significance
Model

2

Qr ( r =4)

s

1

13.04

1.76

5

1.85

5.19

2

21.52

6.97

5

1.29

6.26

3

10.51

7.49

2

2.85

6.94

4

0.273

0.402

17

1.70

2.96

F-calculeted

The comparison is founded on the control of zero hypothesis
ble3 shows the level of significance.

0:

( = 0.05)

sr2 = s 2, by F- criteria of Fisher. The

The searching of optimal regimes are realized by the method of scanning with constant step, which
represents 5 % of observed field of changing of each factors.
Optimal regimes depending on special requirements for different applications of new cupper – sulfide
modified nanocomposite wood fibrous materials are developed.
The optimal regimes for reaching of minimal swelling; maximal strength on the face; and minimal
electric resistance are given in following blocks N 1 to 4.
Block 1. Optimal regime for obtaining of minimal swelling
Setting limitations: y1>30; y2>25; y3<30
X1

X2

25.0000

1.9000

7.0000

31.238

27.210

29.227

3.696E+10

25.0000

1.9000

8.0000

31.727

26.476

29.106

3.694E+10

25.0000

1.9000

9.0000

32.093

25.794

28.948

3.804E+10

25.0000 1.9000 10.0000

32.334

25.163

28.754

4.036E+10

25.0000

9.0000

31.610

28.246

29.935

4.357E+10

25.0000 2.0000 10.0000

31.828

27.565

29.704

4.674E+10

25.0000 2.0000 11.0000

31.922

26.935

29.437

5.165E+10

25.0000 2.0000 12.0000

31.893

26.357

29.133

5.880E+10

25.0000 2.0000 13.0000

31.739

25.831

28.793

6.896E+10

25.0000 2.0000 14.0000

31.462

25.357

28.416

8.331E+10

27.0000

1.9000

7.0000

32.136

26.512

29.328

3.224E+10

27.0000

1.9000

8.0000

32.662

25.844

29.258

3.228E+10

27.0000

1.9000

9.0000

33.063

25.228

29.151

3.329E+10

27.0000 2.0000 10.0000

32.897

27.036

29.975

4.071E+10

27.0000 2.0000 11.0000

33.028

26.473

29.759

4.507E+10

27.0000 2.0000 12.0000

33.035

25.961

29.506

5.139E+10

27.0000 2.0000 13.0000

32.918

25.501

29.218

6.037E+10

2.0000
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27.0000 2.0000 14.0000

32.677

25.093

28.892

7.306E+10

29.0000

1.9000

7.0000

32.788

25.820

29.308

2.854E+10

29.0000

1.9000

8.0000

33.350

25.218

29.289

2.863E+10

29.0000 2.0000 11.0000

33.887

26.016

29.961

3.992E+10

29.0000 2.0000 12.0000

33.930

25.570

29.759

4.560E+10

29.0000 2.0000 13.0000

33.850

25.176

29.522

5.366E+10

31.0000

7.0000

33.193

25.133

29.168

2.566E+10

31.0000 2.0000 12.0000

34.580

25.185

29.892

4.109E+10

35.0000

2.0000

7.0000

33.139

26.182

29.668

2.357E+10

35.0000

2.0000

8.0000

33.787

25.728

29.766

2.402E+10

35.0000

2.0000

9.0000

34.311

25.326

29.827

2.522E+10

37.0000

2.0000

7.0000

32.868

25.482

29.181

2.204E+10

37.0000

2.0000

8.0000

33.552

25.095

29.331

2.250E+10

1.9000

Block 2. Optimal regime for obtaining of minimal swelling
Setting limitations : y1>30; y2>15; y3<23
X1

X2

X3

Y1

Y2

Y3

Y4

30.091

15.482

22.786

4.0613E+10

30.546

15.441

22.997

4.4816E+10

30.196

15.034

22.615

3.7253E+10

37.0000 1.2000 8.0000

30.273

15.256

22.763

3.1891E+10

37.0000 1.3000 7.0000

30.141

15.498

22.823

4.5704E+10

39.0000 1.1000 11.0000

30.188

15.281

22.732

2.6212E+10

39.0000 1.4000 7.0000

30.089

15.010

22.550

3.7085E+10

41.0000 1.2000 11.0000

30.539

15.366

22.954

3.9113E+10

41.0000 1.2000 12.0000

30.232

15.146

22.688

3.365E+10

43.0000 1.3000 12.0000

30.665

15.029

22.845

2.6968E+10

43.0000 1.4000 11.0000

30.214

15.202

22.705

2.2073E+10

43.0000 1.5000 9.0000

30.011

15.618

22.811

3.3783E+10

35.0000

1.2000

7.0000

37.0000 1.1000 10.0000

45.0000 1.4000 13.0000
Block 3. Optimal regimes for maximal strength on the face
Setting limitations: y1>35; y2>22; y3<37
X1

X2

X3

Y1

Y2

Y3

Y4

33.0000 1.9000 11.0000

35.148

22.884

29.023

2.8705E+10

33.0000 1.9000 12.0000

35.288

22.622

28.962

3.253E+10
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33.0000 1.9000 13.0000

35.304

22.411

28.864

3.7977E+10

33.0000 1.9000 14.0000

35.196

22.252

28.730

4.5673E+10

35.0000 1.9000 11.0000

35.207

22.473

28.846

2.678E+10

35.0000 1.9000 12.0000

35.383

22.277

28.836

3.04E+10

35.0000 1.9000 13.0000

35.435

22.132

28.790

3.5549E+10

35.0000 1.9000 14.0000
35.0000 2.0000 12.0000

35.364

22.039

28.707

4.2825E+10

35.140

24.431

29.794

3.4905E+10

35.168

24.235

29.710

4.1278E+10

35.074

24.092

29.590

5.0288E+10

35.019

22.067

28.549

2.5367E+10

35.050

24.062

29.564

3.2913E+10

35.115

23.933

29.532

3.8988E+10

35.057

23.855

29.463

4.7576E+10

35.0000 2.0000 13.0000
35.0000 2.0000 14.0000
37.0000 1.9000 11.0000
37.0000 2.0000 12.0000
37.0000 2.0000 13.0000
37.0000 2.0000 14.0000

Block 4. Optimal regimes for minimal electric resistance R:
Setting limitations: y1>30; y2>20; y3<37.
X1

X2

X3

Y1

Y2

Y3

Y4

37.0000

1.8000

7.0000

32.850

21.033

26.943

1.9764E+10

37.0000

1.8000

8.0000

33.581

20.747

27.166

1.9732E+10

39.0000

1.8000

7.0000

32.208

20.397

26.303

1.8999E+10

39.0000

1.8000

8.0000

32.975

20.177

26.578

1.8999E+10

39.0000

1.8000

9.0000

33.619

20.008

26.816

1.9573E+10

39.0000

1.9000

7.0000

32.351

22.440

27.398

1.9515E+10

39.0000

1.9000

8.0000

33.095

22.169

27.636

1.9736E+10

41.0000

1.9000

7.0000

31.525

21.780

26.654

1.8929E+10

41.0000

1.9000

8.0000

32.305

21.576

26.943

1.9174E+10

43.0000

1.9000

7.0000

30.452

21.126

25.790

1.8641E+10

43.0000

1.9000

8.0000

31.269

20.988

26.130

1.8914E+10
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43.0000

1.9000

9.0000

31.962

20.901

26.434

1.9771E+10

43.0000

2.0000

7.0000

30.575

23.415

26.998

1.9739E+10

45.0000

1.9000

9.0000

30.716

20.385

25.551

1.9834E+10

– The volume electric resistance of non modified samples is from 6,6429 +11 to 8,9316 +11
The recommended conditions and parameters for achievement of maximal results are specified on the
basis of data for the optimal regimes (blocks 1 to 4).
For minimal swelling (block 1) at setting limitations: y1>30; y2>25; y3<30 the recommended
conditions and parameters are:
Additive for modification: (25 %);
- mole proportion: CuSO4 5H2O : Na2S2O3 5H2O (1:2);
– duration of stayingbefore pressing: (10 min.).
For minimal swelling (block 2) at setting limitations: y1>30; y2>15; y3<23 the recommended
conditions and parameters are: 37 %; 1:1, 3; 7 min;
For maximal strength on the face (block 3) at setting limitations:y1>35; y2>22; y3<37 the
recommended conditions and parameters are: 35 %; 1:1,9; 11 min.;
For minimal electric resistance R (block 4) at setting limitations: y1>30; y2>20; y3<37 the
recommended conditions and parameters are: 39 %; 1:1,8; 7min.;
4. CONCLUSION
On the basis of present study, connected with obtaining and investigation of new cupper sulfide
modified nanocomposite wood fibrous materials for electromagnetic wave protection and mathematic
modeling and optimization of process, using carbamide formaldehyde resin CFS) as building
substance, it is possible to given the fowling conclusions:
It is established the advisability for conduction of modification of wood fibers by a surface
treatment with CuSO4 5H2O and Na2S2O3 5H2O on the stages - gluing and formation of wood fibrous
carpet;
The developed modification method minimizes wastage of reagents and in the same time
ensures the possibility for a full modification process;
Optimal regimes for modification depending on special requirements of different applications
of new cupper – sulfide modified nanocomposite wood-fibrous materials have been developed.
The cupper sulfide modified nanocomposite wood-fibrous materials on the basis of carbamide
formaldehyde resin as bonding substance with improved electroconductivity and corresponding
microwave absorption ability at high content of wood component for special applications in the
engineering and the popular costumes have been obtained.
The authors acknowledge a favor to Fund „Researches”, Ministry of Education, Science and Youth,
for the financial support rendered in carrying out the present investigations.
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LUMINISCENT LIPOSOME LABELING TECHNOLOGY WITH PKH-26 SOLUTION
AND ABSORPTION AND DISTRIBUTION ASSESSMENT OF LIPID MULTILAMELLAR
VESICLES AND SMALL LIPOSOMES IN LIVER FOLLOWING INTRAVENOUS
ADMINISTRATION
1

Rinat A.Mukhamadiyarov , Sergey F.Zinchuk2, Mariya A.Kruch1, Olga D. Sidorova2
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Abstract
This study examined the possibility to form liposomal compositions containing PKH-26 fluorescent
dye and to use those compositions in order to assess absorption and tissue distribution of the
liposomes in rat liver.
Liposomal compositions consisted of egg lecithin and cholesterol (Sigma) in a 7:5 ratio, respectively.
The dye was incorporated into the lipid layer while preparing multilamellar vesicles with the extruder.
The obtained labeled liposomal compositions allowed to quantitatively assess how the vesicles are
absorbed by the liver and visualize the dye distribution in different liver cells. The study presents the
data on the absorption and distribution of the dye in the liver, according to the size of the lipid
vesicles, 1, 2 and 24 hours after the intravenous administartion.
Key words: luminescent labeling, absorption of the liposomes, visualization of the liposomes,
liposomal distribution in the cells, PKH -26, liver
1. INTRODUCTION
If conventional liposomes are administered intravenously, they are absorbed mainly by the liver cells
within 60-120 min. (see for example Freise et. al., 1980, Ishida et. al., 2002, Scherphof et. al., 1983,
Wu et. al., 1998). This property of conventional liposomes can be used for biologically active agents
delivery into an organ by incorporating them into phospholipid vesicles. However, the liver consists of
various types of specialized cells, which, to the different extent, take part in liposomal absorption.
In order to get the expected pharmacology effect the issue of biologically active agents delivery to a
certain type of cells becomes important. Conventional liposomes are absorbed from the blood
predominantly by reticuloendothelial cells (Freise et. al., 1980, Scherphof et. al., 1983), but a range of
publications show that liver parenchymal cells can also play a significant role in the liposomal
absorption (Ishida et. al., 2002, Sherpof et. al., 2001, Wu et. al., 1998).
The results are different, probably, due to the fact that different size, surface and composition of the
conventional liposomes can significantly influence the rate of their absorption and distribution in the
cells (Adrian et. al., 2005, Erion et. al., 2005, Sherpof et. al., 2001, Torchilin 2005).
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A range of experiments showed that incorporating specific components, which are capable of binding
with certain cell receptors, into the lipid layer and modifying the lipid composition, size and surface
energy charge allows to form the liposomes, which have a high affinity to a certain type of cells: liver
parenchymal cells, sinusoid endothelial cells, stellar cells and reticuloendothelial cells (see for
example Adrian et. al., 2005, Erion et. al., 2005, Kamp et. al., 1997).
The quantitative assessment of the liposomal absorption and distribution are associated with serious
technical issues. Liposomes are invisible through the optical microscope due to their size and the
absence of color. Liposomes do not have any biochemical difference from the lipids of the
surrounding tissues. Standard material preparation for histology and microscopy implies the extraction
of liposomal lipids during the samples dehydration.
A possible solution for this problem is incorporating special dying substances into the liposomes,
which can allow their visualization and the possibility of a quantitative assessment. These marker
substances should not alter the properties of the liposomes, be incorporated into the liposomal
composition and should not have any toxic effect. Then the presence of the dye in tissues, cells and
subcellular organells shows the liposomal absorption by those structures. Luminescent and radioactive
substances can be used as liposomal markers.
In our experiments, the vital dye PKH -26 was used as a luminescent label of liposomal lipids. The
dye has a bright stable luminescence in the red area of the spectrum, tightly binds to the lipid
membrane and does not migrate form cell to cell. The cell luminescence is proportional to the amount
of the absorbed dye (Oh et. al., 1999). The use of liposomal compositions with PKH-26 allows to
quantitatively assess the same samples for the total absorption of the liposomes into the organ tissues,
on the one hand, and visually assess the cryostate sections for the distribution of the liposomes in
different cell elements of the organ under study, on the other hand.
The aim of the study is to form liposomal compositions containing fluorescent PKH-26 dye and their
use for the absorption and distribution assessment of the liposomes in the tissues in an experiment with
the rat liver.
2. MATERIALS AND METHODS
The experiments were conducted on mature Wistar male rats weighing 300-330g in accordance with
the principles of the European Convention (Strasbourg, 1986) and the WHO Helsinki Declaration
(1996).
2.1. Preparation of labeled multilamellar vesicles
Multilamellar vesicles (MLV) were obtained using Heidolph (Germany) rotational evaporator. First,
egg lecithin (Lipoid, Germany) and cholesterol (SIGMA-Aldrich) solution in chloroform in a 7:5 ratio
was put into the 0.5-L flask. PKH-26 (SIGMA-Aldrich) was then added (lecithin to dye ratio
15000:1). The solvent was being evaporated under vacuum at 40
until its smell disappeared. The
film of lipids on the walls of the flask was then hydrated with 0.9% NaCl solution and shaken to
obtain multilamellar vesicles. The obtained suspension was frozen and stored under -80 oC. The lipid
concentration was 100 mg/ml in the obtained suspension. Negative contrast electron microscopy
showed that MLV obtained after thawing were polymorphous and their size varied from 600 to 3000
nm.
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2.2. Obtaining liposomes
Liposomes were prepared by forcing suspensions of lipids through polycarbonate filters with the
LIPEX extruder (Lipex Biomembranes Inc., Canada).Previously obtained multilamellar vesicles were
forced through the extruder with Costar polycarbonate filters (USA) with a prespecified pore size.
In order to obtain 100 nm liposomes the vesicles were 10 times forced through the extruder with two
100 nm filters. 50 nm liposomes were obtained from 100 nm liposomes by forcing them 15 times
through the extruder with two 50 nm filters.
2.3. Administering the rats with the liposomes and obtaining the material
Labeled multilamellar vesicles and liposomes were intravenously administered 25 mg/kg. 1, 2 and 24
hours after the administration the rats were excluded from the experiment, their liver was taken out,
weighed, 3 pieces from different lobes were taken for research. 10 rats were experimented on in both
groups. Liposome-free samples were used in order to make a calibration curve. All the samples had
been frozen in the liquid nitrogen and stored in a low-temperature (-80 ) fridge before the research
was conducted.
2.4. Quantitative assessment of liposomal absorption and distribution in the liver tissues using
luminescent dye
0.2 g of the tissue was taken from every sample and homogenized frozen in a porcelain jar with liquid
nitrogen. After the nitrogen was evaporated 2 ml of the Folch solution (chloroform and methanol in a
2:1 ratio) was added into the jar and thoroughly grinded and the liquid from the jar was poured into a
volumetric centrifuge tube. Then the Folch solution was added to the remaining substance and the
procedure was repeated. The content of the tubes was closed and centrifuged and the supernatant was
used to measure the concentration of the dye. Varian Cary Eclipse (Australia) spectrofluorimeter was
used to measure the fluorescence with the wave length of the excitation light being 551 nm and 567
nm for the emission.
The quantitative assessment was done by the previously made calibration curve. In order to do that the
liposomes were added to the control liver samples in the concentrations making up 0.5%, 1.0%, 1.5%
and 2% of the concentration administered. This was done at the stage of while obtaining the
homogenate. Then the above-described dye extraction procedure and luminescence measurement were
done. The obtained results were used to form the calibration curve. The relationship between the
luminescence and the concentration of the administered liposomes was linear. The calibration curve
was used to measure the concentration of the liposomes in every weight. The data on one and the same
liver sample were averaged and the percentage of absorbed liposomes in relation to the total organ
mass was calculated.
2.5. Histology studies
The tissue samples from every liver were attached to the Micron HM 525U (Thermo, Germany)
cryostat microtome table for making sections of 14 um. The sections were air-dried during not less
than 60 min. and studied in the Axio Imager A.1 (Carl Zeiss, Germany) microscope. The images of
one and the same sites were done in translucent and fluorescence modes with luminescent filters in the
red area of the spectrum.
2.6. Statistical processing of the data
Statistical data processing was done with Statistica 7.0 software package. The samples were first
checked for the normality of distribution. The mean value and standard deviation were calculated.
Statistical significance of intergroup differences was assessed by Student's t test.
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3. RESULTS
The data on Figure 1 demonstrate that the absorption of the liposomes by the liver tissues depends on
their size. All the liposomes had similar dynamic changes in the concentrations of the luminescent
dye. The maximum concentration of the luminescent dye in the liver tissues was observed 1 hour after
the administration of the lipid vesicles. The highest degree of vesicles absorption (about 80%) was
observed if multilamellar vesicles were injected, the absorption degree was less with the injection of
50 nm liposomes and much less with the injection of 100 nm liposomes. 2 hours after the
administration of all types of liposomes the decrease in the dye concentration was observed in the
liver. By that period the maximum decrease in the luminescence was observed for multilamellar
vesicles (almost 50% decrease compared with 1-hour values). The minimum decrease in the
luminescence at a 2-hour timepoint was observed for 100 nm liposomes compared with 1-hour
timepoint. 50 nm liposomes had an intermediate decrease. 24 hours after the lipid vesicles
administration all the groups showed a significant increase in the liver dye concentration. A significant
increase ( <0.05) in the liposomal dye concentration was also seen. The analysis of the images of
cryostate liver sections showed that after the administration of labeled lipid vesicles there was bright
tissue fluorescence in the red area of the spectrum, which was similar to PKH-26 fluorescence (Fig. 310). These results also showed the liposomal absorption by the liver tissue. The luminescence of the
dye was enough to visualize the organ histology. The liver lobes and their trabecular structure were
seen very clearly. The blood vessels were dark with light fluorescence in the areas where significant
accumulation of formed blood elements was observed.
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Fig.1. The absorption of the liposomes (% of the administered vesicles concentration) by the
experimental rat liver, according to the size, and further changes in the concentration of the PKH-26
dye incorporated into the lipid vesicles.
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Fig. 2. Microimages of the rat liver 1 hour after the intravenous administration of multilamellar
vesicles. Left, translucent mode, right, fluorescence mode. Enlargement - a, b - x 100, c, d – x 400.

Fig. 3. Microimages of the rat liver 2 hours after the intravenous administration of multilamellar
vesicles. Left, translucent mode, right, fluorescence mode. Enlargement x 100.
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Fig. 4. Microimages of the rat liver 24 hours after the intravenous administration of multilamellar
vesicles. Left, translucent mode, right, fluorescence mode. Enlargement x 100.

Fig. 5. Microimages of the rat liver 1 hour after the intravenous administration of 100 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.

Fig.6. Microimages of the rat liver 2 hours after the intravenous administration of 100 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.
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Fig. 7. Microimages of the rat liver 24 hours after the intravenous administration of 100 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.

,
Fig. 8. Microimages of the rat liver 1 hour after the intravenous administration of 50 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.
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Fig. 9. Microimages of the rat liver 2 hours after the intravenous administration of 50 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.

