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Abstract

:

Polyamide 66 (PA66) has been used for dynamic bearing applications due to its good wear and abrasion resistance, hardness, and rigidity. PA66/copper micro-composites were studied with respect to micro-mechanical, tribological, and structural properties. A mixing step followed by injection molding was used to develop the different composites: PA66+5 wt.% Cu, PA66+10 wt.% Cu, and PA66+15 wt.% Cu. The morphological aspects of the composites were studied using scanning electron microscopy and microtomography. Good dispersion and adhesion of Cu particles across the matrix were also seen. DSC analysis showed a slight improvement in the % of crystallinity and thermal characteristics of the composites, particularly with 5 wt.% filler. Additional crystallization enhanced the tensile performance of the composites, including the modulus, elongation at break, and tensile strength. Nanoindentation tests also indicated an increase in indentation hardness and elastic modulus as a function of the filler fraction. A pin-on-disk tribometer was used to study the friction and wear properties of neat PA66 and copper-filled PA66 composites. It was found that the composite with 5 weight percent copper had the best wear resistance. A progressive decrease in the friction coefficient was also seen. Copper filler increases hardness and may effectively reduce the temperature at contact interfaces during rotating cycles.
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1. Introduction


Polymers are frequently replacing metal parts in mechanical systems due to their ductility, low cost, light weight, good friction and wear properties, and ease of processing. Numerous technological applications, including brakes, gears, and electrical appliances, can use polymers [1,2,3]. Polymer use may be hampered if significant mechanical loading or contact pressure is required. Here, the importance of adding various fillers to reinforce polymers and circumventing these limitations come into play. The intended attributes largely dictate the size, form, and percentage of the fillers (fibers, microparticles, nanoparticles, etc.), including the type of material used (glass, carbon, metal, textiles, etc.). Due to their improved qualities in a variety of mechanical parts, the development of polymer composites has garnered more interest than metals [4,5]. Adding fibers or fillers can improve the tribological, mechanical, and thermal properties of a polymer [6,7,8]. In particular, numerous studies have investigated the effects of adding particulate metallic fillers to polymer matrices on electrical, thermal, mechanical, and tribological properties [4,5,9,10]. Charfi et al. [4] observed that reinforcing polytetrafluoroethylene (PTFE) with bronze microparticles greatly decreased wear. According to Trabelsi et al. [5], the PTFE+40 wt.% bronze composite used for guide rings has greater tribological capabilities than commercial pure PTFE and other commercially available composites. Mamunya et al. [9] analyzed the electrical and thermal conductivity of epoxy resin (ER) and poly (vinyl chloride) (PVC) filled with copper and nickel powders. They found that electrical and thermal conductivity are influenced by conductive phase topology and particle shape. Based on the results of Brostow et al. [11], the addition of Al, Ag, or Ni microsized particles to a polymer matrix such as low-density polyethylene (LDPE) or thermoplastic elastomer (TPE) enhances the mechanical and tribological features of composite materials, making them suitable for a range of industrial applications. El-Zahraa et al. [12] provide insightful information about the wear characteristics of epoxy composites filled with metallic particles such as copper, aluminum, and iron, which are scratched by a steel indenter while subjected to a magnetic field. They concluded that the presence and strength of the magnetic field, as well as the kind of metallic filler, impacts the wear response of various composites. Uflyand et al. reported that the strength characteristics of linear low-density polyethylene (LLDPE) thermoplastic matrices were improved by incorporating quasicrystalline Al65Cu22Fe13 alloy (QC) [10]. Their study found that, compared to pure LLDPE, the composite loaded with 1 weight percent QC nanoparticles demonstrated a 57% lower rate of wear.



