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Abstract

:

Polymer-based composites represent a special class of materials in demand by the industry. In comparison with other polymers, ultra-high molecular weight polyethylene (UHMWPE) is characterized by exceptionally high wear and impact resistance. There are different technologies for producing bulk material from UHMWPE powder and from its mixtures with various reinforcing additives. In this work, samples for research were made by cyclic impact compaction (CIC), graphene nanoplatelets and single-walled carbon nanotubes (SWCNTs) were the reinforcing nanofillers. Nanoscale detonation carbon (NDC) produced by the detonation decomposition of acetylene was employed as a graphene nanofiller. The obtained samples were subjected to a wear test, and their hardness and tensile strength were measured. Studies have shown that the reinforcement of UHMWPE with NDC and SWCNTs leads to an increase in its hardness by 6.4% and 19.6%, respectively. With the same nanofillers, the wear resistance when rubbing against a steel ball rises by 1.13 and 1.63 times, and the coefficient of friction drops by 10% and 20%, respectively. Meanwhile, the tensile strength of UHMWPE drops by 11.7% and 40.4%, and the elongation by 11.9% and 30.1% when reinforcing UHMWPE with NDC and SWCNTs, respectively.
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1. Introduction


The ultra-high molecular weight polyethylene (UHMWPE) has a number of remarkable properties that make it suitable for a wide range of applications in industry and medicine. It is a proper material for manufacturing various parts of machines, mechanisms and devices, shoulder and hip implants and for defective bone replacement along with polytetrafluoroethylene (PTFE) [1,2,3,4,5,6]. UHMWPE is highly resistant to impact, so it is also used for protection against penetration by metallic projectiles, especially when it is reinforced with various additives and inserts [7,8,9,10].



UHMWPE was first synthesized in the last century, and its industrial production in powder form became possible based on the process of metal-complex catalysis of olefin polymerization developed in the 1950s by K. Ziegler and G. Natta [11,12]. Since the 1960s large-scale industrial production of bulk material from UHMWPE powder is based on methods of compression molding, ram extrusion, gel extrusion, spinning, etc. [1]. These technologies are complex and expensive, but they enable producing products of sufficiently large sizes. It is noteworthy that, in comparison with other polymers, the manufacture of bulk products from UHMWPE powder is associated with difficulties due to the high viscosity of the melt (up to 108 Pa·s [13]) caused by the high molecular weight of this material (more than 106 g/mol) [14]. This required a significant modification of existing technologies for the production of thermoplastics to adapt them to UHMWPE [14,15,16]. The improvement of UHMWPE processing technologies continues even now [17,18,19]. Not so long ago, in 2007, a fundamentally new method for producing bulk material from UHMWPE powder was proposed, based on cyclic impact on the powder [20]. Later, the authors of this work gave this method the name cyclic impact compaction (CIC) and used it in the manufacture of compacts both from pure UHMWPE and with various additives and reinforcing metal inserts [10,21,22,23]. It should be emphasized that the peculiarity of UHMWPE is the presence of two structural phases in it, crystalline and amorphous. The density of the amorphous phase is 0.855 g/cm3, and the crystalline phase is 0.999 g/cm3. As noted in [20], the typical volume content of the crystalline phase in the initial powder is 60–75%. The production of bulk products using conventional technologies is usually accompanied by the melting of the polymer and subsequent solidification, after which the content of the crystalline phase decreases to about 50%. By the way, the melting point of UHMWPE is 132–138 °C [3], and the heating temperature in typical conventional sintering technologies is 180–220 °C [1]. As for the strength of the bulk material, it decreases with a decrease in the content of the crystalline phase. Therefore, it is desirable to avoid a noticeable drop in the content of the crystalline phase in the resulting bulk product. Apparently, the CIC technique has an advantage, since the powder is heated only to 100–120 °C before compaction [23] and the resulting material retains a high content of the crystalline phase of about 66% [21]. The processed material in the CIC procedure does not overheat, since the shock waves passing through the powder heat up and melt the particles only locally on their interfaces. As a result, the bonding of particles occurs without melting their entire volume. A detailed description of the mechanism of localization of deformation and heat release during pulsed loading of powder materials is given, e.g., in [24].



