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Abstract 

The work combines three different methods for producing coatings with carbon and silicon  pyrolytic 

carbon coating on niobium, solid-phase carbide coatings on metal foils using thermally expanded 

graphite, and silicon-carbon coating from the vapor phase. If the first and last coatings have been 

known for a relatively long time, the solid-phase method of applying carbide coatings to metal foils 

using TE-graphite tapes has been used only recently by us. A unifying factor is the solid-phase 

synthesis of heat-resistant layered composites using metal foils with coatings obtained by each of the 

methods described in this work as starting elements. 

Keywords: pyrocarbon, carbide coating, silicon coating, layered composite, solid phase method, 

diffusion welding, multilayer structure, intermetallic compound, solid solution, niobium carbide, 
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1. INTRODUCTION 

Alloys with predominantly directional structures are characterized by better strength properties 

compared to alloys having, for example, a cast structure. Therefore, directional crystallization 

technologies are constantly being improved [1–6]. When these methods are obtained by heat-resistant 

alloys, they strive to form such a sharply directed cellular structure in them [7], in which the cells 

consist of heat-resistant intermetallic phases, alternating with the structural elements of a solid solution 

based on an alloy-forming metal, responsible for the crack resistance of the material at room 

temperature. 

A similar structure can be formed artificially if conditions are laid down for this at the initial stage of 

product formation. This applies to layered composites, which are the subject of the present work. It 

shows that metal foils with heat-resistant coatings are first prepared. And then packets are formed 

from foil with coatings intended for solid-phase production of heat-resistant layered composites. 

In this work, the initial elements for the formation of multilayer packets were: 

 Nb-foils with pyrolytic carbon coatings, 

 foils of a Ti alloy, niobium, and an Nb–2% Zr alloy with carbide coatings prepared by solid-phase 

technology, and 

 Nb-foil Si-coated vapor phase. 

To obtain layered composites, packages were subjected to diffusion welding (DW) under pressure. 

 

2. COMPOSITES OF Nb-FOILS WITH PYROCARBON COATING 

2.1. Pyrocarbon coatings  

We call pyrocarbon coatings thin films of pyrolytic carbon, which is formed on hot metal surfaces by 

the decomposition of hydrocarbons. 

Since these coatings are obtained by pyrolysis in a very wide temperature range, their structures and 

properties cannot but depend on temperature. Therefore, in practice, there are low- and high-
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temperature pyrocarbon coatings with temperature ranges of 750–1100 and 1400–2500°C, 

respectively [8]. 

Depending on the pyrolysis conditions, high- and low-density, highly anisotropic and practically 

isotropic pyrocarbon coatings are obtained, characterized by high thermal stability and lack of 

porosity. On the issue of the formation of pyrocarbon coatings, two concepts have long been 

competing. The first – the occurrence of pyrocarbon depends on volumetric processes. This is adhered 

to by J. Bokros [9, 10] and K. Makarov [11–14]. 

A second look at this – the formation of pyrocarbon does not depend on volume, but begins and 

continues exclusively on the surface. This approach is more combined with experiment and has more 

of its supporters. This is the work of P. Tesner and co-workers [15–22], according to which carbon is 

formed entirely on the surface and does not require preliminary stages in volume. In the presence of 

developed dispersed surfaces, the reaction proceeds towards the appearance of solid carbon and 

hydrogen. In a wide range of pressures and temperatures, according to Tesner's theory, the carbon 

formation reaction is of the first order in hydrocarbon pressure. The activation energy is kept constant 

and independent of temperatures. The growth of the pyrocarbon layer is determined by the 

simultaneous occurrence of two processes: the formation of crystallite nuclei and their growth. During 

growth, carbon atoms from the gas phase interact with the carbon of the nuclei, forming a dense mass. 

Growth goes through the so-called “growth cone”. The top of the cone “fits” into the substrate, and the 

direction of growth is oriented perpendicular to the surface of the substrate. 

The bases of the cones gradually fill the entire surface of the substrate. Over time, the cones become 

cylinders and the columnar growth of the structure begins. Inside columnar crystallites, layers of 

carbon atoms are able to form, depending on the temperature at which growth occurs, either a 

turbostratic or graphite-like structure. 

