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Abstract 

The powder metallurgy technique is utilized in this study to produce Cu matrix hybrid composites with ZrO2 

reinforcements and graphite additives. This study compares composites' microstructural (theoretical, experimental, 

and relative density, phase morphology, type, chemical content), mechanical (microhardness), and tribological 

behavior (wear and friction) with 5, 10, and 15 wt% reinforcement, together with and without the effect of 2 wt% 

graphite additives. Homogenously ZrO2 added copper alloy was successfully produced. All samples were produced 

at least %90 relative density. The XRD analyses also validate the phase presence of reinforcement phase. Also the 

graphite was added to samples which provides self-lubrication. The graphite addition improves friction behaviour. 

The hardness of the composites increased as the amount of ZrO2 increased with the addition of graphite. The wear 

resistance of ZrO2-added copper samples was improved between 1.32 and 4.84 times better than that of copper 

without reinforcement. 
© 2023 DPU All rights reserved. 
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1. Introduction 

Copper matrix composites have had many uses in recent years due to their superior mechanical, physical, and 

chemical properties [1]. Copper matrix composites are produced by adding many different reinforcement elements. 

Some of these are SiC [1], Al2O3 [2], MgO [3], and graphite composites [4]. Due to their superior thermal and 

electrical conductivity, copper-based metal matrix composites are very popular in the electrical and electronics 

industry [4]. Different carbide and oxide structures are used as reinforcement to improve both thermal and 
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mechanical properties [2]. Today, Cu-based composites manufacture brushes widely used in automotive applications 

such as door locks, starter motors, and blower motors [5-7]. As can be seen, the components mentioned are machine 

parts that operate at high speed and are subject to friction and wear. In the literature, the benefits of oxides integrated 

to the Cu structure have been revealed by different studies. Alumina particles have special qualities when distributed 

throughout the copper matrix, including potent strength, outstanding resistance to annealing, and high electrical and 

thermal conductivity. A study used the traditional and spark plasma sintering methods to generate an Al2O3-

reinforced copper matrix in three distinct atmospheres: argon, nitrogen, and hydrogen. Using a hydrogen 

atmosphere, an issue of weak interfacial bonding in the nitrogen and argon atmosphere has been partially resolved. 

EDS analysis validates the same problem as well. The degree of bonding deteriorated during sintering in nitrogen 

and argon atmosphere due to the formation of Cu2O [2]. Improvements in the Cu–Al2O3 system's compressive 

strength, hardness, and wear resistance were demonstrated by Fathy et al. [8]. A comparison was made between Cu–

Al2O3 and copper alloy's wear resistance, and it was observed that the copper alloy without Al2O3 had the lowest 

wear resistance. Furthermore, it has been found that wear resistance increases with an increase in the Al2O3 ratio. 

The copper matrix composite samples with 2.5%, 7.5%, and 12.5% Al2O3 possess the following relative densities, in 

that order: 92%, 90%, and 88%. It is observed that the relative density is highest in pure copper alloy and lower in 

copper composites containing Al2O3, and this decrease continues as the additive ratio increases. It was determined 

that Brinell hardness values increased with increasing Al2O3 ratio. The hardness value of the pure copper alloy is 

53.7HB, and the hardness of the copper matrix composite samples containing 2.5%, 7.5%, and 12.5% Al2O3 are 

59.8HB, 67.9HB, and 79.4HB. 

Due to its unique characteristics, which include high hardness, low coefficient of friction (COF), high elastic 

modulus, chemical inertness, and high melting point, zirconia is a ceramic material with a wide range of applications 

[9]. Studies using copper matrix composite materials with different reinforcements, including SiC, Y2O3, and TiO2, 

have been published in the literature [1-4, 10, 11]. These reinforcements have significantly increased the hardness 

values of composite materials. Nevertheless, a literature review reveals that adding graphite to copper matrix 

composites increases their ability to resist friction and wear. [12, 13]. Studies have shown that graphite additive in 

Cu matrix composites reduces the alloy's hardness and increase wear resistance by acting as a solid lubricant. Based 

on this situation, the hardness of the composite samples is predicted to be increased by adding reinforcements such 

as ZrO2 into the copper matrix. At the same time, the wear resistance of the samples was increasedy adding 2-3% 

graphite by volume. The samples were made using and without the addition of ceramic reinforcement-graphite 

addition. The effect of graphite and ceramic additives on microstructural (SEM-EDS and XRD analysis), 

tribological (wear rate, friction coefficient behavior), and mechanical (hardness) performance was investigated and 

relatively compared. 