Fig. 10. Microimages of the rat liver 24 hours after the intravenous administration of 50 nm liposomes.
Left, translucent mode, right, fluorescence mode. Enlargement x 100.
1 hour after the MLV administration there was bright red cell luminescence observed on liver sections
(Fig. 3). Luminescent cells can be divided into two types according to their luminescence. A
predominant number of cells were luminescent around the membrane. By translucent and luminescent
microscopy this characteristic can be attributed to the parenchymal cells of the liver trabeculars. The
adjacent cells of the same type had relatively homogenous color.
Among parenchymal cells there were some diffusely located cells with very bright luminescence.
Unlike parenchymal cells the luminescence in those cells was bright and observed somewhere close to
the centre. Intensive absorption of multilamellar vesicles by those cells shows their phagocyte activity,
which, along with their localization, allows to differentiate them as reticuloendothelial cells.
2 hours after the MLV administration parenchymal cells still had luminescence around the membrane
and visually the luminescence level was similar to the level seen at 1 hour after the MLV
administration (Figure 4). The luminescence of reticuloendothelial cells significantly decreased and
their visualization became poor. However, those cells could still be identified by the luminescence of
388

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
the internal cell mass. 24 hours (Figure 5) after the MLV administration parenchymal cell
luminescence was the same. Reticuloendothelial cell luminescence significantly increased but its
intensity varied form cell to cell: both moderately luminescent and brightly luminescent cells were
observed.
1 hour after 100 nm liposomes administration liver cells were also luminescent (Figure 6). Organ
histology was well visualized. The intensity of parenchymal cell luminescence was different being
higher near the central vein in some liver lobes. After 100 nm liposomes administration
reticuloendothelial cells had the luminescence intensity similar to that of parenchymal cells, which
made it difficult to identify them properly. Parenchymal and reticuloendothelial cells were mainly
different in the luminescence localization.
2 hours after 100 nm liposomes administration there were no significant alterations in the luminescent
dye distribution in the liver cells (Figure 6). 24 hours after 100 nm liposomes administration (Figure
7), there was a bright luminescence observed in the reticuloendothelial cells similar to that in the MLV
group.
50 nm liposomes administration provided the histology picture and luminescent characteristics similar
to those observed in 100 nm liposomes group (Figure 8-10).
4. DISCUSSION
Matching the data on liposomal dye accumulation in the tissues and the images showing the
distribution of the dye among the liver cells according to the size of vesicular particles allows to see
certain consistent patterns.
After the MLV are administered they are rapidly absorbed from the blood. Within 1 hour after the
administration the liver had up to 80% of the dye. Histology samples showed two types of cells
according to the liposomal distribution features. By form and localization they can be identified as
liver parenchymal cells and reticuloendothelial cells.
Liver parenchymal cells mostly had peripheral luminescence. This can prove that the MLV absorption
is, in this case, due to the particle adhesion and fusion with the external cell membrane. Then the
localization and the intensity of the luminescence did not differ significantly during the whole study
period.
Reticuloendothelial cells had a diffuse localization in the tissue and demonstrated another type of
luminescence. It was localized in the entire cell area with the brightness increased in the centre of the
cell and depending on the size of the lipid particles and the duration of observation. The highest
intensity of the luminescence and its further changes in this type of cells was observed after the MLV
administration. 1 hour after the MLV administration reticuloendothelial cells had very bright
luminescence unlike parenchymal cells. The luminescence in the entire cell area and its maximum
intensity in the centre allows to suggest that reticuloendothelial cells absorbed MLV by endocytosis,
which is characteristic of macrophages. MLV appear to be identified and absorbed by
reticuloendothelial cells as foreign particles. The intensive luminescence inside the cells can suggest
that after endocytosis MLV migrate into the lysosomes. A high intensity of the dye luminescence and
a large number of those cells allows to suggest that they contribute a lot to the MLV absorption
process.
2 hours after the MLV administration the picture obtained by fluorescence microscopy changed. The
luminescence in reticuloendothelial cells significantly decreased. The luminescence intensity in
reticuloendothelial cells did not differ greatly from that in parenchymal cells; however, unlike in
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parenchymal cells the luminescence was intensive inside the cells. Simultaneous two-fold decrease in
the total dye concentration in the same liver samples can probably be explained by the dye release
from the reticuloendothelial cells. At this observation stage the released dye is not fully absorbed.
24 hours after the MLV administration a significant increase of the dye concentration in the liver
tissues was observed. Histology studies of the sections found the increase in reticuloendothelial cells
luminescence. This demonstrates that at that stage of observation the dye is reabsorbed by those cells.
Since lipoproteins play an important role in the absorption and distribution of lipids and other
lipophilic substances in the blood we can suggest that after lipophilic PKH-26 is released into the
blood it is partly absorbed by lipoproteins and then absorbed by reticuloendothelial cells inside the
lipoproteins. This migration cycle was described for liposomal radioactively labeled lecithin
(Scherphof et. al.,1983).
When 100 nm liposomes were administered their total absorption was the least and made up 46.2% of
the total liposomal concentration 1 hour after the administration. 2 hours after the administration there
was 1.6 times decrease in the dye concentration. Liver parenchymal cells luminescence was different
in differently localized cells, some liver trabeculars had higher luminescence intensity compared with
the adjacent ones. Thus, 100 nm liposomes are minimally absorbed both by liver parenchymal cells
and reticuloendothelial cells.
1 hour after the administration of 50 nm liposomes their absorption was 52.9% of the total liposomal
concentration and there was 1.3 times decrease by the 2-hour timepoint. Light luminescence of
reticuloendothelial cells and relatively little decrease in the dye concentration by the 2-hour endpoint
suggest that 50 nm liposomes are minimally absorbed by reticuloendothelial cells. The most of 50 nm
liposomes are absorbed by parenchymal cells.
From a therapeutical point of view the essential structural targets for hepatoprotection are not only
parenchyma but also vascular endothelium (Kamp et. al.,1997), so the absorption of the dye by the
endothelium in different liposomal compositions was examined. The luminescence of liver lobe
central veins was very light in all the liposomal compositions. The endothelium of large vessels
demonstrated visible luminescence after the administration of the liposomes. The maximum
luminescence was observed for 100 nm liposomes and the minimum luminescence for the MLV.
Liposomal biologically active substances have a marked hepatoprotective effect in the experiments
(Korb et. al., 2008, Mukhamadiyarov et. al., 2011). Therefore, a relevant today’s pharmacology issue
is searching for specific substances and forming liposomal compositions based on those substances,
which would have a therapeutic effect on various pathologic liver conditions. This will allow to
formulate medications based on those liposomal compositions with their pharmacokinetics and
pharmacodynamics being different from those in other drugs (see for example Adrian et. al., 2005,
Erion et. al., 2005, Korb et. al., 2008, Mukhamadiyarov et. al., 2011, Torchilin, 2005).
The use of liposomes with incorporated luminescent dye can be an effective tool for monitoring the
dynamic changes of their absorption and distribution in the target organs.
CONCLUSIONS
1. Incorporating PKH-26 luminescent dye into the liposomal membrane allows to assess the dynamics
of their absorption and distribution in the tissues and organs. This does not require complex or
expensive equipment and is safe unlike radionuclide techniques.
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2. The absorption of the liposomes by the liver tissues depends on the size of the liposomal particles.
The maximum absorption was observed for multilamellar vesicles, then, in decreasing order, for 50
nm liposomes and for 100 nm liposomes.
3. The use of liposomes containing PKH-26 allows to differentiate the localization of those liposomes
by the type and the intensity of luminescence both inside the cells and when distributed around the
tissue.
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NANOTECHNOLOGY AND NANOMATERIALS: USE OF VESICULAR
NANOSYSTEMS FOR ISCHEMIC HEART INJURY REPAIR
Rinat A. Mukhamadiyarov, Alexey V. Veremeev, Irina Yu. Zhuravleva
Research Institute for Complex Issues of Cardiovascular Diseases under the Siberian Branch of the
Russian Academy of Medical Sciences

Abstract
In the present work studied has been the effect of preliminary systemic introduction of liposome
preparations of various composition on the contractive activity of the isolated rat heart. Some
antioxidants and hight-energy phosphates were introduced into the liposomes. The liposomal
preparations were injected via the caudal vien – 15 injections of 25 mg lipid/kg. The intermission
made up 48 hours. The hearts were isolated, and total ischemia was reproduced in them. The maximal
contractive force was registered; the presents and duration of the perfusate the lactatdegidrigenase
activity was determined. It was shown that the liposomes with antioxidants and hight-energy
phosphates have a manifested protective effect by ischemia and subsequent reperfusion.
Key words: liposomes, ischemia, reperfusion
1. INTRODUCTION
At present, there are, at least, two main mechanisms, which are thought to lead to irreversible
ischemia- reperfusion cell injury.
First of all, it is the decrease in myocardial macroergic phosphates concentration less than the lower
critical value (about 4 umol/L dry weight), which results in an irreversible cell metabolism impairment
(see for exemple Kuzmin A.I et al.,1998, Verma D.D. et al., 2005). Secondly, it is the cell membrane
damage due to phospholipases and lipid peroxidation processes activation and, consequently, the loss
of 2+ and Mg2+ ionic gradients (see for exemple Allen D.G. et al., 1985, Hudeto Nagami et al., 2005,
Nao-omi Omoi et al., 2006, O’Rourke Brain, 2000). Therefore, the modification of obtained liposomes
was aimed at loading them with macroergic phosphates in order to restore the cell deficit or with the
antioxidant defense system substances. The lipid bilayer contents were chosen based on the fact that
hypoxia caused a decrease in phosphatidylcholine concentrations due to phosphatidylcholine
conversion into lisofroms (see for exemple Nao-omi Omoi et al., 2006). Lipid bilayer cholesterol
concentrations were chosen based on the fact that lecithin-cholesterol liposomes absorption and their
distribution in the intracellular fractions depended on the ‘hardness’ of the lipid bilayer (see for
exemple Caride V.J. et al., 1977, Ferrari R. et al., 1989).
It was assumed that the liposomal membrane phase could act as a donor of phosphatidylcholine and,
possibly, elementary phospholipid membrane fragments for cellular organelles injured by ischemia.
Macroergic phosphates could compensate for their cell deficit and antioxidants could improve cellular
antioxidant defense system.
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2. MATHERIALS AND METHODS
Thus, the study used 3 types of liposomes: empty liposomes (EL), liposomal macroergic phosphates
(LMP) and liposomal antioxidants (LA) (Table 1). LMP had a similar membrane to the EL, but their
inner compartment contained adenosine triphosphate (ATP) (‘Reanal’, Hungary) and phosphocreatine
(PCr) (‘Reanal’, Hungary) dissolved in the NaCl solution. The lipid bilayer of LAs contained tocopherol (‘Sigma-Aldrich’, USA) and their inner compartment was loaded with superoxide
dismutase (SOD) (‘Sigma-Aldrich’, USA) and reduced glutathione (GSH) (‘Reanal’, Hungary).
Krebs-Henseleit buffer became the outer liposomal compartment.
Table 1. Liposomal contents in the given experiment
Type of liposomes

Lipid bilayer

Liposomal inner compartment

Contents

Molar ratio

Empty liposomes
(EL)

PC:Ch

7:5

0.9% NaCl

Liposomal
macroergic
phosphates (LMP)

PC:Ch

7:5

0.9%NaCl+2%PCr+2%ATP

Liposomal
antioxidants (LA)

PC:Ch: TP

7:5:0,5

0.9%NaCl+2mg/mlSOD+2
mmole GSH

PC indicates egg phosphatidylcholine; Ch, cholesterole; PCr, phosphocreatine;
SOD, superoxide dismutase; GSH, reduced glutathione.

P, -tocopherol;

Liposomes were prepared by forcing suspensions of lipids through polycarbonate filters with the
LIPEX extruder (Biomembranes Inc. Canada). Before the extrusion a rotary evaporator was used in
order to obtain a film of lipids with the necessary contents using benzol as a solvent. The film of lipids
was then hydrated with an aqueous vehicle and shaken to obtain multilamellar vesicles. The vesicles
were then subjected to a freeze-thaw procedure repeated 10 times to improve hydration. The obtained
suspension was forced through polycarbonate filters (Costar, Japan) with a pore size of 100nm. The
purification of liposomes was done by gel-filtration using a sterile column filled with Sepharosa 2B
(Sigma). Liposome-containing fraction was diluted in NaCl until the lipid concentration reached 25
mg/ml.
The liposomes were administered either intracoronary into an ischemized part of the myocardium or
into the tail vein of the experimental animals (see for exemple Caride V.J. et al., 1977, Verma D.D. et
al., 2005, Zhuravleva I.Y. et al., 1995).
The experiments were conducted on 40 mature Wistar male rats weighing 250-300g. The rats were
divided into 4 groups (Table 2). The first (control) group was administered with 0.9% NaCl
(1ml/kg); the second group, with EL; the third group, with liposomal macroergic phosphates and the
fourth group, with liposomal antioxidants (Table 2). The liposomal drugs were injected into the tail
vein (15 injections at 48h intervals) in an amount of 25 mg of lipids/kg.
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Table 2. Experimental grouping
Groups

Controls (without
liposomes)

Empty liposomes

Liposomal
macroergic
phosphates

Liposomal
antioxidants

Number of rats in
the group (n)

10

10

10

10

24 hours after the last injection the rats had their chest opened under general anaesthesia with
tiopenthal, their heart was quickly taken, arrested in a cooled Krebs-Henseleit buffer and Langendorfperfused in the same buffer, which had been previously gassed with 2 (95%) and
2 (5%).
After 20 minutes of perfusion the perfusate-containing line was completely blocked, so that 30-min
total normothermic ischemia could be reproduced. Then perfusion was resumed and after 10 minutes
of reperfusion 1 ml of Krebs-Henseleit buffer, containing 10-8 adrenaline, was injected through the
aortic cannula.
An ECG machine with silverchloride electrodes for isolated heart study (TOO ‘Topaz’, Russia) was
used to record the ECG and the contractile force of the heart (with a photoelectric isometric force
transducer).
A force curve showed the tension force of the heart on the aortic cannula, maximum contractile force
(Fmax), maximum contractile force increase rate (MCFIR), and maximum relaxation rate (MRR) of the
heart on the aortic cannulae. After 15 minutes of perfusion the tension force was increased form 0 to 2
g and was maintained at that level until the start of prolonged ischemia, then at the 10th minute of the
reperfusion period it was reset at 2g.
An electrocardiogram was used to assess the duration of arrhythmia during reperfusion.
The outflowing perfusate was biochemically measured for lactate dehydrogenase (LDG) activity.
SPSS Statistics 6.0 software was used for statistical processing of the data. In order to describe the
variables distributed other than normal a median and an interquartile range (25 th and 75th procentiles)
were indicated. The analysis of variance (ANOVA) was used for independent samples. The
differences were considered to be significant when p value was less than 0.05.
3. RESULTS AND DISCUSSION
All the liposome types in this experiment had an impact on the myocardial contractility, the duration
of reperfusion arrhythmias and LDG release into the perfusate after an ischemia-reperfusion cycle. 30min normothermic ischemia and subsequent reperfusion resulted in a significant myocardial function
impairment in the control group. Indeed, this group of rats showed the most significant (p<0.05)
decrease in the contractile force by 60% (Figure 1), the longest arrhythmias (Figure 2) and a 1.5-2
times LDG activity increase in the outflowing perfusate compared with the other groups (Figure 3).
This was mainly due to the activation of free radical oxidation processess, in particular lipid
peroxidation, with a decreased activity of antioxidant systems. These processes cause cell membrane
damage, calcium hemostasis and enzymatic systems damage, which, in turn, results in a significant
myocardial contractility reduction and arrhythmias.
Free radical oxidation in normal individuals is known to be neutralized by antioxidant systems. For
example, SOD can catalyze the dismutation of
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F max,

initial values

after ischemia and reperfusion

*

*

Fig. 1. Maximum heart contractile force (F max) after the pretreatment with systemic liposomal drug
injection, 30-min ischemia and subsequent 10-min reperfusion.

The duration of arrhythmias, sec

* <0.05 compared with the controls.

AV block

All types

*
*

Fig. 2. The duration of reperfusion arrhythmias and conduction impairment after the pretreatment with
systemic liposomal drug injection, 30-min ischemia and subsequent 10-min reperfusion. AV block –
atrio-ventricular block.
* <0.05 compared with the controls.
superoxide to hydrogen peroxide. Hydrogen peroxide is further reduced by either catalase or
glutathione peroxidase (GP). The latter can be used as a cofactor for glutathione peroxidase. tocopherol is also known to have highantioxidant activity (see for example Ferrari R. et al., 1989).
This activity neutralizes both oxygen radicals and cytotoxic fatty acid radicals and forms a
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LDG, mKat/L

tocopheroxile radical, which reacts with another tocopheroxile radical either producing a dimer or
being neutralized by ascorbic acid.

*

*

Fig. 3. LDG activity in the perfusate after the pretreatment with systemic liposomal drug injection, 30min ischemia and subsequent 10-min reperfusion.
* <0.05 compared with the controls.
However, during ischemia-reperfusion the antioxidant system activity is significantly reduced due to
the loss of energy, free radical-induced enzyme damage and the decrease in kinetic properties of the
membrane-linked fractions of the antioxidant enzymes. Therefore, preliminary administration of
additional liposomal SOD, GT, and TP markedly prevented ischemia-reperfusion injury to an
isolated heart. This is shown by a significant (p<0.05) 1.5-times increase in myocardial contractility
compared with the controls (Fig. 1), a significantly less duration of arrhythmias (Fig. 2) and a
significant (p<0.05) two-fold reduction in LDG activity in the outflowing perfusate compared with the
controls (Fig. 3). Of note is that all the groups, except the one with liposomal antioxidants
administration, developed a post-ischemic myocardial contracture of various severity.
Lipid peroxidation development during ischemia-reperfusion causes ADP phosphorilation, ATP
transport and utilization impairment. Additionally, a myocardial contractility gets decreased because
contraction and relaxation processes greatly depend on ADP and ATP metabolism. In turn, ATP
synthesis impairment leads to the build-up of cell hydrolysis products, which have prooxidant action.
Energy deficit leads to reduced antioxidant systems activity. This pathological cycle worsens
myocardial injury and further reduces myocardial viability.
The pretreatment with liposomal macroergic phosphates was observed to reduce arrhythmias, increase
the contractile force by 20% and decrease LDG activity 1.5 times. However, the obtained data
demonstrate that liposomal ATP and PCr were less effective in preventing reperfusion-induced
contractile function impairment in an isolated heart than liposomal antioxidants.
Additionally, liposomes per se have a slight cardioprotective effect. Indeed, the empty liposomes
group showed a tendency towards an increased contractile force, less durable reperfusion-induced
arrhythmias and less active LDG unlike the same factors in the controls. The impact of empty
liposomes can be explained by a liposomal ability to absorb toxic metabolites and lipid peroxidation
products. It can be also assumed that liposomal phospholipids compete with membranes in free radical
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reactions of lipid peroxidation, thus, protecting biological membrane structure, or can serve as a
‘construction material’, which also promotes better preservation of cell structures in ischemiareperfusion.
At present, it is uncontroversial that a significant increase in myocardial catecholamine concentrations
is one of the most important alternative pathogenetic factor of ischemia-reperfusion cell damage,
especially if the endocrine and autonomic nervous system continue regulate the activity of the heart.
Adrenaline is known not only to stimulate myocardial contractility but also to activate lipid
peroxidation. In turn, the activation of lipid peroxidation processes can decrease a stimulating impact
of adrenaline on myocardial contractility. Antioxidants-containing liposomes help decrease this
negative effect of adrenaline. Indeed, after adrenaline administration at the 10th min. of reperfusion
myocardial contractility parameters in group 4 were much higher than those in groups 1 and 2 (Fig 4).
Pretreatment with liposomal antioxidants is likely to protect not only an isolated heart from
reperfusion injury but also the heart inside the body where its activity is regulated by the other
systems.
Additionally, a significant increase in contractile force in response to adrenaline suggests that cAMPdependent mechanisms causing contractile force increase are sustainable and potent in the hearts
treated with liposomal antioxidants compared with those not treated with liposomal drugs (Fig.4). The
increase in this parameter can also suggest better sustainability of cellular metabolic processes
because, at least partially, the effect of cAMP on the myocardium is due to the cellular energy
metabolism activation.

F max, g

*

Fig 4. Maximum contractile force after adrenaline administration in the hearts pretreated with
systemic liposomal drugs injection, after 30-min ischemia and subsequent reperfusion.
* - <0.05 compared with the controls.
As for maximum contractile force increase rate, all the groups showed significantly different MCFIR
after ischemia-reperfusion cycle compared with the baseline (p<0.05) (Fig. 5). For example, postischemic MCFIR in the controls made up 63.1% of the baseline value (p<0.05) and 72.6% (p<0.05)
and 60.1% (p<0.05) in the EL and LPM groups, respectively. In the LA group, MCFIR made up
75.5% of the baseline value (p<0.05), which was 33.1% (p<0.05) higher than in the controls.
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Similar dynamics was observed in maximum myocardial relaxation rate characteristics (Fig.6). In the
controls, MRR after ischemia-reperfusion made up 43.6% of the baseline (p<0.05). MRR in the EL
and LMP groups made up 57.5% (p<0.05) and 53.1% (p<0.05), respectively. In the LA group MRR
after ischemia-reperfusion cycle did not differ significantly form the baseline and made up 76.3%,
which is 44.5% greater than the same value in the controls (p<0.05).

initial values

after ischemia and reperfusion

MCF, g/sec

*

Fig 5. Maximum contractile force increase rate in the hearts after the systemic pretreatment with
liposomal drug injection, 30-min ischemia and subsequent reperfusion.
* - <0.05 compared with the controls.

MRF, g/sec

initial values

after ischemia and reperfusion

*

Fig 6. Maximum relaxation force rate in the hearts after the systemic pretreatment with liposomal drug
injection, 30-min ischemia and subsequent reperfusion.
* - <0.05 compared with the controls.
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Thus, MCFIR and MRR in the LA group, first of all, showed that the ion transport mechanism, in
particular, 2+ ions, through cardiomyocyte and sarcoplasmic reticulum membrane was preserved.
And, finally, this explains a better sustainability of physical and mechanical properties of the hearts,
less durable reperfusion arrhythmias and a myocardial contracture absence in this group.
The analysis of the obtained results show that the pretreatment with systemic liposomal antioxidants
and macroergic phosphates injection can be useful to reduce ischemic and reperfusion injury. At
present, there are studies devoted to myocardial protection with SOD, GT, TP and ATP without
liposomes. Though these substances reduced myocardial injury, they still caused a range of side
effects. This can be related to the issue of the drug delivery to target-organs in a body.
In the above-mentioned studies of an isolated heart the drugs were either added to the perfusate or to a
cardioplegic solution. However, it is known that SOD interacts with substrates and other proteins in
the blood flow. If SOD molecules still reach the target region, an issue of their transport into a
cardiomyocyte cytoplasm emerges, because high molecular weight proteins are known to enter the
molecule only through endocytosis. ATP and PCr are also metabolized in the blood flow and have a
difficulty entering cardiomyocytes (see for example Gordon J.L. 1986). The most TPs are
accumulated in the liver and endocrine glands (see for example Ferrari R. et al., 1989).
However, the issue of drug delivery to the affected organs can be successfully addressed by
incorporating those drugs into a lipid layer or an internal liposomal phase. The most important
liposomal property allowing them to transport medications is their ability to enter the cytoplasm by
endocytosis or mix with a cell membrane and so liposomal drugs, including high molecular weight
compounds, can get inside the cell.
Although all the studied liposomal drugs reduce ischemia-caused impairment of a contractile function
of an isolated heart to a greater or lesser extent, intravenous pretreatment with liposomes, containing
antioxidants, caused less reduction in the contractile force of the heart after total ischemia and
reperfusion, compared with the controls, and led to a significant increase in the contractile force in
response to adrenaline and less durable reperfusion arrythmias. Additionally, pretreatment with
liposomal antioxidants resulted in LDG activity decrease in the outflowing perfusate.
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Abstract
One of the main tasks today in energy efficiency are full of energy recovery and development and the
use of alternative energy sources. The problem with the quantities and prices of motor fuels and their
ecology is the basis for much modern research.The Production and use of the biodiesel is increasingly
necessary in the transport propulsion systems. In its production is very different waste products, such
as the glycerol. It should not be disposed of, and look for ways to fulfill it. The purification certain
levels are one approach to its preparation, as raw material in different technology productions. The
increasing the amount of the spilthed glycerol in biodiesel production is focused towards the
development of systems for purification and efficient technologies for its utilization.
Key words: biodiesel, waste glycerol, recovery, purification
1. INTRODUCTION
There are different methods for processing of the waste biomass, aimed at obtaining energy. The
biomass is divided mainly into two types - primary and secondary biomass. Primary biomass includes
different plant and oil crops like canola, sunflower, soybean, palm oil and others. The digestated
biomass includes different waste products, for example sludge from treatment plants, waste from
households, crop and animal production, such as straw, sawdust, corn and rice stalks, corn fodder and
fertilizer. Processing is also solid and liquid industrial waste. Many research efforts are aimed at
developing the potential role of biomass as a future source of energy, Parikka.M (2004) [1] and
Yamamoto. H (2001) [2].
For utilization of the biomass are used thermo chemical, biochemical and chemical processes.
Thermodynamic processing of the waste products was studied by Balat. M. (2009) [3], and A. Marcos
(2010) [4], who investigated the biochemical processes in biomass. The chemical processing of the
biomass is based on the extraction process, through it is done with extracting the target component
using an appropriate solvent.
The waste biomass can also be used to obtain a recycled material or biofuel - biogas, biodiesel and
others. The main method for biodiesel obtaining is transesterification. For the first time such a process
was studied by E. Duffy and J. Patrick in 1853, initially the aim was the production of synthetic
glycerol. The problem of the biodiesel production is receiving large amounts of technical glycerol with
80-86% purity. The technical glycerol comprises a number of components whose removal is necessary
for its implementation in the production - for example the glycerol is used in the pharmaceutical
industry with purity over 99%. Due to its hygroscopicity glycerol is used in different products in the
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cosmetic industry - for example glycerin soaps contain 15-20% pure glycerol. In the tobacco industry,
glycerol with a purity of 99.10% is used for humidification of tobacco. Glycerol 98% is used for the
manufacture of electrical insulating varnishes. In the military industry used 98% glycerol dynamitic.
2. AIM
The purpose of this work is to look for some effective approaches about utilization of waste glycerol
obtained from biodiesel production.
3. PRODUCTION OF BIODIESEL FROM WASTE PRODUCTS
Biodiesel can be produced from organic residual oils by chemical reaction with alcohol. The reaction
is performed in the presence of a catalyst.