And a little about the widespread use of pyrocarbon: 

– as a structural and crucible material in the production of semiconductors, glass, single crystals and 

pure metals, 

– as anti-friction sealing and as erosion-resistant material, 

– for volume sealing of brake pads made of carbon-carbon composites, 

– as electrodes for chemical and spectral analysis, 

– to obtain the material of the anodes of chemical current sources, including the anodes of lithium-ion 

batteries.  

Pyrocarbon coatings are applied to the bow of the rocket and to the walls of the combustion chamber 

of rocket engines. 

2.2. Pyrocarbon for heat-resistant layered composites of solid-phase manufacturing 

The work uses a pyrocarbon coating on niobium foils in order to obtain layered heat-resistant Nb 

composites with carbide hardening. Pyrocarbon coatings were obtained on both surfaces of Nb-foils 

with a thickness of 50 m as a result of decomposition of methane CH4. 

About 20 Nb foils 3545 mm in size could be fixed in the clip. At “the exit” received Nb-foil with a 

2-sided pyrocarbon coating – CNbC. The ratio of the coating thickness to the niobium thickness tC/tNb 

varied from 0,20–0,25 to 0,4–0,5 m with a applied carbon coating thickness of 5–7 m. The coating 

temperature was 1100°С. 

Two types of multilayer packets were formed from the obtained CNbC foils: 

– Nb/CNbC or Nb/CNbC/Nb/CNbC/..., in which Nb foils with a 2-sided carbon coating were 

transferred by Nb foils without coating, and 

– CNbC/CNbC or Nb/CNbC/CNbC /..., which were assembled from Nb foils with a 2-sided C-

coating. In both packages, the outer were non-coated Nb foils. 
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For comparison, a multilayer Nb/Nb package was prepared, consisting of Nb-foils without 

pyrocarbon. The sintering temperature of the packets varied from 1150°C for the Nb/Nb packet to 

1200 and 1300°C for the Nb/CNbC and CNbC/CNbC packets, respectively. A positive result at these 

temperatures was achieved with exposure for 1–2 hours and even 30 minutes. Pressure varied over a 

fairly wide range – from 8 to 30 MPa. The thickness of the bags after welding changed slightly. 

2.3. Structures of composites of Nb foils with pyro-carbon coatings 

The cross-sectional structure of the composite obtained by diffusion welding of the Nb/CNbC 

package, in which CNbC foils alternated with uncoated Nb foils, is shown in Fig. 1. It is seen that in 

the composite one “pyro-carbon layer” was located between two Nb layers. It is important to note that 

the Nb layers with pyro-carbon coatings looked bright, and the niobium layers without coatings had 

many gray inclusions inside, which were most likely niobium carbides. 

At a larger increase (Fig. 2), according to the data of local X-ray spectral analysis, a 2-phase zone of a 

continuous and dense dark gray layer of Nb2C carbide ~6 m thick and an island layer of the NbC1-x 

carbide phase of black colors was detected at the interface of two Nb-foils. The layer identified as 

Nb2C carbide  contained from 5,2 to 6,3 wt.%C and  93,7–94,8 wt.% Nb. The formation of black 

NbC1-x carbide is from 12,2 to 13,1 wt.% C and 86,9–87,8 wt.% Nb. The layers designated as (Nb), as 

a result of carbon diffusion, became after welding a solid solution of carbon in niobium. 

 

 

Fig. 1. The macrostructure of the cross section of the Nb/CNbC package along the rolling direction of 

the Nb-foils. Diffusion welding – at 1200°C for 1 h 
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a                                                                       b 

Fig. 2. Fragment of the microstructure of the Nb/CNbC composite after DW (a) and concentration 

profiles of Nb and C of the diffusion zone between two adjacent Nb-layers (b): (Nb) – solid solution of 

C in Nb, 1–10 – spectrum numbers 

 

A significant consequence of the diffusion welding of Nb/CNbC packets was this result. Judging by 

the concentration profiles of Nb layers, on the both sides of the carbide phase (see Fig. 2b), the Nb 

layer, which had a 2-sided pyrocarbon coating, contained from 0 to ~ 7 at.% C after welding. And in 

the Nb-layer without coating, the carbon content was from 5 to 12,5 at.%. This means that in the 

process of diffusion welding, the diffusion of carbon occurred to a much greater extent in the Nb-foil 

without coating than in the foil that had pyrocarbon coatings! 