In order to improve certain operational properties of UHMWPE, as well as of other polymers, researchers and technologists use various additives, such as ultra-fine particles of hydroxyapatite, activated copper spinel, tungsten oxide, silicon carbide, basalt fibers, titanium oxide, silicon oxide, glass fibers, etc. [25,26,27,28,29]. Due to its high chemical inertness and biocompatibility, UHMWPE is actively used in modern medicine, where sometimes it is also necessary to improve its tribological, mechanical and other properties. In this regard, especially in the light of biocompatibility, various forms of carbon, such as graphene particles, carbon fibers, carbon nanotubes, etc., represent promising additives in the UHMWPE for medical applications [30].



The literature provides various, sometimes opposite, data on the effect of carbonaceous additives in UHMWPE. For example, in [31], due to the addition of graphene nanoparticles, it was possible to achieve a reduction in the coefficient of friction by 10% and an increase in hardness by 30% compared to pure UHMWPE. In [32], due to the addition of 10% carbon fibers to UHMWPE, the coefficient of friction was reduced by about 20%, but the wear resistance herewith fell by about 36%. Meanwhile, in [29], due to the addition of 0.5% carbon nanofibers, the friction coefficient of UHMWPE was reduced by half (from 0.1 to 0.05), and the wear resistance was increased by 2.7 times. Obviously, the tribological characteristics of the composite significantly depend on both the content and size of carbon fibers. In [16], fibers with a diameter of 7 microns and a length of 28 microns, and in [29] with a diameter of 60 nm and a length of 2 microns were used. The studies described in [33] have shown that the reinforcement of UHMWPE with carbon nanotubes (CNTs) leads to a decrease in its wear resistance. Both single-wall and multi-wall CNTs were used. In pin-on-disk tests, a layer of perfluoropolyether was applied to the surface of the UHMWPE as a lubricant. Based on the test results, the authors of [33] suggested that CNTs act as third abrasive body to increase wear once CNT is released from bulk polymer during friction. As well as tribological properties, the mechanical characteristics of UHMWPE are also sensitive to carbon additives. According to [34], due to the addition of 1% multi-walled carbon nanotubes (MWCNTs) to UHMWPE, the Young modulus of the material increases by 1.4 times, and the yield stress by 1.5 times. Note that in [34], the tested material was prepared in a special way in the form of a thin (several microns thick) film. Again, in [35], it was shown that the addition of 0.5% carbon nanofibers to the polymer composite UHMWPE/HDPE leads to an increase in tensile strength by 32%. Let’s add that in work [36], due to the addition of 1% MWCNTs to UHMWPE, its abrasive resistance was increased by 37%, the elongation increased by 2.4 times (from 290 to 700%) and the tensile strength decreased by 27% (from 30 to 22 MPa).



The objective of this work was to study the impact of nanofillers, such as single-walled carbon nanotubes (SWCNTs) and graphene nanoplatelets in the form of nanoscale detonation carbon (NDC), on the mechanical and tribological properties of the UHMWPE. The novelty of the work is that the properties of UHMWPE-based composites containing these nanofillers have not been studied before. The use of CIC technology to produce such composites is also a novelty to a certain extent.




2. Materials and Methods


Composite samples in the form of disks with a diameter of about 40 mm and a thickness in the range from 18 to 20 mm were made from mixtures of UHMWPE powder and carbonaceous additives by CIC technique described in detail in [21,22,23]. The method consists in applying a series of blows with a steel striker to the compacted material. The hydro-pneumatic device developed in LIH SB RAS enables striking the processed material with a frequency of 9 s−1 and an impact energy of up to 1 kJ. The number of strokes is several thousand and the total production time of the compact is several minutes. The device also enables applying a static force of 4 tons for prepressing the processed powder.



The main component of the initial powder mixtures was UHMWPE powder of the GUR 4120 brand (Ticona GmbH, Frankfurt, Germany) with a particle size of 120–140 μm and molar mass of 5·106 g/mol. One of the additives was NDC produced in LIH SB RAS, and the other additive was SWCNTs of the TUBALLTM brand kindly supplied by OCSiAl Company (Novosibirsk, Russia). NDC is a product of the decomposition of acetylene during its detonation in mixtures with oxygen at a low content of the latter. The method of NDC manufacture and its properties are described in detail in [37,38]. One of the features of the technology is that the morphology of NDC particles and their size depends on the oxygen content in the detonating mixture. The particles can be either rounded with a size of tens of nanometers or, with an increase in oxygen content, graphene-like with a size of 100–200 nm. In this work, we have used the NDC obtained as a result of detonation of an acetylene–oxygen mixture with an oxygen content of 42 vol.%. In this case, the NDC particles are multilayer graphene nanoplatelets with a thickness of about 20 nm and a length of 100–200 nm [37,38]. According to the OCSiAl certificate, carbon nanotubes of TUBALLTM brand have a diameter of 1.46 ± 0.02 nm and a length of at least 5 microns. The product contains ≥75% nanotubes, 10% graphitized carbon and ≤15% iron in mass fractions.