Among metallic materials, copper (Cu) is generally well known for its good anti-wear and anti-friction properties. A few studies, including those by Tavman [13], Rajesh and Bijwe [14], and Akrout et al. [15], discuss the impact of copper particles on the tribological characteristics of polymers. Tavman [13] explored the thermal and mechanical properties of polyethylene composites that had copper powder added. Copper particles were found to improve the thermal conductivity of the composites at the expense of their mechanical properties. Rajesh and Bijwe [14] incorporated bronze and Cu powders into glass fiber-reinforced polyamide 11 (PA11). The authors found that Cu was a more beneficial filler than bronze in improving the friction and wear behaviors of PA 11. Akrout et al. [16] studied the microstructure and friction behavior of Acrylonitrile Butadiene Styrene (ABS) thermoplastic polymer filled with different weight fractions of microsized Cu powder. It was established that copper powder decreased the friction coefficient and wear volume loss of the composites.



The nylon family includes polyamide 66 (PA66) obtained from the polymerization of adipic acid and hexamethylenediamine. Given its high melting point, superior mechanical strength, stiffness, and chemical stability, it is used to manufacture a wide range of products, including consumer goods, home appliances, electrical components, and automobile parts. Due to its low coefficient of friction, good wear resistance, and self-lubricating properties PA66 is commonly used in the automotive industry to fabricate components for engines, gears, bearings, and fuel systems [8,17]. Kausar [18] examines current developments in reinforcing polyamide nanocomposites using graphene for practical applications. Kausar addresses important subjects such as processing methods, enhanced mechanical and thermal properties, improved electrical conductivity, and barrier capabilities. The assessment highlights numerous practical applications in sectors such as aerospace, electronics, and medicine. Apart from addressing issues including dispersion and scalability, it also makes recommendations for the future, including functionalization tactics and environmentally friendly manufacturing. The review’s overall conclusion emphasizes the growing importance of graphene–polyamide nanocomposites in improving materials for a variety of functional uses. Tang et al. [19] explores the effects of carbon fiber treatment with arylboronic acid on the mechanical and tribological characteristics of PA66 (polyamide 66) composites. Arylboronic acid treats carbon fiber by altering its surface. The study assessed modifications to the mechanical strength, toughness, and friction characteristics of the resulting PA66 composite materials. The results shed light on how surface modification improves composite performance, which may have ramifications for several applications, including those requiring superior mechanical and tribological properties. Li and Liang [20] evaluate the sliding wear properties of hybrid composites fabricated from polyamide 66 (PA66), short carbon fibers, and TiO2 nanoparticles. In order to better understand the possible improvements in wear resistance offered by these hybrid materials, the study evaluates sliding wear behavior under controlled circumstances. These findings provide new prospects for material design in a variety of industries and insightful information about the viability of such composites in applications requiring superior wear performance. Xing et al. examined the friction and wear characteristics of modified polyamide 66 (PA66) composites [21]. Their study examined the effects of several adjustments on the friction and wear characteristics of the composite, with the aim of understanding how these adjustments affect the material’s resistance to friction and wear. They examined the interactions between different additions or modifications and the PA66 matrix. These findings contribute to the advancement of PA66 composites for applications requiring increased durability and reduced frictional effects. Additionally, they shed light on prospective enhancements in wear performance through modification strategies.



In this work, we propose combining the tribological performance of PA66 and Cu to design a composite whose synergetic performance meets the requirements of sliding contact applications. A melt-blending/injection process was used to produce composites with a PA66 matrix loaded with different wt.% of micrometric Cu powder. SEM and X-ray micro-tomography are used to analyze composite microstructure and morphology. DSC and microhardness tests were carried out for the thermal and micromechanical characterization of the composites. Pin-on-disc tests are carried out for the PA66/Cu composites’ tribological characterizations.




2. Materials and Methods


2.1. Materials


PA66 pellets Tisan TISLAMID® 6 UNR Nylon 6 from the manufacturer of Tisan Engineering Plastics founded in Ningbo port, China (1.12 g/cm3 density, 250 °C melting temperature) were obtained. The copper powder used had a melting point of 1080 °C, a density of 8.94 g/cm3, and an average particle size of 75 µm. The copper substance was purchased from Sigma-Aldrich. High mechanical and dimension stability characterize the impact-resistant thermoplastic PA66 matrix. The polymer was strengthened using copper powder to make it stiffer with a strengthening effect. Prior to processing, PA66 pellets were vacuum-dried for at least 4 h at 90 °C.