A confirmation of the fact that carbon from the pyrocarbon layer does not diffuse into the niobium 

substrate was the bright contrast of Nb layers in the CNbC/CNbC composite, composed only of Nb 

foils with 2-sided pyrocarbon coatings (Fig. 3). 

 

 

Fig. 3. The cross-sectional structure of СNbС/CNbC composites along the direction of rolling of Nb-

foils after diffusion welding according to the mode: 1500°С, 2 h, 33 MPa 

 

Consider the microstructure of two CNb/CNbC composites obtained from identically assembled 

multilayer packets. In such composites, two layers of pyrocarbon fall into two Nb layers. Both 

packages were welded at 1500°C, but differed in welding time and pressure: 30 min and 8 MPa in 
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comparison with 2 h and 33 MPa. The cross sections of both packets had layered structures (Fig. 4), 

characterized by a strict alternation of light and gray layers, of which the gray layers were noticeably 

smaller in thickness. On the boundaries between the layers there were island inclusions of various 

shapes and lengths located on both its boundaries, and in the case of a composite with a 30-minute 

welding, also inside light layers. If we characterize the behavior of the black phase, then in a 

composite with 2-hour welding it is more, and it is more consolidated than in a composite with less 

rigid welding modes. 

 

   

a                                                                            b 

Fig. 4. Microstructure of multilayer composites СNbС/CNbC 1 and 2 after welding at 1500°С for 30 

min and under a pressure of 8 MPa (a) and for 2 hours under a pressure of 33 MPa (b): 1–10 – 

analysis points 

 

2.4. Discussion of the results of local X-ray spectral analysis 

Table 1 shows the volumetric contents of structural components for composites of both configurations 

after diffusion welding, calculated from microphotographs in the mode of secondary electrons with 

material contrast. Immediately, we note that the amount of carbide component in the Nb/CNbC 

composite, equal to 12 %, is significantly less than in the CNbC/CNbC composites. This is 

understandable, since the ratio of the thicknesses tC/tNb in it is 0,2–0,28 if compared with 0,4–0,5 for 

CNbC/CNbC composites. True, the welding temperature for the Nb/CNbC composite was 1200, and 

for the СNbС/CNbC composite – 1500°С. But we believe that for the volume fraction of hardening 

phases, the determining factor is still the ratio tC/tNb. 

 

Table 1. The volumetric content of the structural components of the composite, % 

Structural component Nb/CNbC: 

1200°С, 1 h 

1CNbC/CNbC: 

1500°C, 30 min 

2CNbC/CNbC: 

500°C, 2 h 

(Nb) 88,0 66,4 50,4 

Nb4C3-x  24,7  

Nb2C   30,1 

NbC1-x  8,9 19,6 

Nb4C3-x + NbC1-x  33,6  

Nb2C + NbC1-x 12,0  49,7 
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Let us compare the volume contents of carbide components in the 1CNbC/CNbC and 2CNbC/CNbC 

composites. They have the same ratios tC/tNb, but differ in welding times and pressures. The total 

amount of carbides in the composite with 2-hour welding was 1,5 times greater than in the composite 

after welding for 30 minutes. But it happened mainly due to an increase in the volumetric content of 

NbC1-x carbide – 2,2 times (19,6 / 8,9  2,2). Moreover, the increase in the content of carbide 

components with a lower carbon concentration was only 1,2 times (30,1 / 24,7  1,2). 