For the manufacture of composite compacts, mixtures of UHMWPE + 0.5 wt.% NDC and UHMWPE + 0.5 wt.% SWCNTs were prepared. Since the properties of UHMWPE powder and applied nanofillers are very different, their mixing requires special approaches in order to get more or less homogeneous mixtures. Preparation of a mixture containing NDC was as follows. The required amount of UHMWPE powder was placed in a glass cup and then ethyl alcohol was added there so that the alcohol level was 5–10 mm higher than the powder level. Then the NDC powder was added to the cup and the composition was mixed manually with a wooden stick until a mass in the form of a thick liquid with a uniform color was obtained. After that, the cup with a mixture was kept in the oven at a temperature of 70 °C until the alcohol completely evaporates. In the case of SWCNTs, it turned out to be more difficult to prepare a homogeneous mixture. It was not possible to stir the composition manually to a homogeneous state, as in the case with NDC. Therefore, the powders were mixed using a blade rotated by a drilling machine with a rotation speed of 1220 rpm. The blade of a special design with curved tips was fixed on a steel pin, which was inserted into the drill chuck, as shown in Figure 1.



Further, the blade was immersed in a glass jar with a liquid mass containing UHMWPE, SWCNTs and alcohol, and mixing was carried out for two hours. After that, the resulting liquid mass was placed in a thin layer in a flat dish and was kept for 7 h at a temperature of 70 °C until the alcohol completely evaporates. The powder mixtures made by the described methods were further compacted by the CIC technique. For comparative tests, compacts were also manufactured from pure UHMWPE. The procedure for making samples was as follows. The assembled mold filled with processed powder was kept in the oven at a temperature of 120 °C for 2.5 h. This time was required to warm up the mold with thick walls. Then CIC procedure was performed at an air pressure in the impact device of 10 bar, which corresponded to the energy of one blow of 655 J [23], and the compaction time was 200 s. Figure 2 as an example shows the view of the samples immediately after compaction. Samples made of pure UHMWPE are white, while composites with carbonaceous nanofillers are black.



The parameters of produced samples are given in Table 1. Measurements of linear dimensions were made with a calliper, and mass measurements were made on the LV 210-A laboratory scales with an accuracy of 0.0005 g. Therefore, the volume and density of samples were determined with an accuracy not worse than 1%.



Hardness of the produced samples was measured on the TU 2137 hardness tester (Tochpribor LLC, Ivanovo, Russia) in accordance with the Russian standard GOST 9012-59. Tensile testing of samples was carried out on a testing machine Zwick/Roell Z100 (Zwick GmbH & Co. KG, Ulm, Germany) according to the Russian standard GOST 11262-2017. The tensile rate was 10 mm/min. Figure 3 shows a tensile test specimen sketch, and a specimen itself cut out of a compact and placed in the clamps of a testing machine. Tribological tests were carried out on the UMT-2 device (Bruker, Karlsruhe, Germany) in the dry friction mode (ball-on-flat) with reciprocating motion. The counter body was a ball with a diameter of 6.35 mm made of structural ball-bearing steel. Images of the microstructure were obtained using an OLYMPUS GX-51 optical microscope (Olympus Corp., Tokyo, Japan) microscope and a Carl Zeiss Merlin VP Compact scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany). The STRUERS Tegramin-20 sample preparation station (Denmark) was used to polish the samples before SEM examination. After polishing, the surface was covered with gold.




3. Results


Figure 4 shows the microstructure of produced compacts. As in previous studies [10,21,22,23], these experiments confirm that the CIC method enables producing dense compacts without cracks and delaminations.