The receive is ethyl or methyl esters. The yield of alcohol esters increased with the proceeds in excess
of alcohol and accelerated at elevated temperature. This process is re-esterification or
transesterification of fats.
By the re-etherification is obtained glycerol. With a different additional processes that glycerol can be
processed to obtain purified or distilled glycerol. The Technological scheme for processing of the
waste material to biodiesel can be presented in Figure 1.
In 2006. in Bulgaria was produced over 26 tonnes of the biodiesel from second hand plant oils. One of
the largest users of the biodiesel in Bulgaria is "Shvedski kibrit plam", which it used to produce
environmentally friendly briquettes. Secondly comes the "Trayana Trans " Ltd., which is loaded with
biodiesel freight cargo cars.
To four companies on the territory of Varna have been issued complex permits for biofuel production.
These are "Class oil" in the village Karapelit Ltd, "Trade" Ltd. in Dobrich, "Slanchevi lachi Bulgaria"
PLC and Provadia "Sanflauars Gold" Ltd. in Devnya.
"Astra Bioplant " Ltd. started the development of the project in this area in 2007. The company has
built a modern factory in Rousse for biodiesel with 60 000 tonnes, which began operation in 2009
05.08.2011. "Astra Bioplant" Ltd receives a certificate ISCC System by SGS Germany, which shall
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certify for biodiesel and oil. ISCC is the first certification system that can be used to demonstrate the
sustainability and GHG emissions savings for all types of biomass and bioenergy.

Fig.1. Technological scheme of the biodiesel production
1. Two reactor for carrying out the esterification process
2. Device for heating a catalyst methyl
3. Heat exchanger for partial raw heating
4. Buffer tank for the collection of compartments glycerol
5. Column for washing the biodiesel
6. Separator for separating wax fraction
7. Heat exchanger for cooling the biodiesel
8. Buffer tank for the collection of the biodiesel
4. PURIFICATION OF WASTE GLYCEROL
All waste products of the biodiesel production are separated into one phase. This phase is called
“gluconic” and that’s the other name for the waste glycerol. It contains 50% glycerol, 15-20%
methanol, 8-10% water, soap 4-7%, 1-3% potassium or sodium hydroxide, 10-15% oil, biodiesel, fatty
acids and 2% other ingredients.
The main problem is the difficult purification of waste glycerol, which is associated with an
investment of many resources and expensive equipment. This can lead to the disposal of glycerol,
which is not desirable and environmentally friendly.
One of the easiest ways to remove methanol from glycolic phase is the destillation. In order to use it
we’ll need simple equipment. Methanol is toxic and harmful to the users. Elimination was performed
by glycerol heating over the methanol boiling point. The process is carrying out several hours, the
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excess component is removed. The process is performed in well-ventilated room in full compliance
with the safety regulations. The eliminated methanol is condensed and stored in containers.
On Fig.2 is presented the Model Scheme for the glycerol purification. It includes: a filter; vessels for
acid and base-2, 3 static mixer-4; pump-5;-6 reactor, capacitors methanol-7, 8, capacitors for water-9,
10; vacuum station-11.

Fig. 2 Scheme of the installation for the crude glycerol purification
To remove the soap and foundations of glycolic phase it is treated with sulfuric acid. The isolation of
the glycerol (90%) occurs after the realization of the following processes: heating of raw glycerol,
methanol distillation, decomposition of the soaps, separation of the biodiesel and fatty acids,
neutralization, filtration and concentration of the glycerol. Purification of the glycerol is economically
viable only at industrial scale.
5. CALCULATION OF COSTS AND BENEGITS FROM THE GLYCEROL PURIFICATION
Including installation for glycerol purification in biodiesel production requires the reporting of many
factors. It is necessary to determine the cost of transport and waste, the market price of glycerol and
the market price of diesel fuel. The calculation of benefits glycerol purification from plant in biodiesel
can be made using the following equation.

P

PB

PW

PGl

Where:

P - the overall benefit of the production;
PB - benefits of biodiesel production;

PGl - benefit from the glycerol purification ;
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PW - benefit from the treatment of the waste water.
The overall benefit is calculated at some point of time [t] of the production process. This can be useful
after the first year of construction of the plant.
The benefit from the work of the enterprise for a certain period of time:
n

P( P0 ... Pn )

t 0

P
1 r

(2)

t

Where:

P0 - benefit at the beginning of the operation ;
Pn - benefit at the end of nth year;

P - a common benefit in operation;

r - percentage error;
t - final period, on which the benefit is calculated.
The Consumption in implementing glycerol purification plant will be:

R

RB

RW

RGl

(3)

Where:

R - total consumption at some time in production;
RB - consumption of the biodiesel;

RGl .- consumption of glycerol purification;
RW - consumption of the waste water treatment.
Consumption is determined by the equation:
n

R( R0 ... Rn )

t 0

R
1 r

t

(4)

Ro - consumption at the beginning of the operation;
th
Rn - consumption at the end of n year;

R - total operating consumption.
The calculations are for operation of the enterprise for a certain period of its operation (three, five, ten
years). On the basis these alleged results may decide whether installation of glycerol purification plant
in biodiesel production is economically viable.
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The process of glycerol purification plant is economically viable and its incorporating into the
production process is appropriate if the revenues for the operation of the system as total are less than
the cost.
6. APPLICATION OF PURIFIED GLYCEROL IN THE INDUSTRY

The application of purified glycerol is presented in Figure 3, unlike that of obtained from biodiesel
production. The possible applications of glycolic raw phase are limited. The mixture can be burned in
an incinerator to be used for production of fertilizers or chemicals or to be included in animal feed.
Due to the presence of the traces of methanol in glycolic phase, the last two applications no longer
apply. The study of economically beneficial uses of technical glycerol is expected in the near future to
become even more important as the increase in biofuel production is inevitably associated with
increased formation of glycerol.
On Figure 3 are shown the application areas of already purified glycerol.

Fig. 3 Application areas of already purified glycerol
One of the most - suitable methods for recovery of the crude glycerol is its combustion to the purpose
of obtaining steam and hot water. It burns only when there is created torch by natural gas or diesel. It
is necessary to maintain a high temperature above 1000 ° C. Aside dioxins and white soot.
7. CONCLUSION
Technical glycerol is a waste product of biodiesel production. After purification it can be used as raw
material in different industries. Most - appropriate is the purification and its integration into a
technological scheme with minimum cost and maximum profit. Different technologies for its
purification and full utilization are developed. It is proposed methods to be economically feasible.
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EXPERIMENTAL STUDY OF THE COMMUTATION PROCESSES
IN DISCRETE ALTERNATING VOLTAGE REGULATOR
Emil Barudov
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Abstract
Slow rates of electrical network renewal, extension of the connected consumers variety and the
increased requirements for energy effectiveness persistently put the question for the need of power
electronic devices for fast correction of the electrical energy quality parameters. Such devices are the
discrete alternating voltage regulators. The present work is dedicated to experimental study of the
commutation processes which appear during asynchronous automatic switching of multiple-winding
autotransformer terminals. The obtained results will support the development of such devices and
optimization of the algorithms for their control.
Key words: autotransformer, thyristor commutators, voltage regulator, control circuit
1. INTRODUCTION
The variety of devices and equipment connected to the distribution grid is constantly increasing. Their
effective work also depends on the electrical energy quality (EEQ).
The characteristics of EEQ specified in the standard EN 50160 include the magnitude of the supply
voltage Un and its change. On one hand the allowed change of Un ± 10%, and on the other hand the
necessity of power electronic devices for fast correction of supply voltage changes, both define the
actuality for development of discrete alternating voltage regulators (DAVR), [1].
DAVR based on a multiple-winding autotransformer and automatic switching of the windings with
controllable thyristor switches (CTS) are well-known devices. One of the problems in their
development is the algorithm for realization of the switching of two neighboring CTS, [6]. On
principle, two approaches are possible:
synchronous switching (at zero current);
asynchronous switching at a random moment, when the magnitude of the supply voltage goes
out from the allowed range of change.
Some disadvantages of the synchronous switching are:
“zero current” in complex non-linear circuit with different number of connected reactive
elements, according to the regime, hardly could be defined only with a single current detector
for all commutations;
as far as “zero current” is a qualitative condition, in the literature misses analysis for “region
of insensitiveness” at a change of the current through the load from tens of miliamperes to tens
of amperes, which will help to define requirements to the current detector parameters.
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The present work is dedicated to experimental study of the commutation processes in DAVR with four
CTS, working with variable induction (CTS from the side of the load) and asynchronous switching,
[2]. The circuit diagram of DAVR is shown in fig.1, and the time diagram of the functional operation,
which defines the commutation of the corresponding CTS – in fig.2, [3].

Fig. 1. Circuit diagram of DAVR with four CTS.
Turning on the respective switches K0-K3 (the shaded area is the time when applying the control
pulses to the respective switches) is shown on the next time diagrams. The output voltage, which is
changing in the range Uoutmin- Uoutmax, can also be traced on the relevant diagram. The choice of
values of U defines requirements to the number of autotransformer terminals, as well as to the
number of semiconductor switches i.e. it influences over the price of DAVR.
where: ATr - is a step voltage autotransformer;
BC - is a commutating block, based on thyristor switches.
*

U - fig. 2 is a hysteresis which improves the steady work of DAVR and decreases the number of
commutations.
The circuit diagram of two neighboring CTS – (CTS 1 and CTS2) is shown on fig.3.
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Fig. 2. Time diagram of the functional operation of DAVR.

Fig. 3. Circuit diagram of DAVR with two CTS.
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Peculiarities of CTS switching at decrease and increase of the input voltage are pointed below.
At decrease of the input supply voltage i.e. switching from a terminal with lower voltage of the
autotransformer to a terminal with higher voltage the commutation process runs in the following
sequence:
for a respective half period it is accepted that

2b

has worked in CTS2;

simultaneously, the control voltage is switched off from CTS2, while 2b keeps its
conductivity, and it (the control voltage) is applied to the thyristors from CTS1, and this
switches on 1b;
when 1b is on, there arise conditions for forced commutation of 2b (reverse voltage anodecathode is supplied to it), which does not depend on the commutation angle, the character and
magnitude of the load and the commutation is done for few microseconds, [5].
Hence, in this case the asynchronous commutation process is performed without any problems.
At increase of the input supply voltage i.e. switching form a terminal with higher voltage to a terminal
with lower voltage, the commutation process runs in the following sequence:
it is assumed that for a respective half period

has worked in CTS1;

simultaneously, the control voltage is switched off from CTS1, respectively from 1a but it still
keeps its conductivity, and it (the control voltage) is supplied to the thyristors from CTS2,
which creates conditions for switching on of 2b;
Therefore, through the two connected in series conductive
and 2b is caused short circuit between
two neighboring terminals of the autotransformer with a duration until the natural commutation of
.
The purpose of the current work is a qualitative evaluation of the thyristors loading in CTS and the
autotransformer at a short circuit mode, development of an algorithm for control which does not allow
simultaneous switching on of two opposite connected to the load thyristors from two neighboring
CTS, and synthesizing of a circuit for control of two CTS, which realizes the algorithms for control,
[4].
2. ANALYSIS
In fig.4 at conducting CTS1 – fig.3, is shown the current through CTS1 and the voltage over winding
W4 – fig.3 with active load. The control pulses for
and 1b are formed at zero current and zero
voltage. At the same conditions on fig.5 can be traced the dephasing between load and voltage and the
formation of control pulses at zero current with RC load (R=61,52 ; C=40 F).
In fig.6 and fig.7 are presented current and voltage harmonic analyses of the supply voltage while
DAVR operates with RC load (R=61,52 ; C=40 F). The obtained coefficients of the harmonic
distortions THD are respectively 4,2% and 2,1%. These values satisfy the requirements in the standard
EN 50160, where the allowed THD are up to 8%.
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Fig. 4. Current through the conductive switch CTS1 with R load. Dephasing between the current and
the voltage and formation of control pulses at zero current.

Fig. 5. Current through the conductive switch CTS1 with RC load. Dephasing between the current and
the voltage and formation of control pulses at zero current.
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Fig. 6.Current harmonic analysis of the supply voltage during the operation of DAVR with RC load.

Fig. 7. Voltage harmonic analysis of the supply voltage during the operation of DAVR with RC load.
For prohibiting the simultaneous work of two connected opposite to the load thyristors from two
neighboring CTS are possible two ways:
Additional synchronization in which
the input supply voltage, and 1b and
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1a

and 2a can switch on only during one half period of
- in the other half period.

2b
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This assumes introduction of
and D6 for control of
for control of 1b ( 2b and D7 – for 2b) – fig.3.

(

and D8 – for

) and

1b

and D 5

The operation at a sufficiently high angle of commutation, so that when switching off the
control voltage from CTS1 and applying such voltage to CTS2 the current through the
respective to be turned on thyristor, which is defined by U4 and R4 – fig.3, should be under its
holding current.
Hence, the control circuit for conducting the experimental study follows to include three blocks:
-

Block 1 for defining of the commutation angle – fig.8;

-

Block 2 for realization of the CTS switching and meanwhile meeting two conditions – fig.10:
after a random moment in time;
at a certain angle of commutation in relation to the input supply voltage.

- Block 3 for synchronized or unsynchronized with the grid switching on and off of the thyristors
from CTS – fig.10.
In fig.8 is shown Block 1 for pulses formation [5a] – fig.9 within one half period, which fixes the
commutation angle according to the input supply voltage. In fig.9 is presented the time diagram of the
module operation from fig.8.

Fig. 8. Circuit diagram of block 1 – for pulses formation.
C1 is charged linearly from the current generator –
the input supply voltage of T1, controlled by OA1.

2,

PR3, R6, D7 and D8, and discharges at the zero of

The formed triangle-wave voltage [3a] – fig.9 is compared to the voltage from PR 2 with a comparator
OA2 and the pulses are formed [4a]. The leading edges of the last are turned into pulses which
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synchronize the commutation angle with the grid – [5a], as their width is specified by C 2, R11 and is in
the range of 0,2ms.

Fig. 9. Work time diagram of the module – block for pulses formation.
Block 2 - fig.10 carries out: feeding the pulses to CTS, which has to switch on [5] – fig.11 and turning
off the pulse to CTS, which follows to switch off [6] – fig.11. Switching on one of the CTS and
switching off the other CTS is performed at commutation angles with respect to the input supply
voltage, which is specified by Block 1 – fig.8 ([5a] – fig.9) after closing the switch K 1 – fig.10 at a
random moment. The direction of the switching from a terminal with higher voltage to one with lower
voltage of the multiple-winding autotransformer or backwards is chosen with the switch K2.
Block 3 controls the operation of the light emitting diodes in the optically controlled triacs – fig.10.
At unsynchronized mode K0 – fig.10 is switched off. Transistors T18 and T19 are in active mode during
the whole time of operation of DAVR when switches K3 K4 are opened; K5 is in position K5b. The
work of
and 1b – t1÷t3 and of
and 2b – t3÷t7 can be followed on the time diagram in fig.11. At
this working mode short circuit does not arise between two neighboring terminals of the multiplewinding autotransformer. Switching from a lower to a higher degree is done at t8 at switching on of
and forced commutation (switching off) of
– fig.11. The opposite switching from a higher to a
lower degree is performed at the zero of the input supply voltage - t3 after formation of a pulse for
switching at a moment t2 – fig.11.
Switching from upper to lower voltage step is realized at zero current of the supply voltage - t3, after
formation of a switching pulse at a moment t2 – fig.11.
This mode is realized at the absence of dephasing between the load current and the input supply
voltage, i.e. with an active load.
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Consequently, a main interest of the experimental study in the paper is the switching from a higher to
a lower degree of the multiple-winding autotransformer as a function of the commutation angle, the
character and the magnitude of the load.
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Fig. 10. Circuit diagram of block 2 – realizing of pulse forma to CTS, and block 3 – control of the
light emitting diodes in the optically controlled triacs.
In fig.12 and fig.13 are presented oscillograms of the input current iin=iin(t); the output current
iout=iout(t); and the current through CTS2, which is switched on - i2=i2(t) and the current through CTS1,
which is switched off - i1=i1(t), at commutation angles 450 and 1350 and a load R=61,52 .
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Fig. 11. Work time diagram of block 2 – feeds the pulses to CTS, and block 3 – control of the light
emitting diodes in the optically controlled triacs.
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Iin=iin(t)

i2=i2(t)

iout=iout(t)

i1=i1(t)

Fig. 12. Oscillograms of the currents in DAVR at a commutation angle 450 and R-load.
On the presented oscillograms the current channel – (number one) is in yellow, and the pulse forming
channel – (number two) is in blue colour. For all oscillograms the time scale is 5ms/div.

Iin=iin(t)
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i2=i2(t)

i1=i1(t)

Fig. 13. Oscillograms of the currents in DAVR at a commutation angle 1350 and R-load.
In fig.14 and 15 are shown oscillograms, which are analogical to those from fig.12 and 13 for RL load
(R=61,52 and L=2,1712H connected in parallel).

Iin=iin(t)

i2=i2(t)

iout=iout(t)

i1=i1(t)

Fig. 14. Oscillograms of the currents in DAVR at a commutation angle 450 and RL-load.
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Iin=iin(t)

i2=i2(t)

iout=iout(t)

i1=i1(t)

Fig. 15. Oscillograms of the currents in DAVR at a commutation angle 1350 and RL-load.
In fig.16 and fig.17 are presented oscillograms for RC load (R=61,52
series) and commutation angles 450 and 1350.

Iin=iin(t)
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i2=i2(t)

i1=i1(t)

Fig. 16. Oscillograms of the currents in DAVR at a commutation angle 450 and RC-load.

Iin=iin(t)

i2=i2(t)

iout=iout(t)

i1=i1(t)

Fig. 17. Oscillograms of the currents in DAVR at a commutation angle 1350 and RC-load.
In fig. 18 and 19 is presented the harmonic content of the input and the output current with RC load
(R=61,52 and C=40 F, connected in parallel) and a commutation angle 450.
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Fig. 18. Harmonic content of the input current of DAVR with RC load.

Fig. 19. Harmonic content of the input voltage of DAVR with RC load.
Table 1 presents the obtained results for the amplitudes and duration of the current overload of CTS
for different types of loads, commutation angle and switching degrees (at different input voltage) of
the autotransformer voltage regulator. The data in the table show that for the analytical modeling it is
best to describe the processes when switching DAVR from degree 2 to 3.
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Table 1. Type of load, commutation time and angle of DAVR at different input voltage.
Uin=160V. 3 - switching
off, and 2 - switching on.

Uin=180V. 2 - switching
off, and 1 - switching on.

Uin=200V. 1 - switching
off, and 0 - switching on.