The last observation follows from the experimental result, which is not consistent with the general 

concepts of reactive diffusion and, in particular, with our work on solid-phase composites with the 

participation of elements of the Nb–Al system. In [23–25], the development of the structure of the 

Nb/Al composite proceeded in the direction from an intermetallic compound with the highest 

aluminum content, such as NbAl3 in the Nb–Al system, to a compound with a lower content of a low-

melting component, Nb3Al, and ended with a α-solid solution of aluminum in niobium The diffusion 

interaction zone between Nb and Al represented the following sequence of intermetallic phases: NbAl3 

→ Nb2Al → Nb3Al → α, where α is a solid solution of Al in Nb. In the Ti/Al composite, the 

interaction zone had a similar orientation of intermetallic interchangeability: TiAl3 → TiAl2 or Ti2Al5 

→ TiAl → Ti3Al → α-Ti. Due to the fact that the source of aluminum is limited to a much greater 

extent than niobium and titanium, the intermetallides of niobium and titanium with the highest Al 

concentrations were present only at the initial stage of diffusion welding. On the border with solid 

aluminum solutions in Nb or Ti, each time there were compounds with the lowest aluminum contents 

– Nb3Al or Ti3Al, respectively. It could be stated that the evolution of phase structures in these 

systems during the mutual diffusion of components occurs from intermetallic compounds with the 

highest Al content to its corresponding solid solutions in metals. 

After welding, we observed two phase sequences in composites of niobium with carbon: Nb2C → 

NbC1-x → Nb) and Nb4C3-х → NbC1-x → (Nb) (see Fig. 4, a and b). In the Nb/Al and Ti/Al 

composites, the aluminum concentrations in the intermetallic compounds in the direction from left to 

right decreased monotonically, and in the Nb/C composites, the changes in carbon concentrations were 

nonmonotonic. Between carbides with carbon concentrations of 33 or 43 at.% аnd Nb-solid 

solutions (Nb) with the lowest carbon content, NbC1-x carbide with 50 at.% C was “wedged”.  

Such a result can be explained by the formation of discrete formations of niobium monocarbide 

already at the stage of applying the pyrocarbon coating.  

This is quite possible, since it is known that carbon atoms have high mobility, and even at 

temperatures above 650°С the diffusion coefficient of carbon becomes greater than the diffusion 

coefficient of metal atoms [26]. Thus, even short pyrocarbon coating times could be sufficient for the 

primary formation of NbC. The initial reason for this conclusion was the local presence of the NbC1-x 

phase (see Fig. 2, a) in niobium, which had pyrocarbon coatings on both surfaces before diffusion 

welding, and its absence in uncoated niobium. 

The final confirmation of this version was given by X-ray diffraction analysis of the Nb-surface with a 

pyrocarbon coating. It turned out that in addition to carbon and the Nb-solid solution, the spectrum 

contained lines of the cubic phase NbC: {111}, {200}, {220}. Moreover, an orthorhombic 

modification of the Nb2C phase was also detected. The fact that continuous layers of Nb2C or Nb4C3-x 

carbides were observed in the composite structure was already a continuation of the onset of 

interaction between the pyrocarbon coating and niobium. The observed increasing formation of the 

carbide phase NbC1-x (see Table 1 and Fig. 2, a; 4, a and b) was the consolidation of its primary 

formations and the development of the interaction between it and Nb2C (or Nb4C3-x). 

2.5. Results of mechanical tests 

Comparative strength tests for all Nb-foil composites with pyrocarbon coatings, as well as for 

comparing a multilayer composite of niobium foils Nb/Nb without coating, were carried out at room 

temperature (Table 2). As expected, the proportionality stress of the CNbC/CNbC composites 

containing a sufficiently large amount of the carbide component exceeded 900 MPa and significantly 

exceeded the PR of the Nb/Nb and Nb/CNbC composites, but the fracture nature in the 1CNbC/CNbC 
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composite was fragile. The fracture of the 2CNbC/CNbC composite was characterized as 

pseudoplastic. This meant that, before the sample was destroyed, the experimental curve P(), where P 

and  are the load and displacement, had a deviation from its linear dependence, extending much 

higher than the PPR.     