In Brinell hardness measurements, the diameter of the ball was 5 mm, the load was 245.3 N and the holding time under load was 30 s. The measurements showed hardness values of 59.8 ± 1.8, 63.6 ± 3.4 and 71.5 ± 1.7 for compacts made of pure UHMWPE, UHMWPE + 0.5 wt.% NDC and UHMWPE + 0.5 wt.% SWCNTs, respectively. Thus, reinforcement of UHMWPE with a small amount of NDC gives an increase in hardness by 6.3%, and the addition of carbon nanotubes increases the hardness by 19.6%. Table 2 shows the results of tensile testing of specimens. In these tests, on the contrary, maximal tensile strength and elongation has pure UHMWPE, and minimal values correspond to the composite with SWCNTs.



Figure 5 shows typical stress–strain diagrams of produced materials. Obviously, the diagrams of a pure polymer and a composite containing NDC have a similar appearance. At the same time, the diagram of a composite containing SWCNTs differs in the absence of hardening during deformation. It is noteworthy that the diagram for a composite with a NDC passes slightly higher than the other two, up to the destruction of this composite. In our opinion, this indicates the presence of interface bonds at the contacts of NDC particles and polymer matrix in this composite. The reasoning for this issue is given below in the Discussion section.



In dry friction wear tests, a steel ball with a diameter of 6.35 mm performed a reciprocating slide on the surface of the test sample with an amplitude of 5 mm and a frequency of 5 Hz. The load on the ball was 25 N, the test duration was 2000 s and the friction path was 100 m. Table 3 shows the test results.




4. Discussion


4.1. Changes in Mechanical and Tribological Properties


The conducted studies show that nanofillers used improve some properties of UHMWPE, but not all. Adding 0.5 wt.% NDC leads to a rise in polymer hardness by 6.4%, a decrease in wear (ball-on-flat test) by 11.5% and a drop in the coefficient of friction by 10%. The addition of SWCNTs to the polymer leads to an even higher improvement in hardness and tribological parameters. Thus, hardness rises by 19.6%, wear drops by 38.5% and the coefficient of friction drops by 20%. As for the mechanical properties under tension, we have different results for different parameters. With the addition of NDC, the Young’s modulus of the polymer rises by 13.8%, and with the addition of SWCNTs, it practically does not change. The elastic limit σ0.2 also practically does not change with the introduction of both NDC and SWCNTs. However, both nanofillers lead to a significant reduction in the tensile strength σm and elongation δ of the polymer. Furthermore, the addition of NDC leads to a smaller drop in these characteristics than the addition of SWCNTs. As Table 2 shows, a polymer with NDC in comparison with pure UHMWPE has a strength lower by 11.7% and elongation by 11.9%. And, the polymer with SWCNTs has the same parameters reduced, respectively, by 40.4% and 30.1%. For greater clarity, Table 4 shows changes in the mechanical and tribological characteristics of UHMWPE when it is modified by addition of NDC and SWCNTs. The plus and minus signs mean, respectively, the rise and drop of the values as a percentage in relation to the corresponding parameters of compacts made from pure UHMWPE. Evidently, both carbonaseous nanofillers used in this work lead to an improvement in the tribological properties of UHMWPE, but at the same time, its strength and plasticity degrade.



Interestingly, the stress–strain curves of pure UHMWPE and a composite with NDC have a hardening section, and a composite with SWCNTs does not show hardening. Note that the diagram for a composite with a NDC passes slightly higher than the other two, up to the destruction of this composite. Evidently, the type of stress–strain diagram is determined not only by the content of the reinforcing component but also by the adhesion at the contacts of nanoparticles with the polymer matrix (interface bonding). It is quite logical to assume that for a composite with formed adhesion, the stress–strain curve should pass higher than in the absence of adhesion. The reasoning for this issue is given below. Also note, that curves 1 and 2 in Figure 5 are similar to stress–strain diagrams presented in [28] and inherent in pure UHMWPE and UHMWPE-based composites containing glass fibers.



The results of this work to some extent coincide with the data from [31,36] regarding the rise in hardness and wear resistance and reducing the coefficient of friction and tensile strength due to the addition of graphene nanoparticles and multilayer carbon nanotubes to UHMWPE. Evidently, the increase in the hardness and wear resistance of UHMWPE due to mentioned nano additives is associated with the high rigidity and strength of graphene-like nanoparticles and carbon nanotubes. For example, as shown in [39,40], the Young’s modulus of graphene reaches 920 GPa and carbon nanotubes reaches 950 GPa with a tensile strength of 63 GPa. The drop in the tensile strength, in our opinion, can be explained by a lower adhesion at the polymer–nanoparticle interface compared with the strength of the polymer itself. However, in order to understand the mechanism of failure of the considered composites under mechanical load, additional research is required.