2.2. Preparation of Micro-Composites


The experimental process for producing various micro-composites is shown in Figure 1. Copper powder fractions ranging from 0% to 5%, 10%, and 15% by weight were used to develop the composites. The ratios of copper and polymer powder were blended to produce composites in a Brabender Plastograph internal mixer with two-blade impellers fabricated by Brabender manufacturer founded in Duisburg, Germany. In a 20 cm3 mixing chamber, the two components were blended for 8 min at a temperature of 245 °C and a speed of 75 rpm. The mixtures were then ground and injection-molded using a HAAKE Mini Jet, from manufacturer Thermo Fisher Scientific Inc, Waltham, MA USA (cylinder temperature: 210 °C, mold temperature: 70 °C, injection pressure: 600 bars, injection molding time: 3 s, and cooling time: 30 s), a mini injection-molding machine. After injection molding, tensile samples and rectangular samples were obtained to characterize the different properties of the composites.




2.3. Characterizations


A differential scanning calorimetry (DSC) examination was carried out with a TA instrument (DSC Discovery 250). The samples were purged out in nitrogen at a rate of 60 milliliters per minute for cooling. For both neat PA66 and its micro-composites, samples of around 7 mg were weighed and placed in aluminum pans. There are two heating–cooling phases in the software. The temperature was steadily raised from 30 °C to 300 °C at a rate of 10 degrees per minute. The matrix’s crystallinity rate (Xc(%)) was determined using the following equation:


Xc(%) = (ΔHc/ΔHm0) × 100



(1)




where ΔHc is the measured crystallization enthalpy and ΔHm0 is the enthalpy of 100% crystalline PA66, which is assumed to be 197 J/g [22].



To evaluate the characteristics of broken surfaces and pinpoint the underlying failure modes, cryofractography analyses were conducted. Researchers regard this method as a trustworthy tool for linking cryofractographic morphologies to defeat processes in the material after novel composites are produced. [23] In actuality, the mechanical strength at the matrix/filler interface directly impacts composite fracture surface analysis. This microstructural characterization contributed important data to our study. Back-scattered electrons from SEM, a Hitachi tabletop microscope TM4000Plus (Tokyo, Japan) at 15 kV, were used for fractographic investigations and to examine the dispersion of Cu copper particles in the PA66 matrix.



X-ray tomography provides images using the contrast generation technique in image processing based on the specimen’s X-ray absorption. With these phase-contrast imaging techniques, it is possible to detect features in things that do not absorb X-rays at all or in materials with weak absorption, such as polymers. X-ray phase-contrast imaging has emerged as a key method for the 2D/3D fabrication of low-density materials in the field of materials science. It enables material characterization for identifying the presence of voids and cracks. Additionally, it controls the filler’s particle size and geographical distribution. Thus, we believed that X-ray computed tomography to be an adequate tool for assessing our composites’ efficiency. A thorough perspective of the composites’ complex 3D microstructure was obtained through computational reconstruction of the X-ray images. The main goal of imaging is to successfully separate the filler and the matrix components comprising the two parts of the composites. The present experiment used Sky Scan 1275 X-ray microcomputed tomography (CT) technology (Bruker, Kontich, Belgium) following experimental guidelines. For the best X-ray beam filtering, the system used a 100 µA, 1 mm copper (Cu) filter, and a 100 kV X-ray tube voltage. Notably, the system’s high-resolution mode was used in this study, which has exposure times of 200 ms and 150 ms. To improve image quality, the scans were carried out with a pixel size of 12 µm and 0.2° rotation increments, with an average of three frames for each scan. The researchers used specialized software tools from Bruker for subsequent data processing, 3D reconstruction, and visualization stages. These programs included NRecon version 1.0, DataViewer 2016, and CTVox version 3.3, which all contributed to efficient analysis and interpretation.