Maximum
current

Commutation
time

Maximum
current

Commutation
time

Maximum
current

Commutation
time

A

ms

A

ms

A

mS

Commutation
angle

switch
K2 - K3

switch
K2 - K3

switch
K1 - K2

switch
K1 - K2

switch
K0 - K1

switch
K0 - K1

R – 45o

520

10

540

7,5

700

7

380

7,5

480

7

620

6,5

0

0

0

0

0

0

RL – 45o

500

10

520

7

680

8

o

RL – 90

380

7,5

440

6

640

7

RL – 135o

0

0

0

0

0

0

540

10

520

8

800

8

380

7,5

460

6,5

640

7

0

0

0

0

0

0

Type of load

R – 90o
R – 135

o

o

RC– 45

RC– 90o
o

RC – 135

CONCLUSIONS
The conducted experimental study allows to be summarized:
1. The presented graphics in fig.13, 15 and 17 reveal that there occurs no short circuit between
two neighboring terminals of the multiple-winding autotransformer when switching from a
higher to a lower degree at commutation angle bigger than 1350 and this does not depend on
the character or magnitude of the load. Therefore, there is no overload of the thyristors and the
autotransformer. The coefficient of the harmonic distortions is within the admissible range –
fig.18.
2. At a commutation angle higher than 1350 the switching does not perform at a moment defined
by the commutation angle, but after it – at the range of the half period at zero current. The
realization of such mode demands synchronization with the input supply voltage which is easy
to be fulfilled schematically.
3. The obtained results for the amplitudes and duration of the current overloading point that in
analytical modeling it is best to be described the processes at switching of DAVR from degree
2 to 3 – fig.3, since there are included most reactive elements.
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Abstract
The limited reserves and increasing prices of fossil carbohydrates, as well as the global warming due
to their utilization, impose the finding of renewable energy sources. Because of this, since decades an
increasing interest in production of alcohols, which can be used as a fuel additives or fuels for direct
replacement in gasoline engines, is observed.
Alcohols can be obtained chemically or as products of microbial metabolism of different species in
fermentation of sugars or starchy materials. In the present review are summarized different
fermentative pathways for production of all alcohols, which are or could be used as biofuels. The
focus of the paper is on production limitations, strains development and economical perspectives.
Key words: fermentation, biofuel, alcohols
1. INTRODUCTION
The increasing energy demand and running low stocks of fossil fuels in last decades shift the attention
to alcohols production in respect of their fuel properties. Alcohols can be produced from renewable
sources and reply both to energy crisis and environmental problems. A number of alcohols are
candidates to replace the existed fuels, but to date only ethanol and methanol fuels are on race. Having
in mind that methanol fuel is produced mainly from coal or natural gas, it remains that only ethanol
fuel is received by fermentation. Nevertheless, many other alcohols have fuel properties, very similar
to those of gasoline and could be used as a fuel, much better than ethanol (Table 1). The higher
alcohols as butanol and branched-chain alcohols (2-methyl-1-butanol (2MB) and 3-methyl-1-butanol
(3MB)) have higher energy density and lower hygroscopicity than the ethanol (Atsumi et al. 2008a).
Moreover, one of the main problems of ethanol fuel - the insufficient vaporization, is partially solved,
using butanol. The heat of vaporization of butanol is less than half of those of ethanol, which makes
butanol preferable fuel in cold weather. Other advantage of higher alcohols is that they can be
transported in already existing pipelines (Ladisch 1991, Dürre 2007).
Table 1. Properties of alcohol fuels
Research octane number
Motor octane number
Anti knock index
Energy density (MJ/L)
Heat of combustion (kJ/mol)
Heat of vaporization (MJ/kg)
Air-fuel ratio
Boiling point ( C)
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Gasoline
95
85
90
32.6
4817
0.36
14.6

Methanol
109
89
99
15.8
725
1.20
6.4
65

Ethanol
109
90
99.5
19.6
1378
0.92
9.0
78

Published by Info Invest, Bulgaria, www.sciencebg.net

Isopropanol
118
98
108
23.9
2030

82.5

Butanol
96
78
87
29.2
2683
0.43
11.1
118
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However, certain disadvantage of these alcohols is that to date they cannot be synthesized
economically. Except ethanol, the yield of all other alcohols, obtained by fermentation is insufficient
for its production in industrial scale. In the present paper are listed all known metabolic pathways of
their fermentative production. The recent efforts of process optimization and strain development in
respect of their industrial application are also discussed.
2. ETHANOL
Ethanol (ethyl alcohol) can be produced in industrial scale both chemically and biologically. In 2003
about 95% of the ethanol was produced by fermentation of sugar cane and corn, and 5% was a
petroleum product (by catalytic hydration of ethane (ethylene) with sulfuric acid as a catalyst) (Berg
2004). On the other hand, 73% of the produced ethanol is for fuel ethanol, 17% for beverages and 10%
for the industry (Sánchez and Cardona 2008). In 2010 the total world production of ethanol for fuel
was 86.9 billion liters, as 88% of it was produced in United States and Brazil (Lichts 2010).
Usually ethanol is used in different mixtures with gasoline. Thus, in USA most common blends are of
10% ethanol and 90% gasoline (E10), and in Brazil since 2007 the legal blend is 25% ethanol and
75% gasoline (E25) fuel blends. High ethanol blends cannot be in use during cold weather because of
their low vapor pressure. Engines working with high ethanol mixtures are built with additional heater
or secondary gasoline reservoir for a cold start with pure gasoline injection. Nevertheless, last decade
many cars were designed for ethanol blends up to 85% ethanol (North America) and even up to 100%
(E100) in Brazil. Ethanol can be blended also with diesel fuel (Hansen et al. 2005) and even in
ethanol-biodiesel-diesel fuel blend (Pidol et al. 2012).
Bioethanol can be obtained from many different agricultural feedstocks – sugar cane, grain, sweet
potatoes, cassava, molasses, fruit, cotton and many types of cellulose waste. Generally the feedstocks
can be divided in three main groups – sugars, starch and lignocellulosic biomass. The production
process consists of: pretreatment of the raw feedstock, hydrolysis or saccharification (when starch or
cellulose is used as a feedstock), microbial fermentation of sugars, distillation and dehydration.
2.1. Fermentation process
The most preferable organism used to convert sugars into ethanol is Saccharomyces cerevisiae. These
species can ferment mono- and disaccharides to ethanol, but is unable to convert pentoses and it is not
useful for lignocellulose utilization (Wyman and Hinmam 1990). The main advantage of S. cerevisiae
is the high ethanol tolerance – up to 150 g/l. It has ability to grow under strictly anaerobic conditions
(Visser 1995), but higher ethanol yield is received in presence of oxygen. In fed-batch process,
Alfenore et al. (2004) yielded 147 g/l ethanol from glucose (productivity 3.3 g/l per h) in condition
without oxygen limitation (vvm = 0.2) whereas in micro-aerobic conditions - 131 g/l (2.6 g/l per h).
Yeast like Pichia stipitis, Candida shehatae and Pachysolen tannophilus are capable to convert
pentoses (Claassen et al. 1999), but have 2-4 times lower ethanol tolerance (Hinamn et al. 1989) and 5
times lower ethanol production (Hahn-Hägerdal et al. 1994). Other yeast such as S. bayanus (Castellar
et al. 1998), Schizosaccharomyces pombe (Bullock 2002) and Kluyveromyces marxianus (Oliva et al.
2003) also have been used for ethanol production, as they metabolize glucose.
In high amounts ethanol can be produced also by the bacterium Zymomonas mobilis. This organism
has high ethanol tolerance – up to 100 g/l and produced ethanol up to 97% of the theoretical maximum
(Lynd et al. 1996). However, Z. mobilis can metabolize only glucose, fructose and sucrose to ethanol.
Some saccharolytic Clostridium strains could be applied for direct ethanol production from
lignocellulosic materials because of their ability to convert both hexoses and pentoses (McMillan
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1997). However, the very low tolerance to ethanol (less than 30 g/l) makes clostridia strains
unfeasible.
2.2. Production problems and process development
Although bioethanol is a renewable and environmentally clean source of energy, till now its
production cost is higher than production cost of gasoline. To date, bioethanol can be obtained
economically competitively only from sugar cane and corn starch. The economic analysis shows that
40 - 70% of the final ethanol prices, produced from these substrates are the feedstock costs (Dale and
Linden 1984, Maiorella et al. 1984). By that reason, the main attempts are focused on searching for
alternative, less expensive feedstocks. The most promising option is the utilization of lignocellulosic
materials. Theirs low cost and great availability makes them attractive for competitive production of
ethanol. However, conversion of lignocellulose requires additional steps prior to fermentation –
pretreatment of raw material and cellulose hydrolysis by acids or specific enzymes. Resulting cellulose
hydrolysate contains fermentable sugars which already can be easily converted to ethanol by S.
cerevisiae. These technologies are not completely developed and need additional improvement for its
industrial implementation (Cardona and Sánchez 2007). One effective solution is the combination of
the enzymatic hydrolysis with glucose fermentation in a single process – simultaneous saccharification
and fermentation (SSF) (Takagi et al. 1977). In this way sugars are not accumulated in the broth and
their diminishing inhibitory effect allows higher yields and productivities of ethanol (Wyman 1994).
Other advantage of SSF is the easier operation – no hydrolysis reactors are needed. However, the
optimal conditions for hydrolysis and fermentation are different and the process is difficult for control.
The main fermentation problems are in consequence of substrate inhibition, product inhibition and
high osmotic pressure. For decreasing the levels of substrate concentration fed-batch strategy was
applied (Echegaray et al. 2000, Alfenore et al. 2002). This type of cultivation is the most employed
technology because of the possibility to achieve higher final ethanol concentration and productivity.
To eliminate inhibitory effect of the high ethanol concentration there is used continuous cultivation
(Hojo et al. 1999, Kosaric and Velikonja 1995, Monte Alegre et al. 2003) or a system of reactors
arranged in cascade (Coombs 1996). Additionaly, during the process ethanol can be removed from the
broth by vacuum (Cysewski and Wilke 1977), membrane pervaporation (Groot et al. 1993), gas
stripping (Taylor et al. 1998) or liquid extraction (Gyamerah and Glover 1996).
2.3. Strains development
S. cerevisiae, the most employed species for ethanol production, has no cellulolytic nor saccharolytic
abilities. Still more, it is unable to convert the C5-sugars. To overcome this serious disadvantage,
genes encoding xylose reductase and xylitol dehydrogenase were cloned into S. cerevisiae. The
recombinant strain was able to produce ethanol from xylose, but with low productivity (HahnHägerdal et al. 1994). Ingram et al. (1999) used for ethanol production lignocellulosic biomass where
genetically strains of Escherichia coli and Klebsiella oxytoca are engineered. After acid pre-treatment,
the pentoses consisting the liquid fraction was fermented to ethanol by recombinant E. coli strain
supplemented with Zymomonas mobilis genes, and the solid fraction - by recombinant K. oxytoca
strain, also supplemented with genes for ethanol production.
3. BUTANOL
Butanol (1-butanol or n-butyl alcohol), a four-carbon alcohol with molecular formula C4H9OH is an
important bulk material for many chemical synthesis with wide application as a solvent in chemical
and textile industry (Lee et al. 2008). Moreover, now it is considered that butanol could be used as an
efficient biofuel, superior even than the ethanol. Butanol combustion is:
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C4H9OH + 6O2

4CO2 + 5H2O + heat

Butanol can be obtained in acetone-butanol-ethanol (ABE) fermentation of sugars or starch by
clostridia species. High amounts of butanol can be produced by four species of genus Clostridium –
Clostridium acetobutylicum, C. beijerinkii, C. saccharobutylicum and C. saccharoperbutylacetonicum
(Keis et al. 2001). The other methods for butanol production are chemical: from butyraldehyde or
ethylene oxide (O’Neil et al. 2001, Yuan 2007) or by butane oxidation (Kang et al. 2007).
3.1. History
Pasteur in 1861 first reported that butanol is a fermentative product. Later Weizmann (1919) patented
the production of acetone and butanol by fermentation of sugars via so called “Weizmann process” or
ABE fermentation. During the World War I the ABE fermentation process was developed in industrial
scale and up to the 1950s the butanol was produced mainly by fermentation of molasses and maize.
However, by 1960s the increasing cost of molasses and advancement of the petrochemical industry
shifted of the butanol production from fermentation to chemical synthesis (Jones and Woods 1986).
After that, industrial ABE fermentation process continued to work in South Africa and Russia
(Zverlov et al. 2006) until 1980s, when the process was forced to close due to transport problems and
shortage of feedstock (Jones and Woods 1986). Nevertheless the increasing demand of fuels from
renewable sources returns the attention back to fermentative butanol production. In 2009 British
Petroleum and Dupont started ABE process in industrial scale in UK (Lopez Contreras et al. 2010).
Today butanol produced by fermentation is obtained also in China from corn and in Brazil from sugar
cane (Ni and Sun 2009).
3.2. Fermentation process
After ethanol production, ABE fermentation is the second largest fermentation process by its global
industrial and historical impact (Jones and Woods 1986). In industrial scale the fermentation is carried
out in a batch process prolonged 40-60 h in fermentors without mechanical agitation. As a substrate
are used preliminary cooked and sterilized molasses or maize. The process is conducted at 35-37 C
under completely anaerobic conditions. ABE fermentation (Fig 1) is biphasic process. In the first
phase (acidogenic phase) are formed mainly acids - butyrate and acetate, but in the second phase are
activated other metabolic patways and acids are converted into solvents - acetone, butanol and ethanol
(solventogenic phase). The acidogenic phase is attended with rapid decreasing of pH and occurs
usually during the exponentional growth of the culture (Andersch et al. 1983). When pH reaches a
critical low point, the metabolic shifts from acidogenic to solventogenic phase. The total solvent yield
reaches 12-20 g/l from maize and 18-22 g/l from molasses (Jones and Woods 1986). Solvents ratio is
strain dependent and for C. acetobutylicum (Weizmann organism) it is 6:3:1 (butanol-acetoneethanol). In C. beijerinckii metabolism acetone is replaced by isopropanol, but butanol production
remains almost the same.
Butanol production in solventogenic phase is complicated and the mechanism involves many enzyme
reactions of different metabolic pathways. With 14C-labeled acids Wood et al. (1945) showed that
more than 55% of acetate and the majority (85%) of butyrate are converted to butanol by the enzyme
acetoacetyl–CoA:acetate/butyrate:CoA transferase (ctfAB) (Fig 1). The other metabolic pathway is
from pyruvate by pyruvate – ferredoxin oxidoreductase (pfIB), thiolase (thl), 3-xydroxybutyryl-CoA
dehydrogenase (hbd), crotonase (crt), butyryl-CoA dehydrogenase (bcd), butyraldehyde
dehydrogenase (adhE) and butanol dehydrogenase (bdhAB).
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Fig. 1. Metabolic pathways in C. acetobutylicum. Reactions active in whole fermentation, during the
acidogenic and the solventogenic phases are marked with thick, dotted and solid arrows, respectively.
3.3. Process development
Fermentative production of butanol faces with several limitations, which make its industrial
application unprofitable without additional optimizations. The most critical problem is solvent
toxicity. Clostridial metabolism completely ceases when the concentration of solvents reaches 20 g/l
(Woods 1995). The lipophilic butanol is the most toxic of all products, leading to disruption of
phospholipids envelope of the cell membrane. In batch fermentation, solvent production stops when
butanol concentration reaches 13 g/l. The other solvents acetone and ethanol are also toxic, but their
concentrations do not reach inhibitory levels. Thus, the low yield of fermentative butanol leads to the
prime cost of production increase. Other obstacles are: (i) the formation of numerous by-products; (ii)
phage contamination; (iii) high amount of energy required for butanol distillation; (iv) the use of
expensive substrates like sugar and starch, which can be employed as a nutrients (“food versus fuel”
debate) (Dürre 2011).
There are many attempts to improve the productivity and to reduce the prime cost of production: (i)
finding new, extra-butanol-producing natural strains (Qureshi and Blaschek 2001); (ii) using less
expensive substrates as a carbon source like syngas (Köpke et al. 2010), lignocellulosic hydrolysates
(Schubert 2006), wheat straw hydrolysates (Qureshi et al. 2007), furfural and hydroxymethyl furfural
(Ezeji et al. 2007); (iii) applying new methods for butanol recovery as pervaporation (Izàk et al. 2008),
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liquid-liquid extraction (Dürre 1998) gas stripping (Ezeji et al. 2003); (iv) conducting the fermentation
process in fed-batch mode (Groot et al. 1984, Ezeji et al. 2004a) or in continious mode (Qureshi and
Blaschek 2000, Ezeji et al. 2004b).
3.4. Strains development
Important approach to increase the solvent production is by metabolic engineering of Clostridia
strains. One direction is by amplification or inactivation of genes in recombinant Clostridia strains,
another direction – by cloning and expression of Clostridium genes in other organisms.
Amplification of adc (encoding acetoacetate decarboxylase), ctfAB (encoding CoA transferase), adhE
(encoding butyraldehyde dehydrogenase) and groESL operon (encoding the heat shock proteins
GroES and GroEL) genes leads to increase in final butanol concentration (Mermelstein et al. 1993,
Nair et al. 1994, Tomas et al. 2003b). The same effect can be observed by inactivation of buk
(encoding butyrate kinase) or solR (encoding regulator of genes, involved in solventogenesis) genes
(Green and Bennett 1996, Nair et al. 1999, Harris et al. 2000, 2001). Thus, the maximal butanol
concentration can be increased twice, even three times, but cannot surpass 20 g/l in batch process.
Butanol production by other than Clostridia species is developed in purpose to eliminate culture
degradation, by-products formation and phage infection sensitivity. Genes from Clostridia were cloned
in E. coli (Atsumi et al. 2008b, Inui et al. 2008) and up to 16 mM butanol was achieved from glucose
(Inui et al. 2008). Alternative metabolic pathways for butanol production were also tested. Shen and
Liao (2008) obtained 13.5 mM butanol using E. coli amino acids pathway via keto-acid intermediates.
In spite of all, the attempts to obtain higher amounts of butanol by recombinant E. coli strains are not
so successful. On the contrary, the introduction of Clostridia genes in E. coli can lead to considerable
increase in acetone (Bermejo et al. 1998) and isopropanol (Hanai et al. 2007, Jojima et al. 2008)
production.
4. METHANOL
Although methanol has a number of drawbacks as a fuel, many authors propose it as a biofuel of the
future. It has been in use for a long time as racing fuel and as a component in rocket fuel. Methanol
fuel usually is used as a blend of 85% methanol and 15% unleaded gasoline (M85). The addition of
methanol increases the thermal efficiency and the power output of the blended fuel due to it high
octane number and high heat of vaporization.
The most of the disadvantages of methanol as a fuel are the same as these of ethanol. Both are less
volatile than the gasoline and have lower combustion temperature, which make difficulties in engine
starting during cold weather. Methanol like ethanol contains halide ions, which is the reason for their
high corrosivity. Moreover, methanol is very hygroscopic and absorbs water from the atmosphere.
Other faults of methanol are that it burns with invisible, colorless flame, and has high toxicity.
Likewise, the low energy density of methanol (see Table 1) and the low air/fuel ratio of 6,42:1 means
that fuel consumption will be higher than the consumption of hydrocarbon fuels. Because of this,
vehicles using methanol fuel should have a larger fuel tank.
Methanol, the simplest alcohol (CH3OH ) can be produced from large variety of different carbon
sources including fossil fuels, biomass, crops, forest residues, animal waste or most simply, from
carbon dioxide and water. Historically, for a long time it has been produced by pyrolysis of wood
chips, from where is its common name of wood alcohol (Dave 2008). Also, methanol can industrially
be obtained from methane via syngas (a mixture of CO and H2) (Fig 2), and to date the most preferred
raw material for methanol production from methane is still the natural gas.
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CH4 + H2O

CO + 3 H2

CO + H2O

CO2 + H2

CO + 2 H2

CH3OH

CO2 + 3 H2

CH3OH

Fig.2. Reactions involved in methanol production from methane via syngas

4.1. Fermentation process
Biologically, methanol can be produced as an intracellular intermediate by methane-utilizing bacteria
(methanotrophs) under anaerobic conditions. These organisms use methane as a sole carbon source to
produce CO2 and cell carbon via methanol, formaldehyde and formic acid (Hanson and Hanson 1996,
Trotsenko and Khymelenina 2005):
CH4

CH3OH

HCHO

HCOOH

CO2

Organisms capable of this conversion are strains of Methylophilus methylotrophus, Methylococcus
capsulatus, Methylomonas sp., Methylosinus trichosporium, Mycobacterium smegmatis (Lee et al.
2004, Weisman and Ballou 1988).
On the other hand, methanol is the major end product of pectin metabolism. Strains of Clostridium,
Erwinia and Pseudomonas species are capable to metabolize pectin to methanol without further
degradation. However, the accumulated methanol is only from 9.2 mM for strain of Erwinia
chrysanthemi to 16.0 mM for Clostridium butyricum strain (Schink and Zeikus 1980).
4.2. Fermentation problems and solutions
The amounts of methanol produced by microorganisms are insufficient for its large-scale use.
Nevertheless, many attempts to increase methanol production are made.
One way is to inhibit methanol dehydrogenase (MDH) – the enzyme converting methanol to
formaldehyde in methanotrophic metabolism. Addition of NaCl prevents further oxidation of methanol
to formaldehyde in methane utilization by Methylosinus trichosporium (Lee et al. 2004). Thus, authors
obtained 7.7 mM methanol in 36 hours. Other chemicals like cyclopropanol (Shimoda and Okura
1991, Takeguchi et al. 1997, Furuto et al. 1999), cytochrome (Mukai et al. 1990), EDTA (Carver et al.
1984), and cyclopropane (Frank et al. 1989) also inhibit MDH.
To overcome the disadvantages of using microorganisms another approach was developed – to use
purified enzymes to catalyze the desired reactions. Metyhanol can be produced by NADH depended
enzymatic reactions from CO2 (Attwood 1990, Popov and Lamzin 1994, Reid and Fewson 1994).
Obert and Dave (1999) used system of three enzymes to convert carbon dioxide to methanol via
format and formaldehyde (formate dehydrogenase, formaldehyde dehydrogenase and alcohol
dehydrogenase):
CO2

HCOOH

HCHO

CH3OH

Methanol production can be additionally enhanced, when these enzymes are entrapped into sol-gel
matrix (Obert and Dave 1999).
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Fig.3. 1-propanol and 1-butanol production via threonine pathway in genetically engineered E. coli strain (Shen
and Liao 2008)

5. PROPANOL
To date 1-Propanol (C3H7OH) is produced from ethane via propionaldehyde in petrochemical industry
and has application generally in drug, cosmetic and textile industry. Just recently, it was attended as
potential biofuel in respect of its good fuel characteristics close to these of butanol. Nevertheless, to
date its production is not in relevant quantities for industrial application as a fuel.
1-Propanol is difficult for biological production. There are no microorganisms, identified to produce it
as a major product or in significant amounts. This alcohol is only by-product in fermentation of
potatoes or grains in commercial ethanol production. Similarly, 1-propanol has been detected as a
metabolic product of threonine fermentation by some Clostridia species (Janssen 2004).
5.1. Metabolic engineering
Because of insufficient amounts of 1- propanol yielded by natural microorganisms, recent attempts are
connected with the possibility to design new metabolic engineered pathways receiving 1-propanol as
end product.

