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Abstract

Currently, there is a need in some areas of metal construction materials for their lighter and cheaper
alternative, which will have the same or better properties in terms of value and price. One of the most
suitable and used alternatives are composite materials. When choosing a suitable composite material,
it is necessary to take into account not only the necessary mechanical properties, but also the thermal
load of the machine part. There were no permanent changes in the properties of metal materials, but
we can notice changes in properties of composite materials that can positively or negatively affect the
strength or life of the part. Due to this fact, presented is focused on the application of the effect of
thermal loading of components made of composite materials using 3D printing on their mechanical
properties. Laboratory tests were performed on test specimens prescribed for individual tests of
mechanical properties. After performing the process of annealing the samples, we performed
mechanical tests. Based on the obtained results, it is possible to determine the effect of annealing to
the mechanical properties of the selected material and also we can determine the maximum operating
temperature at which the properties of the material do not deteriorate.
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1. INTRODUCTION

Nowadays AM is used in many areas of production and development. The ASTM society defined AM
as “the process of joining materials to produce objects from 3D model data, mostly layer by layer. [1]
AM originated in the 1980s. Initially, the use of AM was limited to the production of prototypes, due
to the small choice of materials, mostly polymers. But today we can use AM for a wide range of
materials from thermoplastics to metals, ceramics, to composite and biocompatible materials. Recently
mentioned materials include a composite material reinforced with a continuous fiber. With proper
fiber distribution, objects can achieve the strength of aluminum castings. [2, 3]. One of the main
advantages of AM is the unlimited freedom of geometric shapes and the complexity of the created
objects, which allows AM to match or even surpass conventional production technologies.

Fused deposition modeling (FDM) is the most commonly used AM technology [3]. FDM creates
objects by extruding molten plastic layers. The material in the form of a thin fiber is fed to an extruder,
where the material is melted and extruded through a nozzle onto the surface of the object [4, 5]. The
mechanical properties of composites produced by FDM are worse than the mechanical properties
produced by injection molding. The main reason is insufficient bonding between the individual layers,
there is also high porosity and residual stress [6]. One alternative to improve the mechanical properties
of 3D printed objects is heat treatment [7].

The annealing as a heat treatment is one of the main methods to modify 3D printed polymers, at
relatively low cost it directs to adjustable properties on printed objects [8, 9]. Annealing consists to
submit the polymer at defined temperature between the glass transition (Tg) and the melting
temperature (Tm) for a specified time [10]. The degree of changes depends on the applied temperature
and annealing time, generally this procedure purposes to relieve stress concentration, changing
crystallite dimensions, accelerating crystallization or developing new crystalline phases [8,11].

To maximize property enhancements with a high degree of crystallinity in objects, the cooling rate has
to be slow (leading to a long cycle time) [12]. The amount of crystallinity determines the performance
of the material, improving stiffness, strength, heat deflection temperature and chemical resistance.
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However, a disadvantage of annealing is that the 3D-printed object might deform, this can affect its
function [13].

2. MATERIALS AND METHODS

2.1 Specimens manufacturing

For our research we used Markforged Mark Two 3D printer. This 3D printer offer continuous fiber
fabrication (CFF) process. Printer has two nozzles, first for plastic material called Onyx and second
for continuous fiber. The printer builds the matrix from Onyx and irons down continuous strands of
fibers into the part. The fibers are impregnated with nylon and are fused to the Onyx layer. Printing
parameters are shown in Table 1.

Parameter Value

Print temperature (°C) 275

Layer height (mm) 0.125

Nozzle size (mm) 0.4

Infill solid

Number of perimeters 2

Table 1. Printing parameters

In our research we used only Onyx material. Onyx is micro carbon fiber filled nylon. It’s 1.4 times
stronger and stiffer than ABS and can be reinforced with any continuous fiber from Markforged.
Mechanical properties of Onyx are shown in Table 2.