Tensile samples of PA66 and PA66/Cu composites with a thickness of 1.85 mm were produced in accordance with the ISO 527-2-5A standard using the HAAKE MiniJet injection machine. Tests were conducted on an Instron 33R4204 universal testing device with a 50 kN capacity cell. The mechanical properties (tensile strength, modulus of elasticity, and failure strain) were measured under rupture conditions at a speed of 5 mm/min. The average characteristics were determined using five samples.



A nanoindentation test (TTX-NHT, CSM Instruments nanoindenter) was used to characterize the micromechanical properties of PA66/Cu composites. A Berkovich diamond indenter with a 20 nm edge radius facing 65.30° from the vertical axis served as the nanoindentor’s mounting. Different maximum loads ranging from 5 mN to 150 mN were considered, producing different indenter impressions. The approach speed, dwell time, and loading/unloading speed were all maintained constant at 2000 nm/min, 10 s, and 200 mN/min. Two variables, the indentation depth (h) and loading force (P), are assessed and stored during the nanoindentation test, enabling the loading/unloading curve to be plotted after the test. The unloading curve offers helpful details regarding the stiffness of the contact (dP/dh), which is required to quantify variations in hardness or elasticity with the depth of penetration. At least three tests were carried out for each condition.



Friction tests were performed using a pin-on-disk tribometer (TE-92 device), as described in an earlier scientific paper [15]. A 7.8 mm-diameter steel pin (115CrV3) was used and maintained in contact with a 50 × 20 × 2 mm3 rectangular PA66/Cu composite sample under a normal force of 85 N. The composite sample was held stationary while the pin was rotated at a sliding speed of 75 rpm. The diameter of the sliding track was 10 mm. At least three rotating tests were conducted for the neat polymer and each composition of the composites. After being processed in Mountains Lab Premium 9, the wear track width and cross-sections of each test specimen were measured using the profilometer S neox, from manufacturer Sensofar, Barcelona, Spain. The wear volume loss has been calculated as follows:


V = Π d S



(2)




where d is the diameter of sliding track equal to 10 mm and S is the measured cross section of the wear track.





3. Results and Discussions


3.1. Structural and Morphological Aspects


Figure 2 depicts the shape of pure copper powder (400×) and micrographs of cryofractured surfaces in neat PA66, PA66+5 wt.% Cu, PA66+10 wt.% Cu, and PA66+15 wt.% Cu composites. An SEM image of Cu powder reveals a diverse range of shapes and sizes, with agglomerated irregular polygons found in the smallest particles and spherical shapes obtained from the largest ones. Compared to the fractured surfaces of PA66 composites, the pure polymer exhibits a plastically deformed surface due to absorbing energy before breaking. In PA66/Cu composites, the morphology changed and assumed a brittle appearance, likely due to their lower impact strength and fracture energy [24,25]. For all PA66/Cu composites under consideration, a distinct uniform dispersion of copper particles in the PA66 matrix can be seen.



A three-dimensional (3D) X-ray projection image of PA66+Cu composites was examined using tomographic techniques, as shown in Figure 3. The matrix is clearly visible in black tones and porous areas appear as grayscale variations. The white regions with the greatest clarity correspond to the copper particles. Discrete cavities within the PA66 matrix are occasionally seen. The pore density is low due to optimized injection procedure settings. The 3D reconstructions clearly show a noteworthy dispersion of particles inside the polymer matrix despite the occasional presence of copper particle agglomerates. The mechanical mixing step using an internal mixer was essential to achieving good dispersion of Cu filler throughout the matrix. Importantly, tomographic imaging confirmed the SEM findings, supporting the idea that the copper filler is evenly dispersed across the PA66 matrix.