432

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Shen and Liao (2008) constructed metabolically engineered Escherichia coli strain, capable to produce
1-propanol and 1-butanol from glucose. Authors used threonine pathway to 2-ketobutyrate with
deletion of the competing pathways. 2-ketobutyrate is a precursor of 1-propanol, but is also a key
intermediate in biosynthesis of 1-butanol via 2-ketovalerate (Fig 3). Total alcohol production was 2 g/l
with ratio 1:1 of butanol and propanol.
Some organisms like Methanococcus jannaschii converted pyruvate and acetyl-CoA to 2-ketobutyrate
via citramalate (citramalate pathway) (Howell et al. 1999). Atsumi and Liao (2008) used this way to
produce 1-propanol and 1-butanol from glucose, bypassing threonine biosynthesis. The gene encoding
citramalate synthase (CimA) from M. jannaschii was expressed in E. coli strain. After additional
evolving of CimA, the final production of 1-propanol and 1-butanol was 9 and 22 fold higher,
respectively.
Another novel metabolic pathway for 1-proppanol production was designed by Jain and Yan (2011).
They extended the known pathway to 1,2-propanediol with two additional steps. First, expressed in
E.coli mgsA gene encoded methylglyoxal synthase (from Bacillus subtilis), and budC - encoded
alcohol dehydrogenasegene (from Klebsiella pneumoniae), authors achieved higher 1,2-propanediol
production. Next, by additional expression of operon ppdABC (from Klebsiella oxytoca) that encoded
1,2-propanediol dehydratase – 0.25 g/l 1-propanol was achieved (Fig 4).
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1
1
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Methylglyoxal
NADH
NAD+

NADH

2

Hydroxyacetone
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7
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Fig.4. Designed metabolic pathway for 1-propanol production via 1,2-propanediol (Jain and Yan 2011).
Enzymes and genes 1: methylglyoxal synthase (mgsA); 2: methylglyoxal reductase (ydjG); 3, 4: secondary
alcohol dehydrogenase (gldA/budC); 5: primary alcohol dehydrogenase (fucO); 6: diol dehydratase (ppdABC); 7:
primary alcohol dehydrogenase (yqhD).
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Abstract
Wood fibrous composite materials with special properties as improved electroconductivity, microwave
absorption capacity, antiseptic ability, high physical- mechanical indices, but and with high quantity
of wood component represent a great interest because of their unique properties and possibilities for
different applications.
An original method for obtaining of cupper – sulfide modified nanocomposite wood-fibrous materials
has been developed. A mathematic modulation and optimization of the process is conducted using
phenol-formaldehyde resin as connect agent. Cupper–sulfide modified nanocomposite wood-fibrous
materials with improved electroconductivity for electromagnetic wave protection are obtained.
Key words: cupper – sulphide wood nanocomposite, phenolformaldehyde resin, electro conductivity
1. INTRODUCTION
In the recent years, the increase use of wood polymer composites in technique and way of living is
observed. In this respect the nanoscience and technology give unique possibilities for creation
different combinations of new materials. The metal-containing nanocomposites and polymeric
nanocomposites in particular, with their unique physical and chemical properties as well as the broad
areas of application have been attracting a great interest (Wang 1998).
Composites with improved parameters, including toughness, thermostability, and other specific
properties, can be obtained via adding mineral fillers, metals, and fibers to polymers. Recent progress
is being marked by the development of nanocomposite materials comprising a low percent of filler
that have much larger intrinsic surface area, hence better parameters than the conventional composites
(Lio 1995).
Nanocomposites include linear, as well as three-dimentional and amorphous structures of intermixed
phase-separated nanocomponents. A considerable advantage of the nanocomposite materials are the
uncomplicated and cheap preparative methods and technologies. It has been established that all
mentioned types and classes of nanocomposite materials have improved properties in comparison to
the similar macrocomposites (Lio 1993). Hence, nanocomposites allow new applications, such as
lighter components for reinforcement, nonlinear optical systems, cathode and anode batteries, sensors,
etc.
An original method for formation of metal-containing polymers via thermal decomposition of
precursors (mainly metal carbonyls) in solution or melt has been published. A strong interaction
between the nanoparticles and the polymer chain occurs in such nanocomposites on the level of
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chemical bonding. Electronically dense individual or aggregated metal-containing particles have been
observed (Pomagalio 2000; Hershaw 1999).
Recently, special attention has been paid to nanocomposites having a different controllable molecular
structure, determined by the polymeric dendrimers. The metal organic derivatives of dendrimers and
their numerous macromolecular metalcomplexes of ruthenium, palladium, platinum, etc., are well
known (Zend 1997; Floriano 2001; Grohn 2001; Wang, 2000).
Nanocomposites allow the production of articles possessing superconductivity. It has been noted that
the investigations in this field open possibilities of obtaining new materials with unique properties
(Wang 2000; Wu 1989a,b).
The method of direct precipitation of colloidal dispersed additive layers and their encapsulation into
the polymer matrix has been recommended as one giving a lot of possibilities to the applications of the
obtained materials (Bissessur 1993). A new method for in-situ synthesis of precious nanoparticles
using cellulose supports has been developed (Sun 2002).
Methods for modification of fabrics with electroconductive pigment on the basis of copper sulfide
polymer dispersion have been developed; these include new electro-conductive polyacrylonitrile
(PAN) pigments with coordinative connecting of copper sulphide in the nanostate into the PAN matrix
for microwave protection (Lekova 1998)
Recently, investigations connected with copper sulphide coating on polyacrylonitrile with a chelating
agent of triethanolamine (Chen 2009) and ethylenediaminetetraacetic acid (Chen 2010) by an
electroless deposition method and its EMI shielding effectiveness have received great interest. The
literature study showed that the obtaining of new metal-containing nanocomposites polymer materials
with improved electroconductivity and microwave absorption ability is a question of present interest
and it is very useful for articles that can provide electromagnetic wave protection.
In this study, copper sulphide-containing nanolignocelluloses with improved electro-conductivity and
microwave absorption ability have been developed, and on this basis polymer composites with special
new properties for electromagnetic wave protection have been obtained.
The purpose of the present research is the development method for production of c pper-sulphide
wood-polymer nanocomposite materials and this method to be adoptable to the existing equipment and
technology for wood fiber plates (WFP) production in LESOPLAST Inc. – Troyan.
The researches comprise:
- Experiments on development of appropriate and optimal method for wood fiber material
modification to obtain c pper-sulphide lignocellulose nanocomposites;
- Experiments on defining the technological stage and adequate equipment to obtain copper-sulphide
wood fiber nanocomposite plate materials;
- Modelling and optimization of the developed method in respect of compositions, proportion of the
individual components and parameters by using phenol formaldehyde resin as bonding agent for the
achievement of improved electrical conductivity (corresponding electromagnetic wave absorption),
high content of wood component and with retaining the level of the initial standardized WFP
characteristics.
2. MATERIALS AND METHOD
In present investigations are used:
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- wood fibers – high gain fibrous material (HFM), obtained in Lesoplast AD, Troyan by hydro heat
treatment of wood chops for wood plates; and
- phenol formaldehyde resin – content 0,1 % towards
composites.

the fibers as bonding adent of wood fibrous

Before mathematic modeling and optimization of process for obtaining of cupper–sulfide modified
nanocomposite wood-fibrous materials, preliminary experiments for establishing of suitable
technological modification stage have been carried out.
Experiments for establishing of technological stage
.* The obtained results on the stage, consists by treatment of technological chops in steaming
chamber, showed that the modification process do not pass uniformly in the depth of wood and stayed
on the surface or in the solution. This unevenness of modified and unmodified fibers in wood sample
carpet will bring to bad results regarding electroconductivity. Therefore, the stage with steaming
treatment of technological chops is not suitable as a modification method.
.* On the gluing stage of wood fibrous mass, the modification process is carries out in the volume of
wood fibrous mass by homogenization CuSO45H2O : Na2S2O3 5H2O solution in proportion 1:2 with
fibrous suspension. Obtained samples do not possess good results regarding electro conductivity. This
may be explained by considerable loss of modified reagents. These previous results showed the
advisability for conducting the treatment of wood fibers by surface modification with mixture of
CuSO4 5H2O:Na2S2O3 5H2O on the stages - gluing and formation of wood fibrous carpet. Such
manner of working will give the possibilities for minimal losses of reagents and for one full finished
method of modification.
On the basis of experimental results are established conditions and starting parameters, as fowling:
1. The quantity of reagent mixture CuSO4 5H2O : Na2S2O3 5H2O towards absolute dry wood fibrous
mass – 25%, 35%,45% (step 10) - 1
2. Mole proportion CuSO4 5H2O:Na2S2O3 5H2O - 1:1, 1:1,5, 1:2 step 0,5 3. Duration of staying before pressing - 7, 12, 17 minutes step 5 -

2

3

Constant parameters
1 Temperature of pressing - 170

175°

2. Duration of staying before pressing – 10 minutes
The experiments are carried out with wood fibrous mass from production of Lesoplast AD- Troyan
with fowling indexes: concentration – 3,75%; grinding degree – 22DS; 15 % CFR and 10 % paraffin
emulsion. The quantity of gluing substance is 1 % towards absolute dry wood fibrous mass. The
experiments are conducted with specimens- sixes 30x30 cm. by surfacing treatment with the mixture
of reagents. The obtained samples have 15 % wood fibrous material. The fowling process is pressing170 0 , duration -10 minutes.
The specimens are characterized in respect of electrical conductivity (volume electrical resistance by
apparatus DC- MILLI- PICO- METER MV 40, VE KOMBINT PRACITRONIC, Dresden, as well as
the bending strength by apparatus ZWICK Z0,5 Zwick Co GmbH, standart EN 622-1. The swelling
is determined according EN 622-2.
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3. ANALYSIS AND DISCUSSION
In the present work, the modeling and optimization of the modification process of the wood
nanocomposites are conducted with the fowling main performance characteristics (outputs):
- y1 – bending strength on face, [MPa];
- y2 – bending strength on sieve, [MPa];
-

3

– swelling in water, [%];

-

4

– logarithm of the volume resistivity, [ ].

These outputs are depended by the influence of the three process parameters (factors): x 1 - %
modification additive of two reagents towards absolute dry wood fibrous (WF) mass, 2 – mole
proportion CuSO4 5H2O:Na2S2O3 5H2O; x3 – duration of staying before pressing [min.]. Changed
limitations are: 25 1 45, 1 2 2 and 7 17.The weight of absolute dry WF mass at experiment is
constantly, but the additives have different percent and mole proportions. By this reason WF mass and
additives do not observed as three mutually dependent variable quantities.
The aim of the optimization problem is to find a great number of suitable combinations of two
additives ( factors x 1 and x 2), as a duration of staying ( x 3 ) at which the bending strength ( target
function 1 and 2) is over 30
and swelling under 37%.
The decision of the optimization problem
For the decision of so formulating task is selected a model based approach, especially regression
model, which describes the relations of the outputs j, j=1,2,3,4 and factors 1, 2 x3 .. Since in
examining sphere of changing of factors there are not unsteady changing of initial quantities, the
mathematical model must search in the class of polynomial models:
k

ŷ ju =

bi f iu .

(1)

i 1

Where, u = 1, 2,…N is number of attempt, i = 1, 2,... k – numbers of coefficients in the model. b =[b1
b2 … bk] – -verse vector of valuations of regression coefficients. fiu – random, previous given of
factors ( 1, 2 x3), ŷ ju – predict value of aim function. This function is received by replacement of
values of f iu for every experiment.
The organization of the experiment is very significant for the effectiveness of the investigation. In this
case the experiment is conducted using optimal composition plan with 14 attempts (N=14
experiments).
In present work models of complete second order with 10 adequate for 4-th target functions
coefficients are considered. After a control for significance of regression coefficients by t- Student
criteria, the coefficients for all models ahead of the x3 x32
are insignificant and are not included in models.
In Table 1 the obtained regression coefficients are given. In Table 2 the obtained results from statistic
analysis of the models are summarized. Qjr Means the residual sum of quadratics of corresponding
models.
Where,

ŷ ju - is the predict value on j – model in

u-attempt.

This predicted value characterizes the dispersion of experimental values of initial
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yju near to the predicted model values. The reason of the showing may be due of:
) non adequate of the model ;
) influence of accident error.
The model may be suitable for using (prediction and optimization) if the influence of non adequate is
commensurably or lower in comparison with the influence of accident error. This may be ascertained
by the comparison of dispersions. The valuation of dispersion, connected with Qjr is calculated.

s 2jr
Where

jr

Q jr /

jr

,

(3)

= N - k is the number of degrees of freedom. It is compared with the valuation of dispersion
2

of random error s j . For valuation of the adequate of model [1] the repeated experiments nj, j=1,2,3,4
at the same regime in centre of the plan x1 =35,

2

=1.5

3

=12 have been conducted. These
2

experiments give the possibility to estimate the dispersion of the random error s j :

1

s 2j

nj

nj 1 i 1

( y ji

y j )2 ,

j 1 4,

Where nj is the number of observations,

y j - arithmetical mean. Number of freedom degrees is

= nj -1.
The comparison is founded on the control of zero hypothesis
ble 2 shows the level of significance.

Q jr

N
u 1

y ju

2

ŷ ju ,

0:

sr2 = s 2, by F- criteria of Fisher. The

j

1 4

(2)

Table 1 Regression coefficients
Included function
f iu
.

Coefficients in the
model for 1

Coefficients in the
model for 2

Coefficients in the
model for 3

Coefficients in the
model for 4

41.2294

17.6177

29.4281

10.4293

1

-3.6620

-4.8395

-4.2500

-0.2240

2

5.6285

7.3530

6.4910

-0.1655

2

-0.3069

-4.5506

-2.4300

-0.1631

1 * x3

-1.9931

-1.6531

-1.8250

0.0288

x3

-1.8431

0.1919

-0.8250

0.0319

1^2

0.6487

3.1321

1.8888

0.0897

2^2

-2.4438

6.8996

2.2238

0.0021

1*

2*

Table 2 Level of significance
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Model

Qr

r

s2

F-calculated

( = 0.05)

1

27.74

6

9.15

3

1.97

4.76

2

64.50

6

12.99

5

1.21

4.39

3

15.74

6

2.92

2

1.11

5.14

4

0.141

6

0.025

17

1.08

3.92

The searching of optimal regimes are realized by the method of scanning with constant step, which
represents 5 % of observed field of changing of each factors.
Optimal regimes depending on special requirements for different applications of new cupper – sulfide
modified nanocomposite wood fibrous materials are developed.
The optimal regimes for reaching of minimal swelling; maximal strength on the face; maximal
strength on the sieve; maximal strength on the face and on the sieve; and minimal electric resistance
are given in following blocks N 1 to 5.
Block 1:Optimal regimes for obtaining of minimal swelling
Setting limitations: y1>30; y2>30; y3<31
X1

X2

X3

Y1

Y2

Y3

Y4

27

1.7

16

47.2185

30.1146

30.3374

4.406E+10

27

1.7

17

47.3900

30.3944

30.3453

4.385E+10

31

1.9

7

46.5122

30.9942

30.4829

2.757E+10

29

1.8

12

46.2679

30.1828

30.6581

3.599E+10

29

1.8

13

46.2859

30.4042

30.7391

3.602E+10

29

1.8

14

46.3039

30.6256

30.8201

3.605E+10

29

1.8

15

46.3219

30.847

30.9011

3.608E+10

29

1.8

16

46.3399

31.0684

30.9821

3.611E+10

31

1.9

8

46.3767

31.1572

30.637

2.775E+10

31

1.9

9

46.2413

31.3201

30.7911

2.793E+10

31

1.9

10

46.1058

31.4831

30.9452

2.811E+10

33

2

7

46.6783

33.3511

30.9556

2.094E+10

35

2

7

46.2572

31.6784

30.6814

1.714E+10

35

2

8

45.8886

31.7168

30.9316

1.740E+10

37

2

7

45.888

30.2563

30.5346

1.427E+10

37

2

8

45.4396

30.2286

30.8079

1.452E+10

Block 2. Optimal regimes for obtaining of maximal strength on the face
Setting limitations: y1>49; y2>45; y3<35
X1

X2

X3

Y1

Y2

Y3

Y4
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25

1.8

17

49.1088

36.9836

32.2504

5.403E+10

25

1.9

15

49.0355

40.6119

33.2884

5.502E+10

25

1.9

16

49.1392

40.9733

33.3733

5.493E+10

25

1.9

17

49.2429

41.3346

33.4583

5.485E+10

25

2

11

49.0016

44.0235

33.8681

5.523E+10

25

2

12

49.0316

44.3925

34.0031

5.531E+10

25

2

13

49.0616

44.7615

34.1381

5.538E+10

25

2

14

49.0916

45.1305

34.2731

5.546E+10

25

2

15

49.1216

45.4995

34.4081

5.554E+10

25

2

16

49.1516

45.8685

34.5431

5.562E+10

25

2

17

49.1816

46.2375

34.6781

5.57E+10

Block 3. Optimal regimes for obtaining of maximal strength on the sieve
Setting limitations: y1>47; y2>43; y3<35
X1

X2

X3

Y1

Y2

Y3

Y4

25

2

9

48.9416

43.2855

33.5981

5.507E+10

25

2 10

48.9716

43.6545

33.7331

5.515E+10

25

2 11

49.0016

44.0235

33.8681

5.523E+10

25

2 12

49.0316

44.3925

34.0031

5.531E+10

25

2 13

49.0616

44.7615

34.1381

5.538E+10

25

2 14

49.0916

45.1305

34.2731

5.546E+10

25

2 15

49.1216

45.4995

34.4081

5.554E+10

25

2 16

49.1516

45.8685

34.5431

5.562E+10

25

2 17

49.1816

46.2375

34.6781

5.570E+10

4. Optimal regimes for obtaining of maximal strength on the face and on sieve
Setting limitations: y1>49; y2>45; y3<35
X1

X2

25

2

25

2

25

2

25

2

X3

Y1

Y2

Y3

49.0916

45.1305

34.2731

5.546E+10

15

49.1216

45.4995

34.4081

5.554E+10

16

49.1516

45.8685

34.5431

5.562E+10

17

49.1816

46.2375

34.6781

5.570E+10

14

Block 5. Optimal regimes for obtaining of minimal R:
Setting limitations: y1>30; y2>20; y3<37.
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X1

X2

X3

Y1

Y2

Y3

Y4

43

2

7

45.0917

27.4934

30.8597

9.096E+09

43

2

8

44.4042

27.2673

31.2021

9.329E+09

43

2

9

43.7167

27.0411

31.5446

9.568E+09

43

2 10

43.0292

26.815

31.887

9.813E+09

45

1.9

7

44.3769

24.0676

29.9863

9.534E+09

45

1.9

8

43.6834

23.7677

30.3017

9.776E+09

45

2

7

44.9301

27.0735

31.2231

8.090E+09

45

2

8

44.1629

26.7813

31.5886

8.320E+09

45

2

9

43.3956

26.489

31.9541

8.555E+09

45

2 10

42.6284

26.1968

32.3196

8.798E+09

45

2

11

41.8611

25.9045

32.6851

9.047E+09

45

2

12

41.0939

25.6123

33.0506

9.303E+09

45

2

13

40.3266

25.32

33.4161

9.567E+09

45

2

14

39.5594

25.0278

33.7816

9.838E+09

43

2

7

45.0917

27.4934

30.8597

9.096E+09

43

2

8

44.4042

27.2673

31.2021

9.329E+09

43

2

9

43.7167

27.0411

31.5446

9.568E+09

43

2 10

43.0292

26.815

31.887

9.813E+09

45

1.9

7

44.3769

24.0676

29.9863

9.534E+09

45

1.9

8

43.6834

23.7677

30.3017

9.776E+09

45

2

7

44.9301

27.0735

31.2231

8.090E+09

45

2

8

44.1629

26.7813

31.5886

8.320E+09

45

2

9

43.3956

26.489

31.9541

8.555E+09

45

2 10

42.6284

26.1968

32.3196

8.798E+09

45

2

11

41.8611

25.9045

32.6851

9.047E+09

45

2

12

41.0939

25.6123

33.0506

9.303E+09

45

2

13

40.3266

25.32

33.4161

9.567E+09

45

2

14

39.5594

25.0278

33.7816

9.838E+09

– The volume electric resistance of non modified samples is from 6,6429 +11 to 8,9316 +11
The recommended conditions and parameters for achievement of maximal results are specified on the
basis of data for the optimal regimes (blocks 1 to 5).
For minimal swelling (block 1) the recommended conditions and parameters are:
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Additive for modification: (29 %);
- mole proportion: CuSO4 5H2O : Na2S2O3 5H2O (1:2);
– duration of staying before pressing: (7 min.).
For maximal strength on the face (block 2) the recommended conditions and parameters are: 25 %;
1:2; 17 min.;
For maximal strength on the sieve (block 3) the recommended conditions and parameters are: 25 %;
1:2; 9 min.;
For maximal strength on the face and on the sieve (block 4) the recommended conditions and
parameters are: 25 %; 1:2; 14 min.;
For minimal electric resistance R (block 5) the recommended conditions and parameters are: 45 %;
1:2;7min.
4. CONCLUSION
On the basis of present study, connected with obtaining and investigation of new cupper sulfide
modified nanocomposite wood fibrous materials for electromagnetic wave protection and mathematic
modeling and optimization of process, using phenol formaldehyde resin CFS) as bonding substance,
it is possible to given the fowling conclusions:
It is established the advisability for conduction of modification of wood fibers by a surface
treatment with CuSO4 5H2O and Na2S2O3 5H2O on the stages - gluing and formation of wood fibrous
carpet;
The developed modification method minimizes wastage of reagents and in the same time
ensures the possibility for a full modification process;
Optimal regimes for modification depending on special requirements of different applications
of new cupper – sulfide modified nanocomposite wood-fibrous materials have been developed.
The cupper sulfide modified nanocomposite wood-fibrous materials on the basis of phenol
formaldehyde resin as bonding substance with improved electroconductivity and corresponding
microwave absorption ability at high content of wood component for special applications in the
engineering and the popular costumes have been obtained.
The authors acknowledge a favor to Fund „Researches”, Ministry of Education, Science and Youth,
for the financial support rendered in carrying out the present investigations.
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SYNTHESIS OF BIS-HETEROCYCLIC COMPOUNDS
BY -AMIDOALKYLATION REACTION
Stela M. Statkova-Abeghe, Milena B. Staykova, Iliyan I. Ivanov
University of Plovdiv, Faculty of Chemistry, Department of Organic Chemistry,
24 Tzar Assen str., 4000 Plovdiv, Bulgaria

Abstract
N-acyliminium ions 3, formed in the reaction of benzimidazole and alkyl chloroformates, were
successfully used as -amidoalkylating reagents towards ketoamides 4 a - d. The products 5, obtained
in this way, can be further elaborated to bis-heterocyclic compounds. To demonstrate this, product 5 a
was transformed to the corresponding amidoalcohol 6 by reduction with NaBH4 in methanol and then
it underwent cyclization to the corresponding 2-isoquinolylbenzimidazole 7.
Key words: -amidoalkylation reaction, ketoamides, bis-heterocyclic compounds, benzimidazole
1. INTRODUCTION
Benzimidazole ring plays an important role as pharmacophore in a number of pharmaceutically active
compounds[1]. Benzimidazole derivatives show a wide range of significant antiviral activities, such as
anti-HIV, anti-RSV, anti-HCV, anti-HBV and anti-HCMV activities[2-4]. A considerable number of
drugs used in different therapeutic areas contain the benzimidazole ring, such as antihypertensives
(candesartan, telmisartan), proton pump inhibitors (omeprazole), antihelmintics (albendazole,
mebendazole), antihistaminics (astemizole), antifungal[5-7] as well as antitumor agents[8-12] some of
which are potential agents against leukemia [13, 14].

Candestartan

Omeprazole

Albendazole

Benzimidazole-2-methylthiopyrimidines were found to have high antitumor activity against lung
cancer, ovarian cancer and leukemia [15]. 2-substituted benzimidazoles, containing five-membered
heterocycles at the 2-position, showed in vitro and in vivo antitumor activity[16]. Some new
benzimidazole linked pyrrolobenzodiazepine conjugates show significant in vitro cytotoxicity against
a number of human cancer cell lines[17].
Tiabendazole is a fungicide and parasiticide. It is used as a prophylactic treatment for Dutch Elm
disease[18]. It is also a chelating agent used in medicine to bind metals in cases of metal poisoning,
such as lead poisoning, mercury poisoning or antimony poisoning. In general, benzimidazoles with
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chelating substructure are potent inhibitors of E. coli MetAP. Binding to an auxiliary transition metal
ion is important for the activity of benzimidazoles, irrespective of the enzyme subtype. Methionine
aminopeptidases (MetAPs) are ubiquitous enzymes that are pursued as drug targets in the context of
various pharmacological interventions, including the treatment of parasitic and bacterial infections and
the therapy of cancer[19].
In view of the above, we have longstanding interest in the development of new methodologies
providing access to potentially bioactive benzimidazoles. Our approach to the synthesis of these
compounds relies on the fact that the core benzimidazole moiety can exhibit the characteristics of a
cyclic imine and under appropriate conditions it can give iminium ions susceptible to nucleophilic
attack. In our previous studies N-acyliminium ions, formed in the reaction of benzimidazole and alkyl
chloroformates, were successfully used in -amidoalkylation reaction with methyl ketones [21]. A new
series of 1,2,3-trisubstituted 2-(2-oxoalkyl)-2,3-dihydrobenzimidazoles were synthesized and
evaluated for their cytotoxic activity. Some of the compounds showed selective antiproliferative
properties in vitro against the human metaststic melanoma cells at 10-4 M concentration[20]. Also, the
synthesis of bis-heterocyclic compounds in the molecule of which there is isoquinoline or betacarboline ring, was studied. The intermolecular -amidoalkylation reaction was applied to indole,
pyrole, thiophene, pyrazine etc[22]. Comparative study on the reactivity of the N-acyliminium
electrophilic reagents showed that the reaction outcome depends both on the type of acyl chloride and
on the type of the hetero ring and its substitutes. Of all studied reagents, those obtained from
benzimidazole and alkyl chloroformates were found to be the most stable. One of them was isolated
and spectrally characterized[23].
2. RESULTS AND DISCUSSION
The aim of this study is to investigate the possibility of -amidoalkylation reaction between o-acylated
2-phenylethylamides and N-acyliminiun ions of benzimidazole. The resulting compounds could be
used to obtain 1-(2-benzimidazolyl-methyl)-2-acyl-tetrahydroisoquinolines. Similar approach was
already successfully used for synthesis of substituted tetrahydroisoquinolines with contractile
activity[24].
The necessary starting compounds, namely ortho-N-acyl-2-phenylethylamines, were obtained by
known methods[25]. N-acyliminium reagent 3 was obtained after the initial N-acylation of
benzimidazole 1 with ethyl chloroformate 2 in the presence of Et3N, acting as hydrogen chloride
acceptor (Scheme 1).