Property Testing method (ASTM) Typical value
Tensile Modulus (GPa) D638 2.4
Tensile stress at Yield (Mpa) D638 40
Tensile stress at Break (Mpa) D638 37
Tensile strain at Break (%) D638 25
Flexural Strength (Mpa) D790 71
Flexural Modulus (Gpa) D790 3.0
Heat Deflection Temp (°C) D648 B 145
Izod Impact - notched (J.m™) D256-10 A 330
Density (g.cm™) — 1.2

Table 2. Mechanical properties of Onyx material

2.2. Annealing

Samples were annealed in LAC LH 30/13 laboratory furnace at 205°C. The temperature was selected
in two steps. In the first step we find coarse value of annealing temperature in technical data sheet
[14]. In the second step we were inspired by Jain [6] and we performed preliminary research. In this

Page 276



Materials, Methods & Technologies Journal of International Scientific Publications
ISSN 1314-7269, Volume 16, 2022 www.scientific-publications.net

preliminary research we try three different annealing temperatures. Based on results with looking to
maximal increase of tensile strength. Furnace was preheated for desired temperature before placing
specimens we determined annealing temperature to 205°C. At the 205°C tensile strength was the
highest, at lower temperatures was smaller and at higher temperatures tensile strength start decreasing.
After desired temperature was reached we place specimens into furnace and we hold furnace
temperature for 1 hour, then we let I cool down to 40°C for 15 hours. In the Fig 1 we can see
annealing time and temperature.
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Fig. 1. Annealing time and temperature

2.3. Tensile testing

For tensile tests we used Testometric M500-100 universal tensile testing machine. Tests were
performed according to ISO 527-1 and ISO 527-2 standards. Speed rate was set to 10mm.min™'. Shape
and dimensions of test specimens are shown in the Fig. 2.
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Fig. 2. Test specimen dimensions

3. RESULTS

All specimens were manufacture at same conditions, this means they were manufacture on the same
they, at same ambient temperature and ambient humidity. Nylon is hygroscopic and it can absorb
moisture from air. Humidity absorbed in nylon can influence mechanical properties of material [16].
Due to this fact tensile tests were performed immediately after manufacturing and annealing process.
Tensile tests were performed on unannealed and annealed specimens. Annealing process also affected
the shape of fracture surface. In the Fig. 3 we can see a comparison of the shape of the fracture surface
of the annealed and unannealed sample. The upper sample is annealed, the lower unannealed. On the
annealed sample we can see that the refraction is almost perpendicular to the longitudinal axis, which
shows that the material is more brittle and homogeneous. On the unannealed sample, we can see
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fracture curvature, which can be caused by greater toughness of the material and also inhomogeneity
of the material.

Fig. 3. Annealed and unannealed specimens after tensile tests

In the Fig.4 we can see force-elongation curves of unannealed specimens. On this curves we can see
plastic deformation region which means the material is ductile. Curves have almost identical shape
and maximum load force. This means we can use FFF technology for creating objects with very good
repeatability of mechanical properties.
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Fig. 4. Tensile test diagram of unannealed specimens

In the Fig.5 we can see force-clongation curves of annealed specimens. We can see annealed
specimens had higher maximal force but they had smaller elongation and almost any region of plastic
deformation which means material is more brittle. This means annealing improved tensile strength of
specimens but material became more brittle.
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Fig. 5. Tensile test diagram of annealed specimens

In the Fig. 6 we can see tensile strength before and after annealing. Tensile strength was increased by
18.4% related to unannealed specimens. Standard deviation of unannealed specimens was 0.69 and
standard deviation of annealed specimens was 2.45. This behavior can be explained by increased
degree of crystallinity. The increase of degree of crystallinity in nylon has been shown to cause more
brittle behavior, especially at degree of crystallinity above 40% [15]. Additionally, recrystallization
induced by annealing was shown to cause additional crystallization shrinkage in material, which in
case of the composite will be constrained due to the presence of microscopic short fibers.
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Fig. 6. Tensile strength of unannealed and annealed specimens

4. DISCUSSION

In this paper, we investigated the effect of annealing on the tensile strength of Onyx material. We
found that the tensile strength increased from 51.2 MPa to 60.6 MPa. Jain [6] investigated the effect of
annealing nylon composites on their mechanical properties. Despite the fact that he used nylon filled
with glass fiber and we used nylon filled with carbon fiber we achieved similar results. Based on the
results of our research and the results published by Jain [6], we can state that the process of improving
the mechanical properties of the material takes place in a certain temperature range of approximately
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170 ° C to 210 ° C. However, when the temperature exceeds about 210 ° C to 220 ° C, the mechanical
properties of the material deteriorate and degrade. This statement is confirmed by the results of
research published by Carlos [8].
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