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Abstract

This study comprehensively explores the effect of reinforcing a copper matrix with recycled tungsten carbide (RWC) powder to enhance its
mechanical and tribological properties. The copper matrix was initially fortified with fixed proportions of 8 wt.% high-carbon ferrochromium
(HC-FeCr), 20 wt. % iron (Fe), 10 wt.% graphite (C), and 2 wt.% molybdenum disulfides (MoS2) via high-energy mechanical milling.
Recycled tungsten carbide (RWC) powder in varying concentrations (1-5 wt.%) was subsequently blended with the matrix for 6 hours at 200
rpm. Graphite, MoS2, and RWC surface modification was achieved through nano-copper coating via electroless chemical deposition. The
composite powders were consolidated using a hot-press technique at 1010°C under 15 MPa for 15 minutes. The study's comprehensive
characterization included density, XRD, SEM analysis, hardness, wear, friction coefficient assessments, and electrical and thermal
conductivity measurements. The results revealed a 25% increase in hardness and a 12% reduction in wear rate with the addition of WC,
alongside a gradual decline in the friction coefficient. However, the electrical and thermal conductivities diminished as RWC content
increased. The Abbott-firestone curves show enhancement in the exploitation zone from (88 — 96%) at load 0.4 MPa and from (84-93%) at
load 0.7 MPa.
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1. Introduction

Tungsten carbide was famed as one of the best and most extensively utilized ceramic reinforcements for copper matrix
composites since it can improve hardness and wear resistance, making it a common ingredient in producing wear-resistant
materials [1]. Copper composites are promising because they combine ductility, low density, high thermal and electrical
properties, high mechanical strength, toughness at high temperatures, and increased stiffness. As a result, it has numerous
industrial applications, including friction materials in various transportation machines for steady and safe deceleration or
braking, antennae, vehicle piston crowns, electrical superconductors, contacts, filaments, and electrodes [2]. Several
researchers have investigated using tungsten carbide as a reinforcing phase for copper matrix. Girish B.M. concluded that
blending tungsten carbide particles into the copper matrix improved the mechanical properties of the composites while
slightly increasing the electrical resistance [3]. Lu Han fabricated a Cu matrix with WC nanoparticles using electrodeposition
and spark plasma sintering. The formed composites have high thermal stability and improved mechanical performance,
making them suitable for applications as a heat sink material [4] Through the stir-casting process, Rajesh D. investigated the
mechanical properties of tungsten carbide-reinforced aluminum metal matrix composites. The hardness and tensile strength
were increased with the weight fraction of tungsten carbide up to 3%, after which they started to decrease due to the
aggregation of WC particles that hindered the increase in hardness and tensile strength [5]. Dingdong Gu investigated the
microstructures and properties of tungsten carbide (WC) particle-reinforced copper (Cu) matrix composites produced by
direct metal laser sintering (DMLS) with the addition of rare earth (RE) elements. D. Gu et al. have stated an enhancement in
the mechanical characteristic, with a friction coefficient of 0.8, a densification level of 95.7%, a microhardness of 417.6 HV,
and a fracture strength of 201.8 MPa [6]. Vidyuk et al. investigated the synthesis of tungsten carbides in a copper matrix using
spark plasma sintering (SPS), emphasizing the impact of processing conditions on microstructure and properties. Milling for
10 minutes and sintering at 980°C achieved complete tungsten carbide formation, resulting in a WC-W,C—Cu composite with
Cu-rich regions and submicron carbide particles. The material exhibited remarkable properties, including 300 HV hardness,
24% IACS electrical conductivity, and <5% porosity. This innovative approach highlights the potential of combining
mechanical milling and SPS to produce nanostructured composites with superior wear resistance. The findings demonstrate
advanced techniques' effectiveness in engineering high-performance metal-matrix composites [7]. Ahmadian et al. explored
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ways to enhance copper-based composites by reinforcing them with nano-sized silicon carbide (SiC) and multi-walled carbon
nanotubes (MWCNTs) using powder metallurgy and spark plasma sintering (SPS). The results showed that adding these
reinforcements led to smaller particle and crystallite sizes, improved hardness, and better wear resistance. Also, there is a
reduction in thermal conductivity and electrical conductivity, especially in the Cu-5%SiC-1%MWCNT composite[8].

Sadoun et al. investigated the effects of alumina coating with silver on the mechanical and tribological properties of
Al:Os-reinforced copper matrix nanocomposites. They fabricated composites with varying alumina content (2.5-10 wt%)
using mechanical alloying and powder metallurgy. Their findings showed that increasing Al:Os content enhanced hardness,
reaching a maximum of 175 HV, and significantly reduced abrasive wear rates due to the rigid ceramic reinforcement.
However, densification decreased as alumina content increased. The study highlights the potential of silver-coated alumina to
improve wear resistance and mechanical performance in copper-based composites[9].

Adding self-lubricating elements like graphite and MoS, to Cu composites is helpful for mechanical applications that call
for low friction coefficients, such as bearings. However, as their ceramic nature differs from Cu's metallic nature, both are
regrettably non-wettable in a Cu matrix. This issue can be resolved by reducing the surface energy and improving the
interfacial bonding between them and Cu. A copper nanometallic layer can be applied to their surfaces to accomplish this.

This study aims to enhance the copper (Cu) matrix by incorporating recycled tungsten carbide (RWC) powder. Along
with the schematic of our experimental design in Figure 1, the Cu composite with coated reinforcement was developed to
create a material suitable for mechanical and industrial applications. Additionally, this approach addresses the non-wettability
issue between the reinforcement and the Cu matrix.