 

Table 2. Results of mechanical tests at room temperature 

Composite PR, МPа В, МPа Nature of destruction 

Nb/Nb 290 ± 9  323 ± 49  Plastic 

Nb/CNbC 253 ± 11   572 ± 38  Plastic 

1СNbC/CNbC  – 979 ± 12   Fragile  

2СNbC/CNbC 936 ± 94 1020 ± 94 Pseudoplastic  

 

The results of short-term mechanical temperature tests for 3-point bending conducted for the 

1CNbC/CNbC composite are shown in Fig. 5. 

 

 

Fig. 5. Dependences of PR () and B () on the test temperature for 1СNbC/CNbC composite at  

Р  (ab), where: P is the load and (ab) are the plane of the layers in the composite 

 

The load P was applied perpendicular to the plane of the layers (ab) in the composite. The brittle 

nature of the destruction of the composite, observed at room temperature, was maintained at 700°C, 

but then it acquired a pseudoplastic character. On the load-displacement curves, it was possible to 

determine the proportionality stress PR, which in the temperature range from 700 to 1100°С dropped 

from 710 to 495–510 MPa, respectively. The strength В at 1100ºС was 550 MPa. 

Conclusions 

 The preparation of a pyrocarbon coating on Nb-foils was developed, which was used as the main 

elements for the formation of multilayer packets for solid-phase preparation of composites with 

satisfactory strength values at room temperature (Nb/CNbC and 2CNbC/CNbC composites, see 

Table 2) and high fracture resistance characteristics at temperatures from 700 to 1100ºС (see Fig. 

5). For Nb/CNbC and 2CNbC/CNbC composites, it was possible to determine the proportional 

stress, which indicated that they had a certain level of crack resistance.  

 The structure of the composites was characterized by the alternation of layers of a solid solution of 

carbon in niobium and layers consisting of carbides NbC1-x and Nb2C or NbC1-x and Nb4C3-x. 
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 NbC and Nb2C carbides were already formed when a pyrocarbon coating was deposited on the 

surface of niobium. This assumption is based on the analysis of the microstructure of the cross 

section of the packets after diffusion welding and was confirmed by the data of X-ray diffraction 

analysis of the Nb surface with a pyrocarbon coating. As a result of welding, the formation of 

continuous layers of Nb2C (or Nb4C3-x) was a continuation of the fast-flowing interaction of 

carbon with niobium, and the increasing amount of NbC1-x monocarbide was a product of the 

consolidation of its primary formations and the beginning of the diffusion reaction between it and 

Nb2C (or Nb4C3-x).  

 The proportionality stress at room temperature of such composites was 935–980 MPa, and the  

PR of a multilayer Nb/Nb composite, hardened only by “weak boundaries” between layers, made 

for comparison, did not exceed 290–300 MPa. At 1100°С, a composite with a multilayer structure 

containing 33,6 vol% of carbide layers had PR = 495–510 MPa. Due to the preliminary nature of 

the research, this result is highly appreciated. 

 

3. SOLID-PHASE METHOD FOR PRODUCING DOUBLE-SIDED CARBIDE COATINGS 

ON METAL TAPES  

3.1. Brief characteristic of the method  

In fact, such coatings belong to the category of diffusion coatings, which differ in the way the coating 

material is applied to the metal surface. Of the known methods, this is saturation of a metal surface 

with a coating material from 

 powder mixtures, 

 gas media (direct-flow and circulating methods),  

 molten metals or their salts containing a diffusing element, 

 pastes and suspensions (slip method). 

In the proposed method, the saturation of the metal surface with carbon is a tape of thermally 

expanded graphite (TEG), but in the literature – exfoliated graphite. The method is characterized by 

simplicity, affordability and effectiveness. 

In the solid-state method, using thermally expanded graphite (TEG) ribbons, it is easy to obtain 

carbide coatings on foils of any metals capable of forming carbide compounds with carbon. Despite 

the  temperature  limitations,  and TEG  is standardly applicable  only  at  temperatures  from -200  to 

+ 400°C, in cases where the material is “closed” in the structure with a seal against oxidation, it can be 

used at temperatures up to 2000–2500°C. In this regard, here we use TE-graphite tapes as spacers 

between metal Nb-tapes, that is, in a “closed” design, to obtain carbide layers on them. 