Scheme 1.
It was found that the amidoalkylation reaction of ketoamides 4 a - d took place at room temperature.
Adding the ketoamides 4 a - d to N-acyliminium reagent 3 led to one product 5 a – d. After aqueous
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work up of the reaction mixture to remove unreacted benzimidazole and Et3N.HCl, the products were
purified by column chromatography on neutral alumina. The structures of the products were
determined on the basis of NMR analysis, which showed that amides 4 a - d were selectively amidoalkylated at the methyl group, giving compounds 5 a – d (Scheme 2).

Scheme 2.
First we carried out the -amidoalkylation reaction with ketosulfamide 4 a. The reaction proceeded
quickly at room temperature and gave 5 a in 62% yield after only 15 minutes. This result prompted us
to amidoalkylate other N-acyl derivatives of homoveratrylamine 4 b - d (Scheme 2). The reactions
with ketoamides 4 b - d were also successful, but the yields were somewhat lower and longer reaction
time was neccessary (Table 1).
Table 1.
5

R

Reaction time

Yield, %

a

SO2CH3

15 min

62

b

COOC2H5

5h

34

c

COCH3

24 h

55

d

COC6H5

24 h

24

The newly obtained 2-substituted benzimidazoles 5 a - d are good structural blocks for the synthesis of
isoquinolines. For this purpose, product 5 a was transformed to the corresponding amidoalcohol 6 by
reduction with NaBH4 in methanol at room temperature (Scheme 3).

Scheme 3.
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The obtained amidoalcohol 6, after purification and spectral characterization by 1H- and 13C-NMR
spectroscopy, was treated with protic acid in anhydrous media and underwent cyclization to the
corresponding 2-isoquinolylbenzimidazole 7 (Scheme 4). The reaction took place at room temperature
for 20 minutes in dichloromethane and in the presence of catalytic amount of p-toluensulfonic acid
(PTSA).

Scheme 4.
3. EXPERIMENTAL SECTION
Commercial solvents and reagents, such as benzimidazole and ethyl chloroformate were purchased
from Sigma-Aldrich and were used without further purification. Amides were prepared according to a
procedure described in the literature[25]. Melting points were determined on a Boetius PHMKO5 hot
stage apparatus and are uncorrected. 1H-NMR and 13C-NMR spectra were taken in CDCl3 on Bruker
DRX250 apparatus. Chemical shifts are given in part per million (ppm) relative and are referenced to
TMS ( =0.00ppm) as an internal standard and coupling constants are indicated in Hz. All the NMR
spectra were taken at rt (ac. 295 K). TLC was carried out on precoated 0.2 mm Fluka silica gel 60
plates. Aluminium oxide was used for column chromatographic separation.
Synthesis of compounds 5 a – d. Reaction of N-[2-(2-acyl-4,5-dimetoxyphenyl)-ethyl] amides (4 a
– d) with adducts of benzimidazole and ethyl chloroformate (3) – typical procedure.
To a suspension of benzimidazole (1 mmol) in 1,2-dichloroethane (5 ml) cooled to 0 oC were added
Et3N (1 mmol) and ethyl chloroformate (1 mmol). The reaction mixture was stirred for 15 min at rt.
After that to the same reaction mixture was added second equivalent of ethyl chloroformate (1 mmol)
and the mixture was stirred for 30 min at rt. Without isolation and purification of the formed Nacyliminium reagent, to the reaction mixture was added equivalent amount of ketoamides 4 a – d. The
reaction time is presented in Table 1. After completion of the reaction, 20 ml of water was added and
the mixture was extracted with 3x20 ml CH2Cl2. The combined organic layers were dried (Na2SO4)
and concentrated. The products, after evaporation of the solvent, were purified by column
chromatography on neutral Al2O3 using mixtures of petroleum and diethyl ether as eluents.
Diethyl 2-(2-(4,5-dimetoxy-2-(2-(methylsulfonamido)ethyl)phenyl)-2-oxoethyl)-1 benzo[d]imidazole-1,3(2 )-dicarboxylat (5 a)
mp = 105 - 107 oC
1

H-NMR: 1.33 (t, J = 7.1, 6H, CO2CH2CH3), 2.67 (t, J = 6.1, 2H, CH2CH2NH), 2.77 (s, 3H, SO2CH3),
3.30 (m, 2H, CH2CH2NH), 3.52 (br. s, 2H, CH2CO), 3.92 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 4.22 –
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4.34 (m, 4H, CO2CH2CH3), 5.11 (t, J = 5.4, 1H, CH), 6.48 (t, J = 4.3, 1H, NH), 6.66 (s, 1H, Ar), 6.91
– 6.98 (m, 2H, Ar), 7.17 – 7.65 (m, 3H, Ar); 13C-NMR: 14.39, 33.70, 39.84, 44.51, 44.78, 56.07,
56.22, 62.59, 113.22, 114.22, 123.56, 129.55, 134.10, 147.00, 152.15, 181.64, 197.89.
Diethyl 2-(2-(2-(2-((ethoxycarbonyl)amino)ethyl)-4,5-dimethoxyphenyl)-2-oxoethyl)-1Hbenzo[d]imidazole-1,3(2H)-dicarboxylate (5 b)
mp = 93 - 94 oC
1

H-NMR: 1.20 (t, J = 7.1, 3H, NHCO2CH2CH3), 1.31 (t, J = 7.0, 6H, CO2CH2CH3), 2.68 (t, J = 6.7,
2H, CH2CH2NH), 3.32 (m, 2H, CH2CH2NH), 3.50 (d, J = 3.7, 2H, CH2CO), 3.90 (s, 3H, OCH3), 3.93
(s, 3H, OCH3), 4.06 (q, J = 7.1, 2H, NHCO2CH2CH3), 4.29 (m, 4H, CO2CH2CH3), 5.28 (br. s, 1H,
NH), 6.51 (t, J = 4.4, 1H, CH), 6.64 (s, 1H, Ar), 6.91 – 6.98 (m, 2H, Ar), 7.21 – 7.55 (m, 3H, Ar); 13CNMR: 14.38, 14.67, 33.30, 41.84, 44.85, 55.96, 56.21, 60.42, 62.52, 73.73, 114.14, 114.74, 123.59,
129.45, 135.09, 146.73, 151.94, 156.78, 171.02.
Diethyl 2-(2-(2-(2-acetamidoethyl)-4,5-dimethoxyphenyl)-2-oxoethyl)-1H-benzo[d]imidazole1,3(2H)-dicarboxylate (5 c)
mp = 103 - 105 oC
1

H-NMR: 1.34 (t, J = 7.1, 6H, CO2CH2CH3), 1.86 (s, 3H, COCH3), 2.61 (t, J = 4.3, 2H, CH2CH2NH),
3.40 (m, 2H, CH2CH2NH), 3.56 (br. s, 2H, COCH2), 3.91 (s, 3H, OCH3), 3.95 (s, 3H, OCH3), 4.20 –
4.39 (m, 4H, CO2CH2CH3), 6.51 (t, J = 4.3, 1H, CH), 6.59 (br. s, 1H, NH), 6.64 (s, 1H, Ar), 6.92 –
6.99 (m, 2H, Ar), 7.20 – 7.56 (m, 3H, Ar); 12C-NMR: 14.44, 23.19, 32.21, 41.35, 44.93, 56.03, 56.21,
62.59, 112.91, 113.95, 114.71, 123.61, 129.70, 135.18, 146.77, 152.16, 170.23, 198.49.
Diethyl 2-(2-(2-(2-benzamidoethyl)-4,5-dimethoxyphenyl)-2-oxoethyl)-1H-benzo[d]imidazole1,3(2H)-dicarboxylate (5 d)
mp = 148 - 149 oC

1

H-NMR: 1.31 (t, J = 7.0, 6H, CO2CH2CH3), 2.69 (br. s, 2H, CH2CO), 3.61 (m, 4H, CH2), 3.85 (s, 3H,
OCH3), 3.93 (s, 3H, OCH3), 4.27 (q, J = 7.0, 4H, CO2CH2CH3), 6.51 (t, J = 4.2, 1H, CH), 6.65 (s, 1H,
Ar), 6.94 (m, 2H, Ar), 7.33 – 7.47 (m, 4H, Ar), 7.60 (d, J = 3.7, 1H, NH), 7.71 (s, 2H, Ar), 7.74 (s, 2H,
Ar); 12C-NMR: 14.44, 31.74, 55.99, 56.19, 62.63, 112.72, 114.00, 114.72, 123.66, 126.96, 128.41,
131.17, 134.39, 135.08, 146.77, 167.62, 199.05.
Synthesis of diethyl 2-(2-(4,5-dimethoxy-2-(2-(methylsulfonamido)ethyl)phenyl)-2hydroxyethyl)-1H-benzo[d]imidazole-1,3(2H)-dicarboxylate (6)
To the solution of 0.300 g of compound 5 a (Scheme 2) in methanol (50 ml), at room temperature was
added NaBH4. The reaction was monitored by TLC and went to completion in the course of 20 – 30
min. The solvent was distilled under vacuum and the mixture was diluted in 20 ml CHCl3 and
extracted with water. The resulting amidoalcohol 6 was purified by column chromatography on neutral
Al2O3.
mp = 145 - 146 oC
1

H-NMR: 1.38 - 1.47 (m, 6H, CO2CH2CH3), 2.14 – 2.56 (m, 2H, CH2), 2.71 (s, 3H, CH3), 2.80 (br. s,
2H, CH2CH2NH), 3.31 - 3.34 (m, 2H, CH2CH2NH), 3.86 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 4.32 4.45 (m, 4H, CO2CH2CH3), 5.05 (br. s, 1H, CH), 5.24 (br. s, 1H, CH), 6.39 (br. s, 1H, NH), 6.64 (s,
1H, Ar), 6.92 (s, 1H, Ar), 7.03 – 7.06 (m, 2H, Ar), 7.37 - 7.62 (m, 2H, Ar); 13C-NMR: 14.44, 30.87,
32.19, 39.90, 43.30, 44.62, 55.98, 62.67, 63.15, 74.01, 109.68, 112.98, 123.59, 127.44, 133.68,
134.24, 147.87, 148.39, 190.36.
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Synthesis of diethyl 2-((6,7-dimethoxy-2-(methylsulfonyl)-1,2,3,4-tetrahydroisoquinolin-1yl)methyl)-1H-benzo[d]imidazole-1,3(2H)-dicarboxylate (7)
The amidoalcohol 6 (0,030 g) was dissolved in dichloromethane (50 ml) in an open flask and ptoluensulfonic acid (0.005 g) was added (Scheme 2). The reaction mixture was stirred for 20 min at rt.
and then was filtered through a short column on neutral Al2O3 to give practically clean 7.
CONCLUSION
A new reaction scheme was developed, combining the C-C bond forming capability of the
intermolecular -amidoalkylation reaction with an intramolecular N-alkylation approach for the
synthesis of tetrahydroisoquinolines. The utility of this approach was demonstrated with the synthesis
of new bis-heterocyclic compounds.
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Abstract
In this paper the problem of parameter estimation using tabu search algorithm is examined. A case
study considering the estimation of the parameters of a nonlinear dynamic model of E. coli
fermentation is taken as a test problem. The parameter estimation problem is stated as a nonlinear
programming problem. This problem is known to be frequently ill-conditioned and multimodal. Thus,
traditional (gradient-based) local optimization methods fail to arrive at satisfactory solutions. To
overcome this limitation, the use of tabu search algorithm is explored. Parameters of the TS algorithm
are tuned based on several pre-tests. The model parameter estimates with high accuracy are obtained
applying proposed tuned TS.
Key words: Tabu search, Parameter identification, Fermentation Processes
1. INTRODUCTION
Mathematical optimization can be used as a computational engine to arrive at the best solution for a
given problem in a systematic and efficient way [12]. In the context of fermentation processes,
coupling optimization with suitable simulation modules opens a whole new area of opportunities.
Fermentation processes are complex highly nonlinear dynamic systems and their modeling and
optimization is a complicated and rather time consuming task. This mathematical problem is a big
challenge for traditional local optimization methods. As an alternative to surmount the parameter
estimation difficulties the global optimization methods are used.
Global optimization methods can be roughly classified as deterministic and stochastic strategies [12].
There are many different kinds of stochastic methods for global optimization, but the following groups
must be highlighted: adaptive stochastic methods; clustering methods; evolutionary computation;
simulated annealing, tabu search and other metaheuristics [12].
Tabu search (TS) is a metaheuristic algorithm that can be used for solving combinatorial optimization
problems attributed to Fred W. Glover [9]. TS uses a local or neighborhood search procedure to
iteratively move from a solution x to a solution x' in the neighborhood of x, until some stopping
criterion has been satisfied. To explore regions of the search space that would be left unexplored by
the local search procedure, TS modifies the neighborhood structure of each solution as the search
progresses.
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TS is dramatically changing our ability to solve problems of practical significance. Current
applications of TS span the realms of resource planning, telecommunications, VLSI design, financial
analysis, scheduling, space planning, energy distribution, molecular engineering, logistics, pattern
classification, flexible manufacturing, waste management, mineral exploration, biomedical analysis,
environmental conservation and scores of others [14]. TS has been widely used for combinatorial
optimization [16] but its use is very limited in continuous optimization [4, 10, 11, 15].
In this study a TS algorithm examined in solving the parameter estimation problem of E. coli
fermentation process is proposed. Applying the TS algorithm a set of optimal model parameters values
are obtained.
2. STATEMENT OF THE PARAMETER IDENTIFICATION PROBLEM
Parameter estimation problem of fermentation processes models is stated as minimizing a cost
function. The cost function measures the goodness of the model fit with respect to a given
experimental data set, subject to the dynamics of the system (acting as a set of differential equality
constraints) plus possibly other algebraic constraints [5]. Generally, the formulation is:
Find p to minimize
tf

J

yexp t

ymod p,t

T

W t

yexp t

ymod p,t dt

min

(1)

0

subject to
f

dX
,x, y, p,v,t
dt

x t0

(3)

x0

h x, y, p,v
pL

(2)

0

p

0 , g x, y, p,v

0

pU

(4)
(5)

where J is the cost function to be minimized, p is the vector of decision variables of the optimization
problem, the set of parameters to be estimated, yexp is the experimental measure of a subset of the (socalled) output state variables, ymod(p, t) is the model prediction for those outputs, W(t) is a weighting
(or scaling) matrix, x is the differential state variables, v is a vector of other (usually time-invariant)
parameters that are not estimated, f is the set of differential and algebraic equality constraints
describing the system dynamics (i.e., the nonlinear process model), and h and g are the possible
equality and inequality path and point constraints that express additional requirements for the system
performance. Finally, p is subject to upper and lower bounds acting as inequality constraints.
Because of the nonlinear and constrained nature of the system dynamics, these problems are very often
multimodal. Therefore, if this problem is solved via standard local methods, such as the standard
Levenberg-Marquardt method or Nielder-Mead Simplex search method, it is very likely that the
solution found will be of local nature. To avoid this fact metaheuristic TS algorithm is realized.
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3. BACKGRAUND OF THE TABU SEARCH ALGORITHM
A pseudo code of TS is presented as:
Step 1. Initialization
Set k = 1
Generate initial solution S0
Set S1 = S0, then G(S1) = G(S0)
Step 2. Moving
Select Sc from neighborhood of Sk
IF move from Sk to Sc is already in TL THEN
Sk+1 = Sk
GOTO Step 3
END IF
IF G(Sc) = G(S0) THEN
S0 = Sc
END IF
Delete the TL move in the bottom of TL
Add new Tabu Move in the top of TL
GOTO Step 3
Step 3. Next iteration
Set k = k + 1
IF k = N THEN
STOP
ELSE
GOTO Step 2
END IF
TS starting from one initial solution and iteratively generate new solution to search through its
neighborhood. The search space of a TS heuristic is simply the space of all possible solutions that can
be considered during the search.
Closely linked to the definition of the search space is that of the neighborhood structure. At each
iteration of TS, the local transformations that can be applied to the current solution, denoted S, define a
set of neighboring solutions in the search space (the neighborhood of S) [7, 8].
In general, for any specific problem, there are many possible neighborhood structures. This follows
from the fact that there may be several plausible neighborhood structures for a given definition of the
search space [7, 8].
In TS, acceptance of moving to other solution in neighborhood is deterministic. Records of move,
called Tabu Move, are kept in a list, called Tabu List (TL). The TLs are historical in nature and form
the Tabu search memory. The role of the memory can change as the algorithm proceeds. At
initialization the goal makes a coarse examination of the solution space, known as 'diversification', but
as candidate locations are identified the search is more focused to produce local optimal solutions in a
process of 'intensification'. In many cases the differences between the various implementations of the
Tabu method have to do with the size, variability, and adaptability of the Tabu memory to a particular
problem domain [2, 3, 6].

459

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu
Before generating the neighborhood, TS move will be checked in TL. After new solution
neighborhoods generated, the best solution on its iteration will be chosen as the parent for the next
solutions generation.
While central to TS, tabus are sometimes too powerful: they may prohibit attractive moves, even when
there is no danger of cycling, or they may lead to an overall stagnation of the searching process. It is
thus necessary to use algorithmic devices that will allow one to cancel tabus [7, 8]. These are called
aspiration criteria. The simplest and most commonly used aspiration criterion (used in here presented
TS implementation) consists in allowing a move, even if it is tabu, if it results in a solution with an
objective value better than that of the current best-known solution (since the new solution has
obviously not been previously visited) [7, 8]. The search has to be stopped at some point, i.e. the
termination criterion has to be defined. The most commonly used stopping criteria in TS are [7, 8]:
after a fixed number of iterations (or a fixed amount of CPU time); after some number of iterations
without an improvement in the objective function value (the criterion used in most implementations);
when the objective reaches a pre-specified threshold value (used here).
4. PARAMETER IDENTIFICATION OF ESCHERICHIA COLI FED-BATCH
FERMENTATION MODEL
The optimization problem consists of the estimation of 3 kinetic parameters of a nonlinear dynamic
model formed by 3 ordinary differential equations (6) – (8) describe the alteration of the process
variables with time.
The mathematical formulation of the nonlinear model of E. coli fermentation is described according to
the mass balance as follows [13]:
dX
=
dt

max

dS
1
=
dt
YSX

dV
dt

S
X
kS + S

max

F
X
V

(6)

S
F
X+
Sin
kS + S
V

S

F,

(7)

(8)

where: X is the concentration of biomass, [g/l]; S – concentration of substrate (glucose), [g/l]; F –
feeding rate, [l/h]; V – bioreactor volume, [l]; Sin – initial concentration of substrate in the feeding
solution, [g/l]; max – maximum values of the specific growth rates, [h-1]; kS – saturation constant, [g/l];
YSX – yield coefficient, [g.g-1].
The global optimization problem is stated as the minimization of a distance measure J between
experimental and model predicted values of the state variables, represented by the vector y:
J

n

2

m

yexp i

i 1 j 1

460

ymod i

j

min ,

(9)

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 6, Part

ISSN 1313-2539, Published at: http://www.science-journals.eu

where n is the number of data for each variable, m is the number of variables, yexp represents
the known experimental data, and ymod is the vector of states that corresponds to the predicted
theoretical evolution using the model with a given set of the 3 parameters.
In order to increase the performance of the TS algorithm it is necessary to provide the adjustments of
the parameters depending on the considered problem. With the appropriate choice of the algorithm
settings the accuracy of the decisions and the computing time could be optimized to considerable
degree. Parameters of the regarded algorithm are tuned based on several pre-tests according
considered here parameter identification problem. After tuning procedures the main TS parameters are
set to the optimal settings, presented in the Table 1.
Table 1. Tabu Search parameters
Parameter

Value

Simplex edge length (SEL)
Ratio of accepting diversification point
Maximum number of iteration
Termination accuracy
Number of tabus in TL (TN)
TR radius
Region radius
Number of best points saved in TL

0.1*min(upper limits-lower limits)
1
100*number of variables
10-6
5*number of variables
0.01*SEL
2*SEL
TN/2.5

All the computations are performed using a PC/Pentium IV (3.00 GHz) platform running Windows
XP. Based on real experimental data for E. coli MC4110 fed-batch fermentation process a model
parameter identification is performed applying TS algorithm. The experiment is carried out in the
Institute of Technical Chemistry, University of Hannover [1]. On the basis on feeding rate data, offline measurements of biomass and on-line measurements of substrate (glucose) parameter estimation
of mathematical model Eq. (6) – Eq. (8) is carried out. The received parameter estimates are presented
in Table 2.

Table 2. Results of the model parameter estimation
Parameter
J
CPU time (s)
Number of iterations
max
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Tabu Search results
average
best
9.3952
6.6408
42.5625
45.3438
371
384
0.4965
0.4797

kS

0.0314

0.0175

1/ YSX

2.0193

2.0099
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The parameter estimation presented in Table 2 are adequate and meet the physical sense, they bear.
Fig. 1 and Fig. 2 present simulation results for the considered best decision vector. As can be seen the
correlation between the experimental and predicted model concentrations of the process variables is
very good.