4.2. Theoretical Considerations


In our opinion, the strength characteristics of the composite largely depend on the adhesion at the nanoparticle–polymer matrix interface. It is noteworthy that adhesion can be affected, e.g., by any pretreatment of the material added to the polymer. In particular, in [28], it was shown that the pretreatment of glass fibers with a KH-550 silane coupling agent improves the mechanical and tribological properties of the composite by increasing the mentioned adhesion. In this example, the adhesion is due to the formation of SiCH2 and Si(CH3)2 compounds at the glass–polymer interface. In our case, adhesion can be determined by the formation of C-C bonds between the carbon atoms of nanofillers and polymer. However, since hydroxyl and carbonate groups are present on the surface of graphene nanoplatelets [38], they can impair the above-mentioned adhesion. Generally speaking, the change in the mechanical properties of the polymer may depend not only on the said adhesion but may also be associated with a change in the microstructure of the polymer under the influence of nanofillers. For example, in [27], it is stated that nanoparticles lead to grain grinding in the polymer.



Let’s evaluate the effect of nano additives on the strength properties of UHMWPE in terms of the presence or absence of the said adhesion. To do this, we will consider the polymer incompressible so that during deformation there is no change in the volume of the sample, only its shape changes. The reason lies in the value of the polymer’s Poisson’s ratio, which is 0.46 [41] and is close to the value of 0.5 for an incompressible material. The deformation behavior of the polymer matrix is associated with the presence of two phases—amorphous and crystalline. At the initial stage of deformation, the plastic flow is localized in the amorphous phase, since its strength is lower than the strength of the crystalline one. With a gradual increase in deformation, randomly oriented crystalline lamellae begin to rearrange into a more oriented structure with alternating amorphous and crystalline phases, and then the lamellae also begin to deform [42,43]. Such a deformation mechanism determines the type of stress–strain diagrams 1 and 2 shown in Figure 5. Carbon nanoparticles are supposed to be incompressible and non-deformable, since the strength of graphene and carbon nanotubes far exceeds the strength of the polymer matrix.



First, we need to find the volume fractions of NDC and SWCNTs for a given mass content of 0.5%. Let m1 and m2 denote the mass fractions of the components in the composite, v1 and v2 are the volume fractions and ρ1 and ρ2 are the densities. The numbers 1 and 2 refer to the polymer and the additive, respectively. Then the relationship between volume and mass fractions is expressed by the formulas v1 = (m1/ρ1)/[(m1/ρ1) + (m2/ρ2)] and v2 = (m2/ρ2)/[(m1/ρ1) + (m2/ρ2)]. The density of NDC particles is equal to the density of graphite 2.2 g/cm3. As for SWCNTs, they are hollow inside and their density averaged over the volume is less than the density of graphite. Considering the diameter of SWCNT is 1.46 nm and the wall thickness is 0.35 nm, it is easy to find the average density, which is 1.6 g/cm3. Then, the calculation according to the above formula for v2 gives a volume content of 0.2 and 0.3% for NDC and SWCNTs, respectively. Further, it follows from geometric considerations that for the volume fraction of any component v, the linear fraction of this component, i.e., its content along an arbitrary line drawn in the volume of the composite, will be v21/3. Similarly, the surface fraction of the component in any section of the composite is v22/3.