The sequence of basic operations for obtaining segments of metal tapes with a 2-sided carbide coating 

is as follows: (1) assembly of a package of 10–20 tapes, for example, from niobium, several tens of 

microns thick, and TEG tapes, (2) heat treatment (HT) under pressure P up to 15 MPa at 1500°С for 

15–60 min (Fig. 6) and (3) disassembly of the package along the boundaries between two layers of 

TE-graphite. 
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Fig. 6. Schematic illustration of the package and diffusion production of NbC coatings on Nb tapes 

 

3.2. Carbide coatings on Ti-alloy tapes 

The composition of the tape made of Ti alloy: Ti–10,0% Cr–7,3% Mo–2,6 wt.% Al. The thickness of 

the resulting tapes at the μm-scale was uneven, but the coating itself with a thickness of ~3,5 to 6–7 

μm appears dense (Fig. 7). According to local X-ray spectral analysis, the coatings consisted of 

titanium monocarbide: (Ti,Me)C ≡ (Ti1,18Me0,01)1,19C0,81 (Me – Cr, Al, Mo). According to the Ti–C 

diagram, the composition of the 72,5Ti–21,5Me–6,0 at.% С ribbons corresponded to its eutectic region 

α-(Ti,Me) + (Ti,Me)C, where α-(Ti,Me) – solid solution of carbon in a titanium metal matrix. The 

carbon concentration is close to the eutectic composition. 

 

 

a                                                         b 

Fig. 7. The microstructure of the cross-section of the segments of the tape made of Ti-alloy after heat 

treatment (HT) under pressure at 1500°C for 15 min: 1–5 are points of analysis, and a and b – samples 

of tape bands after HT at pressures of 8 and 15 MPa, respectively 

 

3.3. Carbide coatings on Nb tapes (Fig. 8) 

The coatings consist of NbC monocarbide with compositions Nb0,93C1,07 and Nb0,98C1,02 on a tape 60 

and 70 μm thick, respectively. During heat treatment of multilayer TEG/TEG/Nb/TEG/TEG/Nb 

packages, the volume of Nb ribbons was saturated with carbon to the composition of the eutectic 

region of the (Nb) + β-Nb2C diagram, and NbC1-x monocarbide coatings were formed on both surfaces 

of each ribbon. 

After the heat treatment under pressure at a package 1500ºC for 1 hour on ribbons of coating were 

formed monocarbide NbC1-x. According to the data of local X-ray spectral analysis, coatings on 

ribbons 60 and 70 μm thick had a slightly different composition - Nb0,93C1,07 and Nb0,98C1,02, 
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respectively. Unlike coatings on titanium foils (see Fig. 7), monocarbide coatings on niobium had the 

same thickness along the length of the foil. Unlike coatings on titanium foils (see Fig. 7), monocarbide 

coatings on niobium had the same thickness along the length of the foil – the NbC1-x layer adjacent to 

the eutectic region (Nb) + -Nb2C, having a dense non-porous structure, and the outer layer with 

grains growing perpendicular to the surface of the substrate tape. 

 

 

а                                                      b 

Fig. 8. The microstructure and concentration profiles of the cross section of Nb-ribbons with a 

thickness 60 (a) and 70 μm (b) after solid-phase interaction with TEG tapes at 1500°C for 1 h and 

packet disassembly: 1–5 (a) and 1–12 (b) – number of spectra 

 

Discrete precipitates of β-Nb2C secondary carbide (Fig. 9) were visually observed in a 60 μm thick Nb 

tape (Fig. 9), most likely, as in a thinner substrate with a smaller volume. Although individual -Nb2C 

carbide precipitates were also observed in ribbons 70 μm thick, which can be judged by the 5th point 

of the local X-ray spectral analysis (see Fig. 8,b), which led to a non-monotonic concentration 

dependence. 