2. Material and method 

Cu powder (NaNokar, 44 μm, 99.9%), ZrO2 (Metco, 25 μm, 99.99%), and graphite (Alfa Easer, 44 μm, 99.5 %) 

were prepared according to calculated stoichiometric ratios. The starting powder materials were homogenized in 10 

ml polyethylene containers for 12 hours at 150 rpm using a Retsch PM 400 planetary mill machine. The samples 

were pressed with a Calver manual press in a diameter of 1 cm. The shaped samples were pressurized to 200 MPa 

using a cold isostatic press (MSE-CIP) to make them more dense. In this study, the samples were produced utilizing 

a Protherm tube furnace operated in an argon atmosphere for two hours at 900 °C. The experimental densities of the 

samples were calculated using Archimedes' method [14]. PanAnalytical X-ray diffraction (XRD) was conducted at 

30 kV and 30 mA with a Cu Kα radiation source. The FEI NovaNanoSEM650 scanning electron microscope (SEM) 

and the EDAX Trident energy scattering X-ray spectrometry (EDS) were used concurrently. The data regarding the 

microstructural characteristics and the location of the reinforcement (ZrO2 and graphite) in the matrix (Cu) of the 

samples were gathered. The microhardness measurement technique was performed using Future Tech FM-800 

equipment. Hardness evaluation tests were done at 25 gf load and 10 seconds of dwelling time. Also, the tribological 



 Kaya, E. and Tokat-Birgin, P.C., (2024) / Journal of Scientific Reports-A, 57, 51-67 

53 

 

performance of all samples was evaluated. ASTM G99 test standard was used. The pin-on-disk type test method was 

selected and carried out in the CSM Tribometer device. A hardened 3 mm diameter 100Cr6 bearing steel ball was 

used as the counterbody. 3N was used as a test load. All wear tests were performed with a 6 mm diameter projectile 

circle. Wear test performed at 3 cm/sec (about @ 196 RPM). The total test distance was 50 meters. During the test, 

the COF was recorded instantly. In order to calculate the wear rate in a volumetric loss per load and distance, a 

cross-section of the worn surface was measured using a Mitutoyo SJ-400 surface roughness profilometer. Gaussian 

filtering techniques were used to determine of the average surface profile. Subsequently, after the wear test, SEM 

and EDS analyses were evaluated on the worn surfaces. The wear mechanism is characterized. The chemical 

composition of the produced samples were added to Table 1. 

Table 1. The chemical composition of the produced samples.  

Sample Code Cu (% vol.) ZrO2 (%vol.) Graphite(%vol.) 

S-0 100 none none 

S-1 Balance none 2 

S-2 Balance 5 none 

S-3 Balance 10 none 

S-4 Balance 15 none 

S-5 Balance 5 2 

S-6 Balance 10 2 

S-7 Balance 15 2 

 

3. Result and discussion 

The theoretical and relative densities of the samples were calculated, and experimental densities were measured. 

Density values are compared in Figure 1. The relative density of the copper sample S-0 is at its maximum compared 

to the other samples. Graphite and ceramic additives led to a decrease in the relative density. As the additional 

amount of ZrO2 increases (S-2, S-3, and S-4, respectively), the relative density value is expected to decrease 

compared to other added compounds, while the relative densities of samples S-2 and S-3 are the same. In ceramic-

reinforced metal matrix composites, 100% wetting between ceramic and metal may not be achieved. As ceramic 

reinforcement increases, the relative density of the composite may decrease. The relative densities of ZrO2/graphite 

added copper matrix composite specimens are also expected to decrease with increasing ZrO2 addition, while the 

relative density of specimen S-6 increased very slightly. S-7 showed a decrease, as expected. Considering the 

margins of error, there is no inconsistency in the result. 
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Fig. 1. Theoretical, experimental, and relative densities of ZrO2 and ZrO2/graphite added copper matrix composite samples. 