DSC data for neat PA66 and PA66/Cu micro-composites are shown in Figure 4. The introduction of fillers affects the structural state of micro-composites. The enthalpy of melting ∆Hm was found to increase with the addition of 5, 10, and 15 wt.% of Cu compared to the PA66 polymer matrix. In Figure 4a, two melting peaks are formed due to the bimodal distribution of crystallites during the intermediate heating and cooling rate of 10 °C/min. Since the rate chosen is constant, the thermal characteristics of the crystallites depend on several factors, including the size of the filler particles and their distribution, the effective surface of the particles, the degree of interaction between the polymer and the filler particles, and the degree of crystallinity of the original polymer matrix [26]. Depending on these factors, filler microparticles can bind polymer chains (reduce crystallinity) or act as nucleation centers (increase crystallinity). As the mass fraction increases, the two exothermic peaks of PA66/Cu micro-composites increase in intensity compared to the neat PA66. As shown in Table 1, the thermal properties and percent crystallinity increase with the PA66 composites compared to the neat PA66 with relatively higher values obtained in the case of the PA66+5 wt.% Cu composites. The increase in crystallinity of the filled PA66 compared to the neat PA66 is probably due to the formation of an ordered crystalline structure. The high surface polarity of Cu acts as a heterogeneous nucleating agent when crystallization of PA66 occurs, hence increasing ΔHc of PA/Cu composites in return [27]. Aggregation of Cu filler will hinder polymer chain mobility during the crystallization process and limit the crystalline capability of the polymer. Consequently, the ∆Hc and Xc diminished under high filler content conditions.



Therefore, interactions and dynamics occurring inside the PA66+Cu composite system play a great role in the observed correlation between crystallinity rate and copper concentration. The inclusion of Cu particles may serve as crystallization and nucleation sites at lower Cu concentrations (up to 5 wt.%). In this case, Cu particles enable the polymer chains to arrange themselves into a crystalline structure more readily. Polymer chains’ ability to arrange properly in an organized crystalline structure may be hampered by the accumulation of Cu particles.




3.2. Mechanical and Micromechanical Characterizations


The tensile response of virgin PA66 and composites filled with copper microparticles is illustrated in Figure 5. A significant improvement in tensile properties was observed with the incorporation of Cu filler, particularly at 5 wt.%, where the deformation at break became two times higher than pure PA66. These enhancements were attributed to the homogeneous dispersion of copper microparticles in the polymer matrix PA66 and the strong interfacial adhesion between them. It is also possible to understand how changes in crystallinity affect the mechanical properties of the composite by comparing DSC data to tensile test results. Additional crystallization enhances the strength and modulus of the composites [15]. Composites reinforced with a higher percentage of copper microparticles showed a slight decrease in these properties (Figure 6). These results were further justified by the lack of movement in the polymer chain at higher filler fractions [28]. Increased crystallinity may improve some mechanical qualities of the polymer; however, there must be a balance because too much crystallinity or a dispersion issue with the filler can result in poor mechanical performance. Thus, the correlation indicates that the amount of copper filler significantly impacts the crystallinity of the polymer matrix, which affects the mechanical properties of the composite material. In-depth research and analysis are required to fully understand the complex interactions in the complex structure.



Volumetric mechanical characterizations of the different materials were carried out using tensile tests. Nanoindentation was used to identify mechanical properties at the nanoscale or sub-micrometer scale, which may be useful for describing material characteristics in the upper layers of contact areas during sliding tests. When developing composite materials for frictional contact uses, considering both surface mechanical (or micromechanical) characteristics and tribological properties, such as friction and wear, is important. The resistance of PA66/copper micro-composites to contact damage is primarily influenced by their micromechanical characteristics, such as indentation hardness and indentation elastic modulus.