Next, we argue as follows. Let there be no adhesion at the nanoparticle–polymer interface. Then, when the sample is stretched, the fraction of its area in the cross-section equal to v22/3 does not resist stretching and the entire load falls on the fraction of the area of (1 − v22/3). The entire load falls on the polymer component with an increase in the actual stress by 1/(1 − v22/3) times. Accordingly, the strength and modulus of elasticity of the composite should decrease by 1/(1 − v22/3) times compared to polymer without additives. Now let there be an adhesion at the nanoparticle–polymer interface, and the adhesion value is σa. Then, when the sample is stretched, the load is distributed over its entire cross-section. With an increase in the load up to σa, since we consider nano additives to be non-deformable, only the polymer component is deformed, the linear fraction of which is (1 − v21/3). That is, with the same load, the elongation of the composite will be 1/(1 − v21/3) times less than the elongation of a sample made of pure polymer. Accordingly, the Young’s modulus of the composite will be 1/(1 − v21/3) times greater than that of a pure polymer. With further stretching, if σa is equal to or exceeds the strength of the polymer, destruction will occur at a load equal to the strength of the polymer. If σa is less than the strength of the polymer, then at some stage of stretching, when the stress in the material reaches σa, the nanoparticle–polymer bonds will collapse and further deformation will proceed according to the scenario described above for the case of lack of adhesion. As a result, the sample will break at a stress 1/(1 − v22/3) times less than the strength of the polymer. Similar arguments about elongation δ lead to the conclusion that in the absence of adhesion, it should be the same for both the composite and the pure polymer. However, if the adhesion is equal to or exceeds the strength of the polymer, then the elongation of the composite should be 1/(1 − v21/3) times less.



Table 5 shows the values of the mechanical parameters of composites calculated according to the described theoretical model considering the presence or absence of adhesion at the nanoparticle–polymer interface.



A comparison of the data from Table 3 and Table 5 shows a good coincidence of the experimental and calculated values of the Young’s modulus and elongation for a composite with NDC if we assume the presence of a strong interfacial during the process of deformation until the beginning of the composite fracture. However, the theoretical tensile strength exceeds the experimental one by about 10%, when considering the loss of adhesion before the sample fracture. Generally speaking, such a difference is often associated with the spread of measured values of mechanical parameters for different samples of the same material. For a composite with SWCNTs, we can state a good coincidence of the calculated (in the absence of adhesion) and experimental values only for the Young’s modulus. For the remaining parameters (strength and elongation), the experimental values are significantly lower than the theoretical ones. Thus, the proposed computational model predicts quite well the mechanical properties of a composite reinforced with graphene nanoparticles and only with respect to the Young’s modulus for a composite reinforced with carbon nanotubes. Evidently, the considered simplified model is not quite suitable for reinforcing particles with high values of aspect ratio when one size of the particle significantly exceeds the other two sizes, which is typical for nanotubes and nanofibers. Obviously, the proposal needs to be improved taking into account the shape of the reinforcing particles. The most effective way to study the effect of the size, shape, volume content and orientation of additives on the properties of the composite is modern computer modeling, such as described in [44]. In addition, it is necessary to take into account the effect of additives on the properties of the polymer itself, but more research is needed to study this effect in detail.



As for the improvement of the tribological properties of the polymer due to the nano additives considered, in our opinion, this effect is solely related to the high strength of NDC and SWCNT. Usually, the process of wear during friction is accompanied by a number of processes, including pulling hard inclusions out of the soft matrix. Due to the elongated shape of nanotubes and nanofibers, it is much harder to pull them out of the polymer than graphene particles. Therefore, a composite with SWCNTs demonstrates significantly higher wear resistance than a composite with NDC.





5. Conclusions


Composites based on UHMWPE with reinforcing nano additives in the form of NDC and SWCNTs were manufactured by the CIC technique using a laboratory hydro-pneumatic impact device. Studies have shown that the reinforcement of UHMWPE with an additive of 0.5 wt.%, NDC and SWCNTs lead to a rise in its hardness, respectively, by 6.4% and 19.6%, a rise in wear resistance by 1.13 and 1.63 times and a drop in the coefficient of friction by 10% and 20%. Meanwhile, the tensile strength under the influence of said nano additives drops by 11.7% and 40.4% and plasticity by 11.9% and 30.1%, respectively. Thus, SWCNTs have an advantage over NDC in rising the hardness of the polymer and improving its tribological parameters. But at the same time, SWCNTs worsen the strength and ductility of UHMWPE to a greater extent than NDC. To evaluate the mechanical properties of polymer-based composites with reinforcing nano additives, a physical model is proposed considering the interfacial adhesion. It is preferable to employ the obtained composite materials when it is necessary to increase the wear resistance of UHMWPE in dry friction conditions and there are no strict requirements for the mechanical strength of the material.
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Figure 1. The blade on the pin (left) is inserted into the drill chuck (right). 
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Figure 2. Disk-shaped compacts manufactured by the CIC technique from pure UHMWPE (white) and from UHMWPE with carbon nanofillers (black). 
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Figure 3. Drawing of a tensile test specimen (left) and the specimen in the clamps of a testing machine (right). 
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Figure 4. Microstructure of composites: (a) UHMWPE, (b) UHMWPE + 0.5 wt.% NDC and (c) UHMWPE + 0.5 wt.% SWCNTs. Optical (left) and SEM (right) images. 
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Figure 5. Stress–strain diagrams of (1) UHMWPE, (2) UHMWPE + 0.5 wt.% NDC, (3) UHMWPE + 0.5 wt.% SWCNTs. 
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Table 1. Parameters of produced compacts.