 

 

Fig. 9. The microstructure of the eutectic region of the Nb-tape with a thickness of 60 μm after heat 

treatment at 1500°C for 1 h 
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Fig. 10. Values of ultimate strength σST of multilayer composites from metal tapes Ti-alloy (, , ) 

and niobium (, , ) with carbide coatings after diffusion welding at 1250ºС, 2 h, 10 MPa 

 

Ti/CTiC/CTiC ... and Nb/CNbC/CNbC ... multilayer packages were composed of titanium alloy tapes 

and niobium tapes with carbide coatings to obtain layered composites with only carbide hardening. 

Selected diffusion welding mode: 1250ºС for 2 hours at ~10 MPa. A fairly large set of strength tests 

was conducted for 3-point bending at 20°C and temperatures up to 900°C (Fig. 10). At room 

temperature, σВ = 1000–1400 MPa, in the temperature range 650–900ºС – from 600 to 1100 MPa. 

These data are well combined with the strength for the 1CNbC/CNbC composite of pyrocarbon coated 

tapes (see Fig. 5). 

3.4. Coatings on tapes made of Nb–2% Zr alloy (Fig. 11). 

 

 

а                                                            б 

Fig. 11. The microstructure of the cross section of the tape (Nb–Zr) alloy after heat treatment under 

pressure at 1500°C for 45 min in the secondary (a) and reflected electrons (b) 

 

The material formed after heat treatment at 1500°C under pressure differed from all previous metal 

foils with coatings in that it did not have a carbide boundary layer similar to those observed on 

titanium alloy and niobium foils. The interaction of the (Nb–Zr) alloy foils with TE-graphite ribbons 

occurred without the formation of a continuous surface carbide layer as such. Near the surface and at a 

depth of 5–7 μm, finely dispersed Zr-based carbide precipitates were observed in the (Nb)-matrix: 

(Zr,Nb)C = (Zr0,91Nb0,20)1,11C0,89. As they moved toward the middle of the tape, Zr carbide precipitates 

increased in linear size, extending into needles. The matrix phase was niobium-based carbide: 

(Nb0,97Zr0,15)1,12C0,88 = (Nb,Zr)C1-x. 

Thus, we have a composite of 2 not crack resistant, but strong structural components – a matrix of 

carbide based on Nb and precipitates of carbide based on Zr. 

The result was unexpected. However, it turned out that the foils themselves remained consolidated, 

“very brittle” did not collapse and withstand a bend of радиус10 mm radius! 

It will be recalled to the place that the emerging problem of crack resistance, due to the presence of 

brittle compounds in the structure of the material, has long been considered insurmountable. For the 

first time, one of the possibilities for solving it was shown back in 1964 in [27] by braking cracks at a 
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weak interface between brittle phases. This idea was subsequently used in the development of various 

layered and fibrous composites [28, 29]. Therefore, it can be expected that the optimal organization of 

their structure with the alternation of brittle and relatively non-brittle carbide layers with relatively 

plastic layers of solid solutions of carbon and, possibly, silicon in niobium will be able to provide an 

acceptable level of crack resistance for the composite. 

Conclusions 

 For the first time by means of heat treatment under pressure of multilayer packets of thin foils of 

Ti alloy alternating with ribbons of thermally expanded graphite, continuous dense carbide 

coatings (Ti,Me)C (Me – Cr, Al and Mo) were obtained on the surfaces of metal foils. Similarly, 

coatings of NbC1-x monocarbide were obtained on the surfaces of niobium foils. 

 Diffusion welding under pressure of multilayer bags formed from carbide-coated foils produced 

laminated composites with structures of metal layers alternating with carbide layers that inherited 

carbide coatings. Tests of composites for bending strength showed that σB at room temperature 

reaches 1400 MPa and in the temperature range 650–900°C has values from 600 to 1100 MPa. 

 The results on niobium foils with 2% zirconium are interesting in that, after diffusion welding of a 

package composed of such foils, the composite can be of scientific interest as an object in which 

crack braking will occur at a weak interface between brittle phases. According to theoretical data, 

such an effect is able to provide an acceptable level of crack resistance for the material. This 

should be facilitated by a carbide Nb matrix containing needle-like carbide inclusions based on 

zirconium. 

 The coating method used can be modified to produce metal carbides functionally designed to be 

coated. 