Figure 2 shows SEM images of the composite samples. Figure 2a presents SEM images of the undoped sample, 

Figure 2b, 2c and 2d present SEM images of the samples containing 5%, 10% and 15% ZrO2, respectively. The 

amount of ZrO2 in the composites is directly proportional to the amount of ZrO2 in the microstructures in the SEM 

images. In Figure 2b, the amount of ZrO2 grains is relatively less, in Figure 2c it is slightly increased, and in Figure 

2d it is slightly increased.  The samples in Figure 2e, 2f, 2g, and 2h contain 2% graphite and 0%, 5%, 10% and 15% 

ZrO2, respectively. Similar to the SEM images of the samples without graphite addition, as the amount of ZrO2 in 

the graphite and ZrO2-added composites increased, the amount of ZrO2 grains in the microstructures also increased 

(figures 2f, 2g and 2h, respectively). Figure 2e shows that the grain boundaries of the graphite-containing sample are 

more indistinct than in Figure 2a and that the graphite is homogeneously distributed in the copper matrix. In images 

b, c, f, and g, it is evident that the ZrO2 grains retain their structural integrity. In the study by Elmahdy et al., It was 

mentioned that due to their high melting point, high hardness, exceptional thermal stability, and chemical inertness, 

ZrO2 grains are present in the Cu matrix whereas no melting occurs. It was mentioned that the reinforcement grains 

increase the strength of the sample by preventing the movement of dislocations [15]. The SEM images obtained in 

the study are similar to those in the literature. It is clear from the microstructure analysis that the samples are 

sintered and well-densified. 
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Fig. 2. SEM images of (a) S-0, (b) S-1, (c) S-2, (d) S-3, (e) S-4, (f) S-5, (g) S-6, (h) S-7. 
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Data from the SEM/EDX analysis in Figures 3a and 3b are shown. The principal Cu, C, O, and Zr peaks were 

found, which correspond to the ZrO2 particle and Cu matrix compositions, respectively. For both samples, two spot 

analyses and one field analysis were performed. The peak intensities and numerical data obtained agree with the of 

stoichiometry composition. 

 

 

Fig. 1. SEM-EDX images of (a) S-4, (b) S-7 samples. 

The field emission SEM micrograph and matching map analysis used to ascertain the distribution of the 

composite's elemental parts are displayed in Figure 4. The elemental components of the structure are distributed 

uniformly, according to the surface scan results. Nearly the entire surface is covered in copper and zirconium and 

are readily apparent at a particular location in the surface scan. A low level of carbon and oxygen content were also 

detected. The carbon content was detected as % 3.13. One can be infer that the low atomic diameter elements (such 

as C, B, and O) s are hard to detect precise exact chemical composition 
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Fig. 4. (a) SEM image of the sample S-7, (b) elemental mapping of sample S-7, (c) the element mapping of Cu in (a), (d) the element mapping of 

Zr in (a); (e)the element mapping of C in (a), (f) the element mapping spectrum of sample S-7. 

The data obtained after X-ray diffraction (XRD) analysis of ZrO2 and ZrO2-graphite added copper matrix 

samples are shown in figures (a) and (b), respectively. For the ZrO2-added samples, the primary phase is copper, and 

the peaks of the copper phase are observed at 2theta = 43.3°, 50.4°, and 74.7°, similar to the other reinforced 

samples. Sample Z-2 does not appear to have a 100% zirconia peak. All ZrO2-containing samples, including sample 

Z-5 with the same ratio, have this peak and a minimal zirconia peak at 31.7. As the reinforcement addition of ZrO2 

increases, the peaks of the zirconia phase also increase minimally. Due to the high intensity of Cu peaks and low 

level of the graphite content, it is thought that the peak of graphite phases settled in the background in ZrO2-graphite 

added copper matrix composites. The elements added below 2% could not be detected as they were below the 

detection limit of the XRD. 
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Fig. 5. XRD spectrum of pure copper, only graphite added copper, ZrO2, and ZrO2/graphite added copper matrix composite samples. 