The nano-indentation tests performed on composite samples are described in [15]. Figure 7 shows the evolution of the mean values of nanoindentation characteristics. The indentation hardness (HIT) values vary from 176 MPa in the unfilled polymer to 452 MPa with 15 wt.% copper, as illustrated in Figure 7a, making PA66+15 wt.% Cu harder than pure PA66. Figure 7b presents variations in the indentation elastic modulus (EI) of the pure polymer and composite materials. In addition to hardness, the elastic modulus value increased from 1.53 GPa in the case of neat PA66 to 3.27 GPa with 15 wt.% Cu. As shown in the figures, the two micromechanical characteristics increased continually with the increase in copper content. Overall, the addition of copper increased the contact stiffness, modulus, and hardness of the micro-composites.



The behavior of composite materials is determined by both volume properties and surface properties, which have separate performances. Tensile strength and Young’s modulus are examples of volume characteristics related to the bulk material’s behavior. Interface interactions are influenced by surface characteristics such as indentation hardness and indentation elastic modulus. The bulk properties of our composites such as tensile strength and Young’s modulus are deeply related to the crystallinity rate of the polymer matrix. Other parameters such as the copper particles’ adhesion to the matrix and dispersion of the filler within the matrix are more related to the contact stiffness and the overall surface characteristics determined by nanoindentation. The different parameters interact with one another, highlighting the complexity of composites and the need to balance both bulk and surface characteristics for the best material design.




3.3. Friction and Wear Test Results


Variations in the friction coefficient versus the number of rotation cycles for pure PA66 and PA66 composites are illustrated in Figure 8. As the number of cycles increased throughout the running-in stage, the friction coefficient progressively increased until it inevitably reached the stabilized stage, where it stayed constant until the test was finalized. The stabilized coefficient of friction values were considerably lower with the addition of copper to the matrix. After 10,000 rotation cycles, the maximum friction coefficient value was found for pure PA66 at around 0.273. The lowest friction coefficient was obtained with PA66+15 wt.% Cu composite material at around 0.15. Ben Difallah et al. reported similar outcomes [29]. The best friction qualities in the case of PA66/graphite micro-composites were achieved with the highest percentage of incorporated graphite. The addition of Cu microparticles increases stiffness and indentation hardness, which significantly affects the coefficient of friction [6,30].



For both pure PA66 and PA66 composites, topographical measurements of the wear track were developed using an optical three-dimensional profilometer (Sensofar). Typical 3D profiles and 2D transversal profiles across the wear track are shown in Table 2. There is a clear difference in topographic characteristics between neat PA66 and PA66+Cu composites. The wear tracks of PA66+Cu composites show comparatively flattened wear patterns, whereas the surface of pure PA66 exhibits a deep and large track with irregular forms, indicating the presence of a micro-plowing wear process. For PA66+5 wt.% Cu composite materials, the wear profile is flat and much shallower, making measuring difficult. The last result shows that the incorporation of 5 wt.% copper resulted in an important wear decrease.



To summarize, the table illustrates copper’s ability to enhance the wear behavior of PA66 composites. With the incorporation of copper, the profiles changed from severe to flat, suggesting a potential improvement in wear resistance, which was especially noticeable in the case of PA66+5 wt.% Cu. These findings demonstrate the favorable effect of copper reinforcement on the wear characteristics of the blends.