Fig. 1. Experimental (2) and model predicted data (1) for biomass.
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Fig. 2. Experimental (2) and model predicted data (1) for glucose.
The results show that TS algorithm manages to find solution accuracy which is commensurate to a
solution obtained by a genetic algorithm for example. Compared to the results presented in [13] it can
be shown that the presented here TS algorithm achieved optimization criterion accuracy closer to
observed by genetic algorithm. In the same time the TS is around four-five times better than examined
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genetic algorithm. For the solution of considered problem TS needs approximately 45 s and achieves
J = 6.64. In comparison genetic algorithm solves the problem for around 200 s and obtains J = 6.54.
5. CONCLUSION
In this work a TS algorithm is proposed for a parameter identification of a nonlinear model of fedbatch cultivation process of E. coli. Parameters of the TS algorithm are tuned based on several pretests. The model parameter estimates with high accuracy are obtained applying proposed tuned TS.
Based on the performed numerical experiments it can be drawn the following conclusions:
1. The TS algorithm finds sufficiently accurate solution of the given problem.
2. The TS algorithm is characterized by fast convergence, which is a big advantage in online
applications.
3. The TS algorithm can be used as a metaheuristic method for finding good initial conditions for
start of classical optimization methods. These methods are characterized by high accuracy if the
solution search starts from good initial conditions.
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Abstract
Important hazardous pollutants of underground water are nitrate ions. Their content in natural water
may be due to the use of nitrogen fertilizers as well as of the inadequate treatment of wastewater from
households, industry and agriculture. The most appropriate and progressive method for practical
denitrification is the biological, combined with the stimulating effect of constant electric field. They
are characterized by speed and lack of secondary and waste products.
Since all carboxylic acids are still in use, much scientific interest has focused on their biodegradation.
The halogenated acids are classified as hazardous substances, contaminating surface and
underground water. The strain Xanthobacter autotrophicus GJ 10 is known for its ability to degrade
severe chemical pollutants and to use them as a sole carbon source. In the present study the
degradation kinetics by entrapped in polyacrylamide gel immobilized cells was compared to those of
the free culture. The gels were used in repeated-batch processes and in fed batch ones. High amounds
of Monochloroacetic acid (MCA) and Dichloroacetic acid (DCA) were degradated.
Key words: wastewater, denitrification, nitrate ions, halogenated acids
1.INTRODUCTION
The urbanization, industrialization and different agricultural activities of the people lead to the
environment pollution. When the water used up for drinking, industrial and other purposes is
contaminated by various substances and alters its natural physical properties and chemical
composition, it becomes wastewater. In recent years, scientists are searching for more novel
approaches for wastewater treatment. The advantages of biotechnological methods are: ability to
separate the majority of organic pollutants, simple apparatus design and relatively low operation costs.
Nitrogen-containing and halogenated compounds are an example for pollutants, which can cause the
serious problems at their throwing out into the environment, such as eutrophication of rivers [1],
deterioration of water quality and potential health risk of the humans and animals. Sources of waste
and pollution of natural waters with the nitrogen-containing compounds are the manufactures of
fertilizers, explosives and electronics. Halogenated compounds are widely used as herbicides,
insecticides, antibiotics, medicines and so on. At the same time nitrate ions and halogenated
compounds are considered as major pollutants. The increasing their concentration in water sources has
led to serious harm to living organisms.
Nitrate ions are reduced in stomach to nitro-amines, which are a prerequisite for receipt of gastritis and
cancer [2]. Risk is their reduced form (nitrites), which is the result of biochemical reduction into the
human body [3]. When the nitrates enter the body of pregnant women, they are reduced to nitrites in
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the stomach after you pass into the embryo. The nitrites convert hemoglobin to methemoglobin in the
blood, which can no longer carry oxygen to cell tissues. As a results, it is obtained the so-called in
medicine blue baby syndrome [4].
Hemoglobin (Fe2+)
(reacts with O2)

Methemoglobin

(does not react with O2)

(1)

Water sources can become contaminated with nitrates in several ways. Most of the studies indicate
that the main contamination of groundwater with nitrates are due to the agricultural sources [5]. Everincreasing worldwide sing(??) of fertilizers in agriculture is the cause of soil pollution by nitrates.
Nitrate ions penetrate the soil and they fall into the groundwater. Another way for surface water
contamination by nitrate is the wastewater from households, industry, animal farms [6, 7]. The
wastewater from farms contains ammonia, which due to decomposition of waste of domestic animals.
This ammonia in natural conditions is partially oxidized to nitrate.
Direct consumption of groundwater is impossible due to the presence of nitrate. In order to protect
consumers from the effects of high concentrations of nitrates are introduced standards-limit values of
nitrate in drinking water 50 mg dm-3 [8]. The requirements concerning drinking water are more
stringent and the maximum allowable concentration of nitrogen ion nitraten is 10 mg dm-3 [9]. In some
European countries the maximum allowable concentration of nitrate in drinking water is 12 mg dm-3
[10]. In Bulgaria, the limit values of nitrates and nitrites in water drinking were higher, namely 50
mgNO3 dm-3 and 0.5 mgNO2 dm-3 [11].
The halogenated acids are also classified as hazard substances, contaminating surface and
underground waters. The pollutants have been found also in rainwater, drinking water and in snow.
Typical concentrations of monochloroacetic acid (MCA) in the aquatic systems have not exceeded
icrograms per liter but in treated wastewaters levels of mg/liter have been found. Numerous studies
have demonstrated that mono- and dichloroacetic acids are toxic to aquatic life, in particular to algae
[12].
Monohalogenated acetic acids have been widely used in industry and agriculture. The most
widespread of this class of chemicals, monochloroacetate has been used in the production of
thioglycolic acid, herbicides (metolachlor, alachlor, propachlor and metazachlor),
carboxymethylcellulose, preservatives for beverages and other chemicals [13]. Monobromoacetic acid
(MBA) has been used as a chemical intermediate for the manufacturing of various chemicals with
application in agriculture and pharmacy; it is also formed as a side-product during water disinfection
[14]. Dichloroacetic acid (DCA) is an important intermediate in the synthesis of antibiotics,
sulphonamides and plant protectives [15].
It is known the various methods for purification of water, which give a nearly complete elimination,
but the production of secondary pollutants remain. The exception is the biological denitrification,
where nitrate is reduced to harmless nitrogen gas and by-waste products virtually receive. The
potential of this method is great. Its flexibility makes it applicable to wastewater from households,
agriculture and industry of nitrate at different concentrations. Restrictions on its wider practical
application are the slow growth of microorganisms and their wash out of continuous digesters for
industrial processes.
The biological treatment is the conversion of the contaminants contained in the organic wastewater to
simpler compounds through the vital activity of particular cultivated microorganisms under certain
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conditions. Some of them degrade halogenated aliphatic hydrocarbons through specific enzyme
systems that break or abate the carbon-halogen bands. These microorganisms use contaminants rather
as carbon source and energy, and have the capacity to transform the intermediate products in digestible
substrates.
There is a variety of bacterial strains that are able to break the carbon-halogen band of the fatty acid
molecules [16, 17]. One of them is Xanthobacter autotrophicus GJ10. Cells of the strain are able to
decompose ethylene chloride to 2-dichloroetanol, MCA and glycolic acid (GA).
A microorganism what is capable to degrade all monohaloacetates is Moraxella sp. B [18]. This strain
can grow satisfactorily on mono-fluoroacetic acid as well as on its chloro- and bromo-analogues. High
specific growth rates and relatively high inhibitory concentrations for monohaloacetates were found.
The growth of the strain on DCA was very slow as compared to other substrates and other strains
accompanied with a very long lag-phase. No growth on di-fluoro-acetic acid was observed [19].
Biodegradation of low substrate concentrations of xenobiotic has been neglected field of research.
Aminobacter sp. has great potential in degrading substrate at low substrate concentration. This
bacterium was capable in degrading 2, 2 - dichloropropionic acid.
2.METHODS FOR DENITRIFICATION
Traditional methods to remove nitrates
The traditional processes for water treatment are coagulation, filtration and disinfection (to be required
for drinking water). However, all these processes no effectively remove nitrate ions from water.
Therefore, the application of complementary methods is required. Two major groups of processes
carry out the removal of nitrate ions from natural and wastewaters: physicochemical and biological.
The most common traditional physicochemical processes include - reverse osmosis, ion extraction (ion
exchange), electro-dialysis and adsorption on activated carbon with pH adjustment [4, 5, 6, 20]. These
are convection methods for reduction of nitrate [21].
The ion exchange is limited by several problems: poor selectivity for nitrate and regeneration of the
resin [22].
Some drawbacks of these methods are convection(?) reason for their limited use. They are very
expensive, and they separate waste streams with high nitrate or byproducts. For example, in ion
extraction, the removal of both nitrate and sulfate ions from the treated water is happened, but after
that it is necessity to use an additional method for regenerating the resin [4, 22]. The problem with
reverse osmosis is that the membranes used are not suitable for nitrates. The degree of directly
removal of salts depends on the valency of their ions. Moreover, reverse osmosis remove many kinds
of ions, thus considerably reducing the mineral components in the water, making it unsuitable for
drinking purposes [23]. Using this method is limited by the fact that it is very expensive and the
resulting concentrated effluents pose a major problem with its subsequent processing [1].
Generally, in physico-chemical methods to produce small volume waste streams, but with a high
concentration of nitrate ions, which require further disposal.
Biological denitrification
The most suitable method is the biological denitrification. For years, this process is used for sewage
treatment. Biological denitrification is highly selective to nitrate ions. Process efficiency is very high
and can reach 100%, which was not observed in any of the other methods used to purify waste water
from nitrates.
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In comparison with traditional methods, which fail to remove nitrate, but separate them into new highdensity flows, accompanied by products, biological methods ensure complete elimination of pollutants
through the full reduction of nitrate. Removal of nitrates has been reported by aerobic denitrification
[24] most of the tests were conducted with denitrification facultative anaerobic organisms in the
absence of oxygen [21]. In the biological denitrification, denitrifying bacteria use nitrate as final
electron acceptor in their respiration process in the absence of oxygen.
Denitrifying bacteria reduce inorganic nitrogen compounds such as nitrate and nitrite to gaseous
molecular nitrogen. Also, contrary to certain contaminants for which treatment is necessary the
introduction of a certain type of bacteria, denitrifying bacteria are found everywhere in nature [25].
Moreover, microbiological elimination of nitrates can be very economical strategy for the treatment of
polluted and wastewaters [26]. As a result, there has been great interest in biological denitrification,
because it is inexpensive, although very slow process and requires time for it to go completely,
especially when treating wastewater with very high concentrations of nitrates [3]. To increase the rate
of denitrification treatment is proposed to be conducted by applying a new method that can lead to a
better contact between nitrate ions and microorganisms in the water flow. Also, many efforts are
focused on creating new methods, including convection and biological methods for treatment of
contaminated waters. This is a membrane biofilm reactor, which was recently reported [7].
Bio-electrochemical denitrification
Especially progressive approach is a bio-electrochemical decomposition of nitrate ions. This process is
kept under constant potential at the cathode, ie in potentiostatic mode. In a previous work Beschkov et
al. ([27]) has shown that bio-denitrification stimulated by constant electric field in the potentiostatic
mode runs faster by avoiding the lag-phase growth in culture from Pseudomonas denitrificans [27].
Their results are shown on Fig. 1 and Fig. 2

Fig. 1. Comparison of microbial denitrification with and without application of electric field:
without electric field, - with electric field (Fig. 2 of that article [27]).

-

It was found that the maximum rate of denitrification was observed in cathode potential of 0.01 volts
against the saturated hydrogen electrode – Fig. 2.(Fig. 5 of that article) [27].
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Fig.2. Dependence of the rate of denitrification potential of the cathode:
- without electric field,

- with electric field (Fig. 5 of the cited article [27]).

Measurements of the voltage applied to show that in this case the effect of accelerated denitrification
is not due to electrochemical processes: direct reduction of nitrate, hydrogen extraction or electrochemical regeneration of cofactors, as measured amperage is very small (of the order of micro-amps),
and measured a current yield is orders of magnitude lower (about 0.01 Coulombs) than the
stoichiometric (180 coulombs)
A disadvantage of biological denitrification is the risk of bacterial contamination of the treated water.
This risk is expected and disinfection is absolutely essential [23]. Another disadvantage of biological
methods is the low growth rate of microorganisms.
3.HALOGENATED POLLUTANTS AND THEIR BIODEGRADATION
Halogenated aliphatic compounds are prevalent groundwater contaminants and are significant
components of hazardous wastes and landfill leachates. Many hazardous halogenated aliphatic
compounds released from industrial, commercial, and agricultural sources are chlorinated or
brominated alkanes and alkenes that contain one to three carbon atoms, such as halogenated alkanoic
acids (HAA), haloalkanes, trichloroethylene, trichloroethane and ethylene di-bromide. Chlorinated
ethanes and ethers have been commonly used as refrigerants in manufacturing, as solvents in the drycleaning (metal and plastic) and lacquer industries, and in semiconductor manufacturing.
Chlorinated compounds are the most extensively studied because of the highly publicized problems
associated with 1,1,1–trichloro-2,2-bis(p-chlorophenyl)ethane (DDT), other pesticides, and numerous
industrial solvents. Hence, chlorinated compounds serve as the basis for most of the information
available on the biotransformation of synthetic compounds. Several excellent reviews have been
published [28, 29, 30, 31, 32, 33].
Most of the information available on the biodegradation of chlorinated compounds is on oxidative
degradation, since aerobic culture techniques are relatively simple compared with anaerobic culture
methods. Also, aerobic processes are considered the most efficient and generally applicable. Recently,
anaerobic microbial communities have shown the ability to degrade a variety of groundwater
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pollutants, including chlorinated aromatic compounds and trichloroethylene [34, 35, 36, 37, 38, 39, 40,
41].
For convenience, the chlorinated hydrocarbons degraded by microorganisms (bacteria and fungi) are
grouped into three classes: aliphatic, polycyclic and aromatic [42]. Some of the chlorinated
hydrocarbons and the microorganisms capable of degrading them are listed in Table 1. This table list
chlorinated compounds that are degraded by some soil and aquatic microorganisms. They also
illustrate the wide variety of microorganisms that participate in environmentally significant
biodegradation reactions.
Table 1. Biodegradation of chlorinated aliphatic compounds
Compound

Microorganism

Reference

2-Monochloropropionic acid

Pseudomonas sp.

43

2-Monochloroacetic acid

Alcaligenes sp.

44

1,2-Dichloroethane

Anaerobes

34

Xanthobacter autotrophicus
(GJ10)

45

Methane-utilizing bacteria
P. fluorescens

1,1,1-Trichloroethylene

Anaerobes

1-Chlorobutane
1,2-Dichloropropane
1,3-Dochloropropane
1,9-Dichlorononane
Trichloroethylene

Methanosarcina sp.
Aerobes

Anaerobes

P. fluorescens
Aerobes
Anaerobes
Anaerobes
Anaerobes
Aerobes
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47
34

Methanotrophs

Perchloroethane

46
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Aerobes

51

Methane-utilizing bacteria

52

P. putida

53

Methane-oxidizing bacteria

38

P. fluorescens

47

3-Chloro-4-hydroxybenzaldehyde

Anaerobes

39

Chlorolignin

Sporotrichum pulverulentum

54

Monochloro-, bromo-, iodoalkanes

Arthrobacter sp.

55

With the exception of 2-monochloropropionic acid and monochloroacetic acid, detailed studies of the
biochemical and genetic basis for the biodegradations of chlorinated aliphatic compounds are lacking.
A number of soil microorganisms which synthesize dehalogenase are capable of utilizing Halogenated
alkanoic acids [43, 44]. Hardman et al. [43] examined four Pseudomonas and two Alcaligenes species
capable of growth on 2-monochloropropionic acid and monochloroacetic acid.
Haloalkanoic acids such as 2, 2–dichloropropionic acid D, L-2-chloropropionic acid are not well
studied. These halogenated compounds are commonly used as herbicides. Among all kind of
herbicides, dalapon (2, 2–dichloropropionic acid) and glyphosate were widely used to kill unwanted,
sparing non-target type of plants and perennial grasses [56, 57]. The isolation and identification of
dehalogenase producing bacteria were well studied. The isolated bacteria possess more than one
dehalogenases for example in Rhizobium sp. [58].
During cultivation of strain Aminobacter sp. only haloalkanoic acids were able to support growth of
the organism as the sole carbon and energy source. Aminobacter species were isolated from diverse
terrestrial and marine environments. Some of these bacteria were known as methyl halide-degrading
bacteria which capable of degradation of methyl-halide compound. The following halogenated
compounds such as 3-chloropropionic acid, monochloroacetate, dichloroacetate and trichloroacete did
not support growth of the Aminobacter sp. [59].
4.DEGRADATION OF HALOACETIC ACIDS
The haloacetic acids are one of the most important by-products of chlorination treatment. They are
formed when organic matters in the water react with the chlorine used to treat the water. Chlorination
is the most common water disinfection method all over the world due to the fact that it’s effective even
in low concentration, accessible, cost-effective and has residual. Secondary reactions and the
formation of organic chlorinated and pathogenic compounds have intensified the need of removing
disinfection by-products and also have raised the importance of world wide researches. Disinfection
by-products such as trihalomethanes and haloacetic acids, which are the most important, are
considered carcinogenic and pathogenic [60].
There are some methods used to alleviate disinfection by-products [61]:
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1) Minimize precursors and secondary reactions. Keeping organic matter away from water is one way
of preventing disinfection by-products. Absorption with the granular activated carbon can reduce
organic matter levels.
2) Reducing disinfectants dosage. In 2005, Singer et al. studied disinfection by-products reducing
methods and came to this conclusion that dividing the overall disinfection process into several
sequences and lowering the dosage of disinfectants used in each time [62]. In order to reach higher
results, feeding granular activated carbon before each new disinfection stages can considerably
minimize natural organic matters. Chlorination can then be performed later.
3) Using alternative disinfectants. Disinfectants which can substitute chlorine are UV light, potassium
permanganate, ozone and chloramines or chlorine dioxide compounds.
4) Removing and separating disinfection by-products by photodegradation, electrochemical reduction
and reductive dehalogenation of Haloacetic acids. Other removing of Haloacetic acids is by
biologically active carbon and granular activated carbon adsorption. It has long been assumed that
granular activated carbon could not remove acids effectively due to their hydrophilic nature and their
high ionization in aquatic systems [63]. This is one of the best methods because firstly the disinfection
process is safely done and in the second place the disinfection by-products removal process takes
place with highest performance.
5) Biodegradation of haloacetic acids. The role of microorganisms on the degradation of Haloacetic
acids has been well cited in the literature. The fact that low concentrations of acids have been observed
in the presence of low levels of chlorine or chloramine confirms the involvement of microorganisms in
the degradation [62]. Several other studies have reported the biodegradation of haloacetic acids in the
absence of a disinfectant residual [64, 65]. Baribeau et al. [65] demonstrated the biodegradation of
Haloacetic acids in annular reactors at both cold and warm water conditions and in the presence and
absence of chlorine and chloramine residual. Degradation was observed for the dihalogenated
Haloacetic acid species under warm water conditions. The trihalogenated species, in turn, showed no
degradation in the absence of the disinfectant residual. It was suggested that longer retention times are
required for degradation of the trihalogenated species to occur. A much greater decrease of
Dihaloacetic acid at high temperature than at low temperature is evidence of biologically mediated
degradation of haloacetic acids because at higher temperatures, the growth rate of bacteria is enhanced
[66]. Some microorganisms have ability to utilize Haloacetic acids [67, 68, 69].
Significant contaminant of wastewater is ethylene chloride [16]. Intermediate product of its
degradation is monochloroacetic acid (MCA), which is also very toxic halogenated compound. This
acid has been produced in amounts exceeding 300 000 t annually. The main destinations of the
compound include thioglycolic acid (intermediate in the manufacture of organotin stabilizers for
PVC), herbicides (metolachlor, alachlor, propachlor and metazachlor), carboxymethylcellulose,
preservatives for beverages and other chemicals. From the whole class of dihaloacetates, only
dichloroacetic acid (DCA) has been produced in large quantities. This compound is an important
intermediate in the synthesis of antibiotics, sulphonamides and plant protectives.
The strain Xanthobacter autotrophicus GJ 10 is known for its ability to degrade severe chemical
pollutants and to use them as a sole carbon source. Xanthobacter autotrophicus GJ 10 is an aerobic
strain and we expect to accelerate the process delivering sufficiently amounts of oxygen to the cells.
There are two manners to increase the quantity of dissolved oxygen in the media – to increase the
stirring rate and to raise the airflow supply. The highest conversion of MCA was achieved in
fermentor with a magnetic stirrer at airflow 1.0 l/min (2.2 vvm) and agitation rate of 500 rpm [70].
The degradation kinetics of Monochloroacetic acid by immobilized in polyacrylamide gel and the free
cells were compared. Fermentation by immobilized cells were conducted in repeated-batch processes
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(six consecutive runs in flasks) and in fed batch processes. The highest degradation rate was achieved
using fed batch processes in fermentor in full aerobic conditions. Fed batch process was applied with
the aim to increase the final volume of consumed MCA and to overcome the substrate inhibition [71].
The amount of the consumed dissolved oxygen correspondence to the level of acid consumption. The
immobilized culture was used not only for direct MCA utilization, but also as a reservoir of new
bacterial cells. The immobilized cells leakage was because of the gel particles exhaustion. Better
results were obtained with free cells of Xanthobacter autotrophicus GJ 10. In the same bioreactor, the
biodegradation of MCA and DCA was compared at equal conditions. The kinetic model of the process
was developed and high amounts of mono- and dichloroacetic acids were degradated [72].
Results are shown in Table 2, where the most important indexes are the amount of consumed MCA
and DCA, and the time for biodegradation of the both acids.
Table 2 – Biodegradation of MCA and DCA (processes and results)
Results

Fed batch processes in fermentor

Repeated batch
processes in
flasks
Immobilized
cells

Immobilized
cells

Free cells

Free cells

Free cells

Free cells

400 rpm

500 rpm

500 rpm

500 rpm

0,25 l/min

0,25 l/min

1,00 l/min

1,00 l/min

Consumed
MCA (mM)

50

150

155

155

300

-

Time for
biodegradation
of MCA (h)

450

330

280

190

240

-

Consumed
DCA (mM)

-

-

-

-

-

80

Time for
biodegradation
of DCA (h)

-

-

-

-

-

190

5.CONCLUSION
From the known methods for practical denitrification most appropriate and progressive are the
biological, combined with the stimulating effect of constant electric field. They are characterized by
high velocity and lack of secondary and waste products. There are two ways for its realization: at a
constant current (galvanostatichen) and a constant cathode potential (potentiostatic). It was established
that at the galvanostatic approach the denitrification is realized for expense of the reduction with
separated hydrogen by the electrolysis or by direct cathodic reduction of nitrates and nitrites. In this
group of processes has high-energy consumption due to the relatively strong currents (between 1 and
200 milliamps). In potentiostatic method is observed a significant acceleration of nitrate and nitrite
reduction, as this effect can not be explained by electro-chemical electrode processes.
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There are many microorganisms for biodegradation of chlorinated aliphatic compounds. A
microorganism which is capable to degrade all monohaloacetates is Moraxella sp. Aminobacter sp. has
great potential in degrading 2, 2 - dichloropropionic acid. Haloalkanoic acid such as D, L-2chloropropionic acid could be degrade with Rhizobium sp. The biodegradation of Monochloroacetic
acid and dichloroacetic acid was able with Xanthobacter autotrophicus GJ 10 strain. These carboxylic
acids were used as carbon substrates of inoculate in fed batch processes. The best results were
obtained with free cells of Xanthobacter autotrophicus GJ 10. It was found, that the current quantity
of the dissolved oxygen corresponds to the current quantity of the consumed acid. After substrate
addition the amount of the available dissolved oxygen in the bioreactor is decreasing, because to have
larger consummation of acid, the bacterial cells need more dissolved oxygen. Total quantity of
degraded acids in fermentor was 300 mm MCA for 10 days and 80 mm DCA for 8 days.
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STUDY ON THE IMPACT OF DEFOAMING AGENT ON THE EFFICIENCIES
OF SEPARATION BY DISTILLATION
Zhelcho St.Stefanov1, Mariana Kr. Karaivanova
Departnent of Technical Sciences, University “Prof. Assen Zlatarov”
Bourgas, Bulgaria, E-mail: zhstefanov@abv.bg