 

Figure 6 shows the microhardness properties of the produced samples. The lowest hardness was measured in S-0 

sample which pure copper. The sample with graphite content (S-1) has a particularly lower hardness value than the 

pure copper sample (S-0). The main reason for this situation is graphite couldn’t affinity to copper elements in the 

microstructure. When the ZrO2 addition rate increases by 5%, 10%, and 15%, the hardness change increases 

significantly. As the amount of ZrO2 increased, the hardness of the samples increased linearly as the reinforcement 

distribution incrase general stiffness was incrased. The hardness value of graphite/ZrO2 added samples (S-5, S-6, 

and S-7) is higher than that of only ZrO2 added (S-2, S-3 and S-4). The addition of graphite is increased general 

stiffness due to integration to grain boundaries. It is higher than the copper composite sample (S-1) containing only 

graphite. 

 

 

Fig. 6. Hardness of of ZrO2 and ZrO2/graphite added copper matrix composite samples. 

Figure 7 shows the wear resistance-COF alteration graph of samples containing Cu matrix, ZrO2 ceramic 

reinforcement phase, and Graphite additive at different rates. The diagram is reported as wear rate and average 

friction coefficient. Higher wear rates mean inferior wear resistance. Wear rates are calculated by taking the average 

value of the applied load, distance, wear scar diameter, and the resulting wear channel. Equation 1, given below, 

shows the formulation used in wear rates. D is the diameter of wear track that used in the test (mm), A is the surface 

cross section worn surface obtained by surface profilometer (mm
2
), P is the normal load that used in the test (N), L 

is the wear test distance as meter. 
3. .

,
. .

D A mm
Wear Rate

P L N m

 
  
 

                 (1) 
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As can be seen from the diagram, ceramic reinforcement added to the structure at different rates dramatically 

improves the wear resistance of the structure. Due to increased ceramic particle reinforcement, wear rates have 

significantly improved in all reinforced groups over and plain graphite-added Cu alloys. Wear performance 

improvements in samples produced by adding different amounts of ZrO2 to the microstructure vary between %132 

to%484 comparison to the lean Cu sample (S0). Only ZrO2 reinforcements improve wear resistance %136 to %331. 

ZrO2 reinforcement and the graphite addition improved the wear resistance %132 to %484. One can infer that 

combining oxide and graphite improve wear resistance more efficiently. However, adding lean graphite did not 

directly improve the wear resistance; on the contrary, it caused a decrease in the wear performance. When the wear 

rate and average friction coefficient of the lean graphite added sample (S-1) are examined, it is seen that it shows a 

high wear rate. However, this sample had the lowest friction coefficient among all groups. The friction coefficient is 

not an exact material property but the response of the created tribological coupled system. The friction coefficient 

graph of this sample is examined (Fig. 8), showing that the friction behavior is stable after 10 meters. The EDS 

analysis of the worn surface showed that the presence of oxide layers formed on the surface is seen. Wear increased 

with the first contact but decreased with increasing test distance due to graphite-based oxides formed on the direct 

metal-metal contact surfaces. The structure's absence of a hard reinforcement phase (such as ZrO2 for this case) 

increased the actual contact area on the interface. Although graphite, known to be soft and able to move within its 

own layers, prevents direct metal-metal contact on surfaces, it does not directly affect wear resistance. Thus, the 

wear rate deteriorated. This situation is thought to be due to the formation of tertiary particles by graphite combining 

with O in the ambient atmosphere during the test. The resulting complex tribochemical oxides caused abrasive 

damage to the pure Cu matrix and caused worsening wear. Graphite is known to be an excellent solid lubricant with 

the ability to move through layers. For this reason, graphite plastered on the surfaces reduced the friction. 

When the wear performances of ceramic particle-reinforced samples are compared to the reference sample, the 

wear rates are improved by approximately 1.36 to 4.84 times. Ceramic particles placed in the Cu matrix increased 

the load-carrying ability of the surface. Similarly, the increasing amount of ceramic particles within the structure had 

a linear effect on wear performance. Samples containing plain ceramic particles are coded as S-2, S-3, and S4, and 

with increasing amounts of ceramic additives, wear rates decreased, and wear resistance improved in all samples. In 

addition to ceramic additives, the effect of ceramic particles and graphite reinforcement on wear and friction was 

also examined in the experiments. For this reason, the wear behavior of samples containing graphite with different 

amounts of ceramic particle reinforcement was characterized using the same test parameters. These samples are 

coded as S-5, S-6, S-7. Graphite additives do not have the same effect in every ceramic particle system. Graphite 

content in ZrO2-reinforced samples had a positive effect and reduced friction. 