 

4. SILICON-COATED Nb FOIL COMPOSITE  

4.1. Microstructure of the composite 

The formation of silicon coatings on both surfaces of segments of Nb tapes with a thickness of 0,35 

mm was carried out in Si vapor in a vacuum chamber with a graphite heater. Thanks to the heater, 

carbon from the CO atmosphere in the reactor chamber got into the coating. The temperature in the 

area of the foil was ~1500ºС. The time of the deposition process is 2,5 hours. 

From the obtained niobium foils with (Si–C) coatings, packets for solid-phase production of a layered 

Nb/Si composite were made. Diffusion welding of packages was carried out at 1400°C for 1 h under a 

pressure of 9,5 MPa. The thickness of the composite of 5 foils after welding was 1,8 mm. The 

structure of its cross section is shown in Fig. 12. 
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Fig. 12. Cross-sectional structure of a 5-layer Nb/(Si–С) composite after diffusion welding. Left and 

right – the interaction zone between two adjacent metal substrates in a normal light image (left) and 

with enhanced contrast (right) 

 

The insets on the left and right reproduce the diffusion zone of interaction between adjacent layers. On 

the left – as it looks in ordinary light, on the right – processed by contrast methods using computer 

technology. The light layers inherited after diffusion welding of the Nb-foil contained ~10 at. % C. 

This corresponded to the 2-phase hypoeutectic region (Nb) + Nb2C of the Nb–C diagram. It is 

important to note that these layers did not contain silicon at all (Fig. 13). 

The interaction zone between two foils with Si coatings represented a diffusion region 100 μm thick. 

According to the data of local X-ray spectral analysis in this zone, a dark layer with a thickness of  

20 μm with a silicon content of 30 to 35 at.%, designated Nb5Si3 + NbSi2, was reliably identified. 

Taking into account the concentrations of niobium and carbon (from 7 to 25 at.%), It can be concluded 

that the layer  structure  corresponds to the eutectoid region Nb5(Si,С)3 + Nb(Si,С)2 of the hypothetical 

Nb–Si–С state diagram. The diffuse regions formed on both sides of the black layer (see Fig. 13) were 

asymmetric, which is clearly seen by their phase identification and light contrast (see Fig. 12). 

The estimation of the volume contents of the viscous-plastic, and these are Nb-layers, and hardening 

phases gave such results – 63 and 37% for the matrix and intermetallic-carbide phases, respectively. 

The low content of hardening phases was reflected in the strength, which turned out to be relatively 

low (Fig. 14) in comparison with the composites Ti/CTiC/CTiC... and Nb/CNbC/CNbC... 

 

 

Fig. 13. Concentration profiles of Nb, Si and C of the interaction zone between two neighboring metal 

substrates 
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Fig. 15 shows the microstructure at the site of deformation of the composite, after testing for strength 

at 3-point bending. It is clearly seen that the cracks formed in the intermetallic-carbide interlayers 

during the tests effectively “quenched” in the crack-resistant layers with a eutectic structure. 

 

 

Fig. 14. The tensile strength of the composite at 20, 1200 and 1300ºС 

 

 

Fig. 15. The structure of the composite in the deformation zone corresponding to the point of 

application 3-point bending strength tests 

 

Conclusions 

 It has been shown that by vapor deposition in a reactor with a graphite heater, it is possible to 

obtain high-quality Si coatings with the addition of carbon on substrates of refractory metals, in 

particular, niobium. A test experiment was conducted on diffusion welding of a package of Nb-

foils with Si-coatings and the layered structure of the obtained composite was studied. It was 

tested for bending strength at room temperature, 1200 and 1300ºС. 

 A significant result of the research is the low penetration of carbon into Nb-foils. It can be hoped 

that this will make it possible for Si-coated metal foils to maintain high crack resistance even after 

the solid-phase process of obtaining layered composites from them. 

 Moreover, in the light of recent trends in heat-resistant topics related to the interest in Mo alloys 

hardened by compounds with silicon and boron, there is an intention to use molybdenum instead 

of niobium in layered composites. 
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