2. Experimental work

Cu Powder

Coating Fe-Cr Powder
Process

Each One Separately

Graphite
heaters

Stainless Steel Container

Consolidated Samples

Hot Press Mechanism Mechanical Milling

Figure (1): Schematic of the experimental process for sample preparation.

2.1. Specifications of raw materials

-The as-received elementary powders

Cu is used as a base metal matrix to prepare a composite material; iron and high-carbon ferrochromium alloys are added
as alloying elements to increase the mechanical properties. Graphite and molybdenum disulfide are used as self-lubricant
materials. Table (1) shows the specifications of the used metals and materials.

The recycled tungsten carbide powder (RWC)

As mentioned in the study by Ahmed O. Abdel-Mawla, recycled tungsten carbide powder is prepared by the direct
recycling zinc melt process and is utilized as a reinforcing material [10].

The P30 ISO designation for the virgin tungsten carbide sample used in the recycling process indicates that its chemical
composition is 5% TiC, 2% (NbC, TaC), 9% Co, and 84% WC.
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Table (2) presents the XRF analysis of the RWC powder. The results demonstrate the effectiveness of the recycling
process, with tungsten carbide recovered at a high purity rate of around 98% and a semi-sphere-shaped particle size range of
430 nm to 3 pm, as depicted in Figure (2).

Table (1): The specifications and source of all used materials.

Material Particle size Purity Supplier

Copper (Cu) <75 pum 99.7% Oxford, Lab Fine
Iron (Fe) <75 pm 99.5% Chem, India
Graphite (C) <90 um 99.5%

Molybdenum Disulphide (MoS,;) <50 um 99%

Silicon (Si) <100 pm 99.5% Srichem, India

Chromium (Cr) <150 pm 99%,

Table (2): The XRF of RWC and virgin powders.

Analyte Virgin powder Recyc(i;:i;; ;)Wder
(Wt. %) ’
Ti 5.262 3.712
Fe 0.249 1.08
Co 9.724 6.796
Zn 0 0.043
Nb 0.867 0.903
Ta 0.963 1.063
W 75.2295 81.569
C 6.365 43

Figure (2): SEM of the recycling tungsten carbide powder

2.2. Preparation of the composite samples
2.2.1. Coating of ceramic powders by electro-less chemical deposition

An electroless chemical deposition process has been applied to improve the wettability between the ceramic

particles, such as RWC, MoS,, and graphite, and the metallic copper matrix[11]. The electroless plating method involves
coatings from metallic ion solutions without needing any external electrical energy source. It is used to capsulate conductive
or nonconductive materials on a powder surface by a nanometallic layer such as Cu, Ag, or Ni to decrease the surface energy
with another surface. Copper (II) sulfate pentahydrate, sodium hydroxide (Pellets, Purity 98%, India), potassium sodium
tartrate (Rochel salt) (Powder, Purity 99%, Egypt), and formaldehyde (Solution, Assay 38%, Egypt) bath was used. The
surface of each powder was activated by a magnetic stirrer with a 10% NaOH solution for one hour; after that, the powders
were filtered, washed with distilled water, and dried. After the activation process, each powder (recycling tungsten carbide,
graphite, and molybdenum disulfide) was added separately to the copper deposition chemical bath, which is composed of
43.75 g of CuS0O,4.5H,0 dissolved in 1250 ml distilled water, then 62.5 g of NaOH was added (as a PH adjusting material),
150 g of KNaC,H,0.4H20, and 250 ml/l formaldehyde (as a reducing agent). The reaction was immediately initiated by
adding the formaldehyde and adjusting the PH~12. The reaction was completed after 1 hour by coating a Cu layer on the
surface of the above-mentioned ceramic materials. So, their capsulation was established by a nano Cu-layer.
The powders were filtered, washed with distilled water, and dried in a muffle furnace at 80 C for 1 hour. Finally, the Cu-
coated powders undergo a hydrogen reduction cycle in a gas tube furnace at 500 C for 1 hour to remove any oxidation in the
copper particles [12]. Because the electroless chemical deposition method takes place in an aqueous solution, the deposited
Cu was in the form of CuO. So, the reduction step is essential to obtain a nano Cu layer.

2.2.2. Preparation of the high carbon ferrochromium alloy by mechanical alloying

Ferro-chromium was added to the copper matrix with a constant ratio to enhance the wear resistance of the composite.
The chemical composition of the Fe-Cr powder is given in Table (3).
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Table (3): Chemical composition of the Fe-Cr powder in wt.%.

Element Cr Fe Si C

Concentration wt.% 64 27.36 1.8 6.84

All the proportions indicated in the above Table were mixed mechanically for 50 hours with a speed of 250 rpm by the
planetary ball mill model (PQ-N2) with a 5:1 ball-to-powder ratio in the presence of argon gas to protect the elements from
any oxidation in which the ferrochromium alloy was formed [13], as detected by XRD.

2.3. Preparation of copper composite sample

The composition of the copper matrix in weight percentage was 20% Fe, 10% copper-coated graphite, 8% FeCr, 2%
copper-coated MoS, and 60 % Cu. The copper-coated recycled tungsten carbide powder was added to the above copper
matrix as a reinforcement material from O to 5 wt.% by one interval.

The ratios mentioned above were mixed mechanically with the different percentages of the recycled tungsten carbide
powder using a planetary ball mill for 6 hours at 200 rpm speed with a 4:1 ball-to-powder ratio. 1.5 wt. % hexane was added
during milling as a process controlling agent (PCA) [14].

2.4. Samples consolidation

Consolidation of the samples was carried out in a Vertical Vacuum Hot Press Furnace (Model HIQ-22HP), under
pressure of 15 MPa at a temperature of 1010 C for 15 minutes, in a graphite die with a diameter of 15 