Table 1. Parameters of produced compacts.





	
Powder Composition

	
Sample Parameters




	
Diameter, mm

	
Height, mm

	
Mass, g

	
Volume, cm3

	
Density, g/cm3






	
UHMWPE

	
40.8 ± 0.1

	
18.3 ± 0.1

	
22.4 ± 0.0005

	
23.93 ± 0.12

	
0.94 ± 0.005




	
UHMWPE + 0.5 wt.% NDC

	
40.6 ± 0.1

	
17.9 ± 0.1

	
21.9 ± 0.0005

	
23.17 ± 0.12

	
0.95 ± 0.005




	
UHMWPE + 0.5 wt.% SWCNTs

	
40.7 ± 0.1

	
19.6 ± 0.1

	
24.3 ± 0.0005

	
25.50 ± 0.13

	
0.95 ± 0.005
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Table 2. Strength properties of the compacts: E—Young’s module, σ0.2—elastic limit, σm—tensile strength, δ—elongation.






Table 2. Strength properties of the compacts: E—Young’s module, σ0.2—elastic limit, σm—tensile strength, δ—elongation.





	Material
	E, MPa
	σ0.2, MPa
	σm, MPa
	δ, %





	UHMWPE
	776.2 ± 35.6
	12.2 ± 0.8
	36.6 ± 3.4
	312 ± 21



	UHMWPE + 0.5 wt.% NDC
	883.6 ± 41.0
	12.7 ± 0.9
	32.3 ± 3.8
	275 ± 24



	UHMWPE + 0.5 wt.% SWCNTs
	767.9 ± 37.3
	12.3 ± 1.0
	21.8 ± 2.2
	218 ± 22
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Table 3. The results of testing the produced materials for wear.
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	Material
	Wear, mm3
	Coefficient of Friction





	UHMWPE
	0.052 ± 0.006
	0.10 ± 0.01



	UHMWPE + 0.5 wt.% NDC
	0.046 ± 0.005
	0.09 ± 0.01



	UHMWPE + 0.5 wt.% SWCNTs
	0.032 ± 0.004
	0.08 ± 0.01
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Table 4. Changes (in percent) in the mechanical and tribological parameters of UHMWPE when reinforcing it with nano additives: HB—Brinell hardness, E—Young’s module, σm—tensile strength, δ—elongation, W—wear and COF—coefficient of friction.






Table 4. Changes (in percent) in the mechanical and tribological parameters of UHMWPE when reinforcing it with nano additives: HB—Brinell hardness, E—Young’s module, σm—tensile strength, δ—elongation, W—wear and COF—coefficient of friction.





	Additive
	HB
	E
	σm
	δ
	W
	COF





	NDC
	+6.4
	+13.8
	−11.7
	−11.9
	−11.5
	−10.0



	SWCNTs
	+19.6
	-
	−40.4
	−30.1
	−38.5
	−20.0







Note: a decrease in wear by 11.5% and 38.5% corresponds to an increase in wear resistance by 1.13 and 1.63 times, respectively.
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Table 5. Calculated values of mechanical properties of composites: E—Young’s modulus, σ—tensile strength and δ—elongation.
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Additive

	
Mass

Fraction, %

	
Density,

g/cm3

	
Volume

Fraction, %

	
Adhision

	
No Adhision




	
E, MPa

	
σ, MPa

	
δ, %

	
E, MPa

	
σ, MPa

	
δ, %






	
NDC

	
0.5

	
2.2

	
0.2

	
888.1

	
36.6

	
273

	
763.9

	
36.0

	
312




	
SWCNTs

	
0.5

	
1.6

	
0.3

	
907.0

	
36.6

	
267

	
760.0

	
35.8

	
312
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