Abstract
The effect of a defoaming agent on the gas-liquid layer height and, respectively, the size of the
interphase surface and hence on the degree of separation by distillation was studied. The experimental
results obtained with a model mixture methanol-water were carried out in a laboratory sieve-plate
glass column in presence of defoaming agent SIHA Silicone defoamer SE.
The comparative analysis of the model mixture studied with and without defoaming agent showed that
the presence of defoaming agent gave foam height about 2 – 2.5 times smaller yet at vapor velocity in
the column with defoaming agent about 1.5 times higher than that without defoaming agent. The
values of the local efficiency in presence of defoaming agent were about 10% lower. This certainly
confirms the fact that the lower foam height in presence of defoaming agent, i.e. the smaller
interphase area, results in decreased process efficiency.
Key words: distillation, local efficiency, defoaming agent, lower boiling component (LBC), higher
boiling component (HBC), surface tension
1. INTRODUCTION
Distillation is one of the methods for separation of liquid two- or multicomponent mixtures based on
the different distribution of the liquid and gaseous phases of the components. Contemporary industrial
distillation employs mainly plate columns and packed columns.
The variables affecting distillation plate efficiency, or any vapor-liquid contact device efficiency, can
be considered in three groups: design variables, operating variables and system property variables [1].
Aiming to increase separation efficiency, surfactants are often added to binary mixtures and this
method was studied by many researchers using both packed and sieve plate columns [2-6]. Zuiderweg
and Harmens [2] studied the effect of surface tension on the efficiency in binary systems (organic and
aqueous) in packed columns by adding surfactants.They found that the addition of surfactant had small
effect on the efficiency in organic systems, unlike aqueous ones. During the experiments on the
distillation of so called “negative mixtures” (where the LBC has surface tension smaller than that of
the HBC, i.e.
x>0), they observed the phlegm oozing off the dephlegmator in drops and streams.
By the addition of surfactant to negative systems and rectification of positive systems (where the LBC
of the mixture has surface tension lower than that of the HBC, i.e.
x<0), thin phlegm stream was
observed in column condenser. The change of column efficiency and the nature of the phlegm flow in
the deplegmator were explained [2] by the fact that the addition of surfactant changed the surface
tension distribution in the flowing liquid. For this reason, Francis and Berg [3] recommended for the
selection of surfactant aimed to increase of column efficiency that special attention should be paid to
the relative volatility which should be close to the volatility of the main component of the mixture, so
the surfactant would not accumulated neither in the cube nor in the dephlegmator. Experiments were
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carried out with sieve plate distillation columns. It was found that the surfactants added to mixtures of
low concentration of LBC might initiate formation of foam since they increase the stability of the thin
layer. [4, 5]. An example of this phenomenon is the foaming of soap solutions. For negative systems,
the addition of small amounts of surfactant might increase the efficiency coefficient (separation
efficiency) of sieve plates to the levels of a positive system. [6].
The aim of the present work is to study experimentally the effects of defoaming agent on the height of
the gas-liquid layer of a positive model mixture methanol-water and, hence, on the degree of
separation by distillation in a laboratory column with one sieve plate.
2. MATERIALS AND METHODS
The experimental studies of the model mixture were carried out in a glass laboratory column with one
sieve plate [7]. Its parameters are presented in Table 1.
.1. Dimensions/Geometry of Plate
Plate diameter

32 mm

Number of openings

44

Opening diameter

1,1 mm

Column cross section area

15,9.10-4 m2

Plate active area

5,6%

Weir height

12 mm

Defoaming agent SIHA Silicone defoamer SE was added to the initial mixture. The defoaming agent
was white liquid emulsion containing poly-dimethylsiloxane (alpha-octadecyl-omega-hydroxypolyglycol-ether.) with chemical name: Octadecan-1-ol, ethoxylated. The criteria for the selection of
defoaming agent were to be inflammable and to contain no hazardous substances. Based on
equilibrium data for the model mixture used [8], the dependence *=f(x) was plotted. As precise
enough and convenient, the method of refractometric determination of the composition was used on a
refractometer of Abbe – AR4D.
On the basis of the experimental data, the local efficiency was calculated by the equation [9]:

E OG

yn yn
y * yn

1

, where:

(1)

1

yn, yn-1 – average compositions of the vapor flows coming to and
going off the n-th plate, mol/mol
y* - composition of the vapor in equilibrium with the liquid flowing off the plate with composition x n,
mol/mol
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3. EXPERIMENTAL RESULTS
Fig.1 shows the dependence of the height of the gas-liquid layer as function of the vapor velocity in
the column for the mixture studied. As can be seen for two of the concentrations studied 1,7 mol% and
2,2mol%, the height of the gas-liquid layer gradually increased from 12 to 28 mm at vapor velocities
in the range 0,07 0,17 m/s. For the other two concentrations of 41,6 mol% and 47,4 mol%, the
height of the gas-liquid layer sharply increased from 17 to 90 mm (Fig.2). Besides, LBC concentration
had no effect at low LBC concentration while the height of the gas-liquid layer was strongly affected
at high LBC concentrations. As can be seen from Fig.2, the increase of the concentration from 41,6
mol% to 47,4 mol% resulted in stronger increase of the gas-liquid layer height with the increase of
velocity. This increase of gas-liquid layer height was 5 times at concentration of 41,6 mol% and about
6 times at concentration of 47,4 mol% in the range of velocities studied.
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Fig. 1. Dependence of the height of the gas-liquid layer on the apparent velocity of the vapor in the
column (w ) at LBC concentrations (xw) of LBC in the initial mixture 1,7 mol% and 2,2mol%
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Fig.2. Dependence of the height of the gas-liquid layer on the apparent velocity of the vapor in the
column (w ) at LBC concentrations in the initial mixture (xw) 41,6 mol% and 47,4 mol%
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Fig.3 presents the comparative analysis of the gas-liquid layer height dependence on the vapor
velocity in the column w , carried out on model mixtures with and without defoaming agent. It can be
seen that the height of the gas-liquid layer changed from 17 to 76 mm in presence of defoaming agent
while without defoaming agent at the same concentrations it changed from 20 to 95 mm. The presence
of defoaming agent resulted in 2-2,5 times decreased height of the gas-liquid layer even at 1.5 times
higher vapor velocity.
The experimental data on the influence of vapor velocity (w ) on the local coefficient of efficiency
( E OG ) are shown in Figs.4 and 5. It is obvious from Fig,4 that the local efficiency coefficient
gradually increased from 65 to 86 mol% in the velocity interval from 0.07 to 0.17 m/s at LBC
concentration in the initial mixture 1,7 mol% and 2,2 mol%. At LBC concentrations in the initial
mixture higher than 40 mol%, however, the local efficiency coefficient changed only slightly from 83
to 86 mol% in the velocity range from 0=14 to 0=34 m/s. (Fig.5).
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Fig.3. Dependence of the gas-liquid layer height on the apparent vapor velocity (w ) with and without
defoaming agent
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Fig.4. Dependence of the local coefficient of efficiency on vapor velocity in the column w at binary
mixture composition in column cube xW =1,7 mol/% and xW =2,2 mol/%
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Fig.5. Dependence of the local coefficient of efficiency on vapor velocity in the column w at binary
mixture composition in column cube xW =41,6 mol/% and xW =60,3 mol/%
Fig.6 shows the dependence of the local coefficient of efficiency on the composition of the binary
mixture methyl alcohol – water at different velocities of the vapor in the column. It can be seen from
these dependencies that the change of LBC concentration in column cube had almost no effect on the
separation efficiency in the velocity interval from 0.14 to 0.33 m/s. In the concentration interval from
1,7 mol %, 2,2 mol%, 41,6 mol%, 47,4 mol% and 60,3 mol%, the local coefficient of efficiency
slightly increased with the increase of LBC concentration in the initial mixture. For the model mixture
studied, the change of methyl alcohol concentration in the initial mixture from 1.7 to 60.3 mol%
resulted in an increase of the local efficiency coefficient from 82 mol% to 87 mol%.
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Fig.6. Dependence of the local coefficient of efficiency on the composition of the binary mixture
methyl alcohol – water in column cube xw
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The experimental data on the effect of vapor velocity (w ) on the local efficiency coefficient ( E OG )
are presented in Fig.7 and model mixtures with and without defoaming agent are compared.
Obviously, the values of the local efficiency coefficient in presence of defoaming agent were by 10%
lower at LBC concentrations 41.6 and 47.7 in the initial mixture. This certainly proves that the smaller
layer height in the presence of defoaming agent, i.e. the smaller area of the interphase boundary, leads
to decreased efficiency of the process.
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Fig.7. Dependence of the local coefficient of efficiency on vapor velocity in the column w at binary
mixture composition in column cube:
xW =41,6 mol/% and xW =47,4 mol/% in presence of defoaming agent;
xW =41,5 mol/% and xW =47,6 mol/% without defoaming agent [10]
The scientific work was financed by the scientific research fund of University “Prof. Dr. Asen
Zlatarov” - Bourgas.
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DURABILITY OF PROTECTIVE COATS, FORMED ON UILDING
WOODEN PRODUCTS USED IN OUTSIDE IN NESEBAR REGION
Panayot A. Panayotov, Zhivko V. Georgiev, Nevena Batacheva
University of Forestry, 1756 Sofia, 10 Kliment Ohridski Bulvard

Abstract
It is perform an analysis of state of polymer protective and decorative coatings, formed on wood
devices, outdoor exposed in the region of Nessebar town. It is established that the coatings formed on
railings and floorings are characterized with lowest durability. Their durability is 1 year. The coatings
which are formed on garden articles and equipment (benches, flowerpots, pergolas, lounges) also
have a low durability. Relatively more durable coatings are formed on wood products and facilities
which are exploiting under the canopy (window, doors and pergolas). It is made recommendation
about the conduct of appropriate activities for coating refresh.
Key words: wood elements, protective coats, garden furniture, windows, doors, building products;
1.INTRODUCTION
From antiquity to the present day wood is used for production of structures, equipment and devices
(doors, windows, fences, wooden houses, wood paneling, children’s facilities, outdoor furniture,
floorings). Wood and articles made from it are characterized by limited durability in outdoor exposure
or under canopy. The wood is capillary pore and limited swelling solid substance which are
characterized with ability to absorb and devote water to swell and shrink and crack and infected by
microorganisms in results of it. The solar radiation caused chemical changes in wood surface as visible
changes of color and texture. In parallel, entered during a rain storm, moving air mass, bearing and
solid hit in contact wood surface away from its substance. To reduce the level of these destructive
effects the wood must be glued, impregnated and coated with appropriate protective compositions
[8,9, 10]. Lacquering on the surface of wood articles have a main aim to make them more resistant to
physical, mechanical, chemical and biological disrupting factors. The coatings protect bonded
connection between wooden elements of structures, facilities and products also.
2.ANALISYS OF PROBLEM
Wood in its natural state has limited durability due to its specific features and characteristics (knots,
porosity, anisotropy). This requires some bad areas can be removed by cutting across the grain and
results in shorter sections be spliced in longitude. Obtained, free of knots, boards are glued in
thickness and width thus obtained materials with less anisotropy with better construction and more
comfortable measurement. Long life of wood and of manufactured by it reduces the necessity of
logging-green treasures of the earth. The forest absorbs carbon dioxide and oxygen was released, the
most important element in supporting life on earth. That is why all the technologies that reduce the
feeling of the forest called “green technology”. Globalization of the worlds breeds promoting these
technologies. They are developing in all spheres of industry. Trees have much greater impact on
climate than previously thought. It is clear that incur as result of his research team of scientists from
Great Britain and Germany [15,16,17,18]. Coniferous forest in northern areas- Canada, Scandinavia,
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Russia separated substances called terpenes, which is due specific flavor. The scientists try to
understand what exactly is role of terpens many years. Recently discoveries suggest that terpenes
contribute to hardening of clouds above the forests and water vapor and converted into aerosols.
Thicker clouds reflect sun and thus lead to lower temperatures, therefore forest occur as “natural air
condition”. Wood outdoor exposed in normal atmospheric condition affect the color and texture due to
the impact of UV spectrum of light [5]. These changes are denoted by the term weathering. The
appearance of flat wood of spruce can be seen in Figure 1.

Figure 1. Appearance of weathered spruce wood

Figure 2. Wood coated with transparent decorative protective coating
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Although UV rays penetrate into the wood to a depth of not more than 75-100µm, they are main cause
for initiation of weathering it, due to the conduct of complex and physical- chemical processes. As a
result of the combined effects of climatic factors, significant structural changes occur in the surface
layer (surface erosion). This is impact on the aesthetic appearance of the product and the quality of
protective coatings. UV rays penetrated into the wood surface and imported activation energy, which
causes a chemical transformation of lignin, therefore switches easily soluble in water. After his partial
destruction, water wash this substance destroyed and weakened links between the cellulose fibers. On
the other side, this factor causes repeated swelling and shrinking due to forming cracks and thus opens
up new areas for UV radiation. The water plays an important role for wood destruction. It generated
and developed of free radicals, which cause wood surface destruction. Another important element in
the complex factors influencing the processes of atmospheric degradation is oxygen from environment
[9]. In the process of photo oxidation, oxygen joins other free radicals and the end of process forming
peroxide compounds. The presence of aggressive gases in atmosphere such as nitrogen oxide and
sulfuric dioxide also contribute to degradation of polymeric materials such as wood, plastics,
elastomers, polymer coatings and leathers [9,10]. The content of sulfuric dioxide into the environment
accelerates the erosion of wood surface because it is easily soluble in water. In the winter, the crucial
importance of aggressive gases in determined by the intensive heating, as well as accumulation of fog,
which leads to critical concentrations of these gases. The weathering is surface phenomenon and it
could be minimize with surface treatment. These treatments can be performed both with soaking up
funds forming protective and decorative coatings. These coatings are polymer obviously. The function
of these coatings is to receive and minimize external impact and thus extended to life of articles,
therefore increase their durability. In the Figure 2 presents a segment of siding protected with color
transparent coating, therefore the coverage that doesn’t hide the wood texture. In these coatings are
imported darker pigments (brown, reddish brown) and other special additives that have the ability to
capture the energy of the sun and decompose it into a safe form. These substances are called photo
defencesors [11]. Film forming compositions like this is presented to the Bulgarian market from many
companies (German, Finnish, Danish, Italian, Greek, Turkish, Spanish, Czech, Slovenian, Bulgarian,
etc.). These coatings and paints are made on different chemical basis, but most obvious are alkyd,
alkyd-urethane, acrylic, ester akrylate. Which of these groups will be used depends on the location of
the device. For example, finishing the surface of the vessels are recommended alkyd urethane and
alkyd paints and varnishes, as they are more resistant to water and temperature effects. For dry areas is
recommended transparent and acrylic paints and those based on natural products. For floor elements
recommended oil paints and varnishes based on linseed, tung, teak and castor oils, added to their
natural waxes such as carnauba wax and beeswax [9, 10, 11, 15, 19, 20]. In assessing the condition of
the paint, the requirements of BS EN ISO 4628/1 [6]. Specific indicators for qualitative assessment of
the surfaces of wood products is the indicator "appearance". It covered a set of signs, which receives
visual representation of the state of the polymer protective and decorative film coatings. Assessing the
destruction of protective and decorative coating to determine the amount, intensity and size of defects
that occur are governed by BS EN ISO 2810: 2004 [7]. This standard applies to defects due to aging of
the coating and the wood, the influence of weather factors on it, and change color over time. An single
agreement to determine the quantity and size of defects, as well as intensity changes of this type, by
evaluating a numerical grade scale from "0 to 5" and score "0" is given in the complete absence of
defects a score of "5" is given when defects or changes are so significant that their additional
distinction has no practical significance.
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Figure 3 . Spruce etalon samples outdoor exposed for period of 5 years
1-left yellow paint NC -11 Lackprom-Sofia; 2. -chlorine rubber lacquer POLD-transparent with light
resistance additive- University of forestry- Sofia; 3.- chlorine rubber paint Lackprom-Sofia ;
4.-mono component alkyd-urethane lacquer with light resistance additives PU-102.
3.ANALISYS OF THE STATUS OF THE PROTECTIVE COATING EXPLOITED IN
NESSEBAR
To establish the status of the protective coating film formed on the surfaces of structures, facilities and
products, is made of the hotel complex "Emerald Resort" - Ravda, situated on the southwestern
outskirts of the town of Nessebar. and assessed the changes occurring in coatings of windows and
entry doors, railings on the balconies, parks and beach facilities, and articles in the last 5 years of
exploitation. In determining the amount of defects are taken in mind that all deficiencies in coverage,
scattered more or less evenly over the surface being tested. The defects were evaluated by the quantity,
size and intensity of destruction and are illustrated with photographs. Products are made from
"FAMOZA LINE" Sofia triply bonded profiles with a cross cut section and 72x86 72x115 mm, of
pine wood. The analysis of the technical documentation of "FAMOZA LINE" manufacturer of
windows in the complex "Emerald Resort", it is found that the coatings are formed by products of the
company SIKENS-Belgium (Division of AkzoNobel Corporation) delivered by the distribution
company VAMKO '94 - Sofia. For every order respecting technological requirements of the supplier
of film-forming systems. Wood frames are moistened to swelling of the fibers by immersion in tank
with size 140 x 250 x 2500 mm. After drying the grind are sanded to remove fluffing fibers. Then
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immersed in a bath with primer-sealer. After the drying is done by grinding
240 sandpaper or a
scotch brite lapping with
320. After cleaning by blowing clearcoat is applied to form a coating
thickness of 200 m. After drying, filling crack , sanding and cleaning is applied a coat with reference
thickness 350-400 m formed with lacquer or paint by etalon and again follows drying.
In the result of the inspection is found to have serious defects occurred after 4-year operation which
are:
1. Ninth-floor -sky bar with terrace decking flooring teak wood overlooking the sea (south east).
Coverage on horizontal and vertical surfaces of the framework friezes doors at the bottom is about
60% detached, the remaining upper protective layer is easily separated into fine flakes appear
underneath layers of yellow brown primer. On the horizontal surfaces of the slats fixing glass, the
coating is completely stale and gray wood is visible, therefore is impaired adhesion between the wood
base and between the primer and topcoat and primer (photos 1, 2, 3 and 4). The coatings formed on
rustic balustrade handles are highly damaged: cracks, and loss or stale (photos 5 and 6);
2. Eighth floor (apartment facing north). Coating on the handles parapet top is cracked and partially
stale, but relatively preserved by the color red has become darker. Coverage on horizontal and vertical
surfaces of the lower friezes is partially destroyed and there slaughtered resin (photo 7);
3. Seventh Floor (studio facing northwest). Coating on the parapet above handles 70% stale links and
end-arcs are loose. Bare wood areas is partially cracked (Photo 8);
4. Third floor (Suite 311 - northwest exposure). Coating on the parapet above handles 50% is stale and
end-connections are loose arcs. Bare wood areas is partially cracked. The top layer on the horizontal
surfaces of the lower friezes with initial signs of failure;
5. Ground floor to the outdoor pool (southeast). Coatings on the doors (FOUR bunk) under canopies
are relatively preserved, but on the lower friezes initial signs of deterioration. Coatings are formed on
the windows and operated in locations where no peaks are completely eroded on horizontal surfaces of
crepe battens and vertical surfaces of the lower horizontal friezes.
6. Entrance doors - finish with a lighter color with early signs of a fracture of the upper layer and the
neighboring wood finishes with a darker brown color are relatively preserved (photo 9), ie the pigment
had no effect (the dark pigment is more resistant to solar radiation).
7. External railings made of meranti. Coatings on the horizontal surfaces of the balustrade handles are
partially destroyed (Photo 10);
8. Structural elements of woodwork made from finger jointed lamellas glued triple-Pine wood are in
very good condition. Profiles are skewed to 18o, allowing rainwater to drain quickly. The edges are
rounded (rounded to within 4 mm), which ensures continuity of coverage. The windows are fully
hydro with silicone, which prevents ingress of rainwater. Sustains external battens are tight fitting.
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Photo 1 . Appearance of door coating of sky-bar 9-floor

Photo 2 . Appearance of door coating of sky-bar 9-floor
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Photo 3. Appearance of coating formed on horizontal door bars of sky-bar 9-floor

Photo 4. Appearance of coating of horizontal bars of door of sky-bar 9-floor
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Photo 5 . Appearance of coating formed on rustic parapet handles

Photo 6. Appearance of coating formed on handle, jointed in length
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Photo 7 . Appearance of coating formed on vertical surface with resin exudation

Photo 8 . Appearance of coating formed on the arc handle
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Photo 9. Appearance of coating formed on door bars and siding

Photo 10. Appearance of coatings formed on parapet handle horizontal surfaces, made of meranti
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Based on observations made, discovered defects and analyzing the probable causes of these defects
(shed the finishing layer, sputtering, weathering of the coating) can be assumed that:
1. The coating haven’t the necessary hydrophobicity (has greater permeability compared to that which
is allowed by BS EN 927-5: 2007), due to which water penetrates through it and distort its adhesion
with the intermediate layer.
2. Pigments used have sufficient light protection properties. For these reasons, after 2-3 years
durability outdoors began to destruct the coating (cracking, shed, dust, weathering). Consequently, the
impact of destructive factors and reached the open wood surface, and then she begins to degenerate
(gray, cracking).
3.The coatings formed on the parapet handles are unsuitable. It haven’t the necessary elasticity and is
very quickly destroyed. This destruction has occurred in the first place of finger-joint, which makes
the adhesive film formed with polyvinyl acetate glue class D3. Therefore, in these areas is water,
causing swelling and shrinkage of the wood, hence the same is cracked. Balustrade handles are
strongly cracked and likely to collapse completely.
To check these assumptions are studies on window frames, nodes with attached fittings (nick and burr,
burr and drove) and test objects with dimensions 50x50x20 mm, suitable for tracking the change of
adhesion (adhesion) of the solid finish to the wood surface caused by artificial wetting and drying. The
coatings were formed with the same composition and the same workflow. Sample units are divided
into three series: the A-samples subjected to artificial wetting and drying; B-coated samples in both
series, but with an extra buried hlorkauchukovo finishes; C control samples coated both series are not
subjected water-thermal effects.
4.CONCLUSIONS AND RECOMMENDATION
It was established, that the degree of destruction depends on the chemical and physical and chemical
characteristics of wood each wood species (density, hardness, etc..) And also by the type of protective
and decorative means. The durability of coatings for exterior was not more than 3 years. This requires
organizing periodic and timely refresh and recovery the protective decorative coatings.
The article content a part of results, received from development of projects
37,
44
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sponsored of Program “SCIENCE INVESTIGATED” BY NID – UNIVERSITY OF FORESTRY –
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