 



 Kaya, E. and Tokat-Birgin, P.C., (2024) / Journal of Scientific Reports-A, 57, 51-67 

61 

 

 

Fig. 7. The comparative wear rate of ceramic particle-reinforced alloy systems at different rates. 

Figure 8 shows the distance-dependent COF alteration graphs of samples containing different ratios of ZrO2 

ceramic reinforcement phase and graphite additive. When the graphs are examined in general, it is seen that the 

friction behaviors enter a regular regime called the incubation period after passing the static friction point. Friction 

behavior in all samples showed stable behavior at the end of the test except for the S-6. This case indicates that the 

selected test distance is optimum for the specified load and speed values. S-2 sample which has contains lowest 

reinforcement ratio, exhibits higher steady regime comparison to other samples. A high friction regime was 

observed in the S-0 sample for the first 20 meters which is the reference sample. During the mid-regime of the test, 

the COF behavior getting stabilized. The situation shows that third bodies at the interfaces were extracted from the 

worn surfaces. Thus the COF behavior was stabilized with the help of copper-based oxides. Although sample S-1 

has a high wear rate, it has a low COF—this situation affects the graphite present in the structure. Samples S-2, 3, 

and 4 are ceramic-added samples that do not contain graphite. As expected, the average COF behavior of these 

samples is higher than those containing graphite. Among the graphite-added samples, the system showing the 

highest oscillation is the S-5 and S-6. This situation develops due to oxides breaking and breaking with continuous 

contact at increasing wear test distance. Particles that break off and remain on the rubbing interface cause an 

increase in the friction force due to compression and cause fluctuations. Sample S-7 is the sample with the lowest 

wear rate. Similarly, it exhibited the relatively steady friction behavior in the ZrO2-reinforced groups. High and hard 

ceramic grains in the microstructure reduced the deteriorating effects of the wear. It also reduced the COF by 

reducing the actual contact rate. 
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Fig. 8. The COF behavior is based on the distance of the samples. 

Figure 9 shows the worn surface SEM-EDS analysis of the reference sample without additives (S-0) and the 

graphite-added sample (S-1). When the wear surface of the reference sample is examined, it is seen that the wear 

mechanism is primarily oxidative in places. These formed oxides are brittle and break at increasing wear distances. 

These broken pieces remained on the surface, allowing three-body abrasive wear to begin. Although the dominant 

wear mechanism in the reference sample is oxidative, abrasive effects are also observed. When the SEM-EDS 

analysis of the wear surface of the graphite-added reference sample is examined, it is clear that the wear mechanism 

is entirely abrasive. There is also superficial oxide formation on the surfaces. There is graphite found in the 

structure. Graphite incorporated into the structure is a type of solid lubricant and is one of the main topics known in 

the literature. The solid lubricity of graphite occurs due to the weak interlayer bonds. Graphite inside the 

microstructure is plastered on both surfaces. Graphite moving between layers after plastering ensured low friction on 

the surface. However, the absence of a reinforcement phase supporting the matrix within the structure poses a 

negative situation regarding load-bearing ability. With increasing wear test distances and wear load, also the plastic 

deformation mechanism of abrasive wear deformed the surface. For this reason, the wear performance of the plain 

graphite added sample performed weak weak wear resistance compared to the reference sample. 
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Fig. 9. Worn surface SEM-EDS analysis of reference sample (S-0) and graphite added sample (S-1). 

SEM and EDS analyses of worn surfaces are shown in Figures 9, 10 and 11 respectively. Figure 9 exhibits SEM-

EDS analysis of the worn surface of S-0 and S-1 which are lean copper and graphite added copper samples. Figure 

10 and 11 shows SEM and EDS analyses of worn surface of different amounts of ZrO2 reinforced samples. When 

the plain ceramic added group is examined, it is seen that the wear resistance is lower than the graphite added group. 