Bar graphs in Figure 9 display the wear track width and volume loss after 10,000 rotation cycles for the different copper mass amounts under consideration. Changes in the wear scar width are closely related to the outcomes of wear volume loss. Neat PA66 exhibits the widest wear scar; the width decreases as 5 wt.% of copper is added to the polymer. Figure 9a reveals that the wear scar width falls from 2.318 mm to a minimum value of 1.657 mm as the copper mass fraction increases from 0 wt.% to 5 wt.%. Compared to the PA66+5 wt.% Cu composite, the volume loss of PA66 decreased from 5.19 × 10−3 mm3 to 0.71 × 10−3 mm3, which is significant. The wear volume typically increases if the copper content exceeds 5 wt.% Cu. Generally, the wear volume loss values of the composites are still lower than pure PA66, which can be explained by the formation of a homogeneous transfer film with low copper percentages on the antagonist’s surface. [31,32]. Better coherence and ductility in the transfer film may be responsible for the decrease in sheared forces during rotation cycles and may preserve the two contact surfaces (steel pin/PA66 composites) from wear. As a result, the volume loss due to friction and wear was greatly decreased. Similar trends were obtained by He et al. for the wear behavior of POM/Cu micro-composites [31]. When the copper mass fraction was above 3 mass percent, the composites’ ability to resist wear was dramatically reduced. Bahadur and Gong [33] used three copper compounds (CuS, CuO, and CuF2) in their work to improve the tribological characteristics of polyetheretherketone (PEEK). Fillers were introduced into the PEEK matrix with a content of 35% by volume, and experimental results showed that these fillers reduced PEEK wear. SEM, XPS, and spectroscopy were used to investigate the transfer films and their adherence to the antagonist. It has been reported that the filler’s capacity to generate a thin, uniform transfer film solidly attached to the counterpart is the principal phenomenon related to reduced wear. It is also worth noting that the addition of copper microparticles considerably increased the wear resistance of PA66. The best anti-wear properties were found in the composite containing 5 weight percent copper.



Figure 10 displays SEM micrographs of neat PA66 and PA66/Cu micro-composites’ worn surfaces following 10,000 rotating cycles. The worn surface of pure PA66 has numerous visible microcracks throughout the sliding direction. Abundant and large wear debris particles were dispersed along the whole wear track. Micro-plowing and large plastic deformations on pure PA66 worn surfaces were also clearly observed. The material’s wear process indicates a severe adhesive wear mode. Compared to neat PA66, fewer plowing marks and wear debris were visible on the worn surface of PA66/Cu composites. In particular, the worn surface of PA66+5 wt.% Cu has the fewest amount of small wear particles. The shallower plowing grooves are clearly visible compared to other PA66/Cu micro-composites. Plastic deformation severity is reduced, creating a smooth and uniform contact surface. In fact, at low amounts of copper, the increased surface hardness of PA66 micro-composites reduced volume losses and increased the polymer’s endurance to scratches [31]. The composite with 5 wt.% Cu shows the appearance of light scratches on its wear track. The material’s wear mechanism is caused by mild adhesive–abrasive wear. There is more wear debris on the worn surface of the PA66+10 wt.% Cu and PA66+15 wt.% Cu micro-composites generated during rotation cycles, likely due to copper particle detachment. A more severe wear mechanism was observed at higher copper levels produced by an excessive number of detached copper particles, which led to voids that increased the surface roughness of the composites and wear volume losses [15]. As a result, wear resistance decreased again. Under circumstances such as extended stretching, shearing, and elevated temperatures generated by friction during sliding, wear debris was easy to form and pull out [31].



Pure PA66 exhibits wear behavior marked by considerable plastic deformation and an abundance of microcracks. Significant adhesive wear is the dominating mechanism, indicating high adhesive forces acting on the surfaces, which are responsible for material transfer and localized damage. The severity of plastic deformation is lessened when copper (Cu) particles (5 weight percent) are added to PA66. Shallow plowing grooves may be seen on the wear track of the composite. A mild adhesive-abrasive wear mechanism becomes the primary wear mechanism. This suggests that the wear process is influenced by both adhesive forces and abrasive interactions between the surfaces. The abrasive component becomes relatively higher at higher filler proportions which increases again the wear volume losses [34]. Light scratches and a tendency to furrowing with more generated wear debris are the main phenomenon observed on 10 wt.% and 15 wt.% Cu composites. In all cases, wear resistance of the different composites is higher than the pure polymer. It is well known that thermal energy has an important practical significance for the energy consumed by friction. Cu debris are conductive particles playing an important role in heat conduction during rotating cycles [35]. It was found that the temperature of contact surface decreases with the increase in filler proportion. This phenomenon could lead to a general decrease in the friction coefficient and wear amount.





4. Conclusions


The components were mixed in a Brabender Plastograph’s internal mixer before being injected into a HAAKE MiniJet press to develop micro-composite materials based on a PA66 thermoplastic matrix and copper particles. The microtomographic images and SEM micrographs of the fractured surfaces of PA66/Cu micro-composites showed a consistent distribution of Cu powder throughout the PA66 matrix. Moreover, SEM revealed a somewhat weak bond between the PA66 matrix and the metal particles. According to the DSC analysis, copper powder enhanced the thermal characteristics of the polymer, including the melting and crystallization temperature and the degree of crystallinity.



The mechanical properties were tested by tensile and nanoindentation tests. The tensile strength, indentation hardness, and indentation elastic modulus were improved when copper was added to the PA66 polymer. The best mechanical properties were performed at 5% copper weight. Additional crystallizations of composite materials enhanced their mechanical, thermal, and tribological properties. According to the friction results, 5% weight percent Cu had the best anti-wear properties while a continuous decrease in the friction coefficient was performed as copper content increased. This may be attributed to the decreasing temperature of the contact surface. Wear mechanisms changed from severe adhesive wear in neat PA66 to adhesive and abrasive wear mechanisms in the case of PA66/Cu composites.
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Figure 1. Melt-blending/injection process for the development of PA66/Cu micro-composites. 
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Figure 2. SEM of pure copper powder and cryofractured surfaces in neat PA66 and PA66/Cu micro-composites. 
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Figure 3. Microtomography visualizations of PA66/Cu composites in 3D images of samples. 
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Figure 4. (a) DSC curves during the cooling process and (b) DSC curves during the heating process for neat PA66 and various PA66/Cu micro-composites. 
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Figure 5. Typical tensile stress–strain curves for neat PA66 and PA66/Cu composites. 
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Figure 6. Tensile properties of neat PA66 and its micro-composites: Yield stress (σy), Yield strain (εy), and Nominal strain at break (εtb). 
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Figure 7. (a) Indentation hardness (HIT) and (b) indentation elastic modulus (EI) of PA66/Cu micro-composites. 
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Figure 8. Typical evolution of the friction coefficient versus the number of cycles for neat PA66 and PA66/Cu micro-composites. 
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Figure 9. (a) Wear track width and (b) wear volume loss versus the copper weight fraction after 10,000 cycles for neat PA66 and PA66/Cu composites. 
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Figure 10. SEM micrographs of the worn surfaces after 10,000 rotating cycles for neat PA66 and PA66/Cu composites. 
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Table 1. Principal thermal parameters from DSC analysis of PA66 and PA66/Cu composites (Tg: Glass transition temperature, Tm: Melting temperature, ∆Hm: Enthalpy of melting, Tc: Crystallization temperature, ∆Hc: Enthalpy of crystallization).
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	Material
	Tg (°C)
	Tc (°C)
	∆Hc (J/g)
	Onset Melting (°C)
	Tm

(°C)
	∆Hm (J/g)
	Crystallinity Xc (%)





	Neat PA66
	51
	227
	69
	246
	259
	72
	~36



	5 wt.% Copper
	54
	231
	74
	248
	260
	83
	~42



	10 wt.% Copper
	59
	232
	67
	249
	261
	73
	~37



	15 wt.% Copper
	63
	232
	68
	249
	261
	75
	~38










 





Table 2. Typical 2D transversal profiles and 3D profiles from the worn surfaces of neat PA66 and PA66/Cu composites.
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	2D Transversal Profile
	3D Profile





	Neat PA66
	[image: Jcs 08 00382 i001]
	[image: Jcs 08 00382 i002]



	5 wt.% Cu
	[image: Jcs 08 00382 i003]
	[image: Jcs 08 00382 i004]



	10 wt.% Cu
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	[image: Jcs 08 00382 i006]



	15 wt.% Cu
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