This sample group is the group characterized as having the lowest wear resistance. As can be seen, when the 

surfaces of these samples containing different amounts of ceramic reinforcement are examined, microcracks caused 

by contact are pretty visible. These microcracks occur after continuous contact with the high-hardness areas of both 

sides. It is a type of damage mechanism caused by surface fatigue. This situation indicates that the surface's load-

bearing ability is low. Similarly, cleavages, indicators of brittle fracture, are frequently seen on the surfaces. In 

addition, despite the increased reinforcement ratio, oxidative wear on the surfaces was practical in all sample 

groups. The high wear appears to be three-body abrasive wear, which starts with oxidative origin and turns abrasive. 
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Fig. 10. Worn surface SEM and EDS analyses of samples containing different amounts of ZrO2 additives.  

The worn surface analysis photographs of both ceramic and graphite-added samples are given in Figure 11. 

Similarly, wear performance improved with increasing reinforcement ratio. The effect of graphite addition was 

observed very clearly in this alloy system. A decrease in the channel width was observed in all graphite-added 

samples. This situation is an indication that friction is decreasing. Surface damage in graphite-added ceramic 

particle-reinforced samples turned into an abrasive character. It is seen that the surface damage occurs superficially 

after increasing the reinforcement ratio. Increasing ceramic additive in the produced samples increased the 

probability of contact with the counter object, and wear decreased. Additionally, graphite smearing and interlayer 

movement reduced the actual contact zone and improved wear performance. 
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Fig. 11. Worn surface SEM and EDS analyses of samples containing different amounts of ZrO2 and graphite. 

4. Conclusions 

Copper and copper matrix composites containing 5%, 10%, and 15% ZrO2 by volume have been successfully 

produced via powder metallurgy. In addition to these samples, 2% graphite was added to each sample, and the 

mechanical properties of the samples were compared. Analysis and characterization methods such as XRD, 

theoretical, experimental, relative density, hardness, SEM, EDX, elemental EDX mapping, and wear were applied to 

the produced samples. If the results obtained are examined in detail, the following conclusions are drawn: 

●When the theoretical, experimental, and relative densities of the produced Cu/ZrO2 added and reference samples 

were compared, it was observed that the density values decreased with the addition of reinforcement. The average 

values of pure copper, ZrO2, and both ZrO2 and graphite-reinforced samples were 92.5%, 92.17%, and 91.77%, 

respectively. The relative densities of the specimens were found to be suitable by performing the specimens first and 

then cold isostatic pressing and pressing twice. 
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●As a result of the electron microscopy analysis, it was observed that the graphite was distrubuted in copper and 

homogeneously distributed. In contrast, in the samples containing ZrO2, ZrO2 was homogeneously distributed 

without dissolution, preserving the grain structure. The Cu, Zr, O, and C quantities obtained from the elemental 

analysis of the samples are consistent with each other and with the initial stoichiometries. Electron microscopy 

analysis supports the successful production of ZrO2 and graphite reinforcements in all samples with homogeneous 

dispersion in the Cu matrix.  

● XRD analysis shows that copper matrix composites containing ZrO2 and copper matrix composites containing 

ZrO2 and graphite were successfully fabricated. 

● Samples with ZrO2 reinforcement increased the hardness value considerably compared to the copper sample. 

Unsurprisingly, the hardness value of the samples containing 2% graphite additives increased, and the wear 

resistance decreased slightly compared to those without graphite. 

● It has been observed that graphite additive positively affects wear resistance and friction behavior. No 

significant results regarding wear performance were obtained in the plain graphite additive sample. 

● In samples containing graphite additives and ceramic additives, the coefficient of friction was reduced, and 

wear resistance was improved. 

●With the study, the wear performance of Cu alloys was improved between 1.32 and 4.84 times. Wear resistance 

improved proportionally with increasing ceramic particle reinforcement. 

●By evaluating microstructural, mechanical, and tribological properties, optimum chemical content was 

determined as %15 ZrO2 reinforcement with the graphite additives. The material composition of S-7 sample could 

be utilized where wear resistance and friction behavior are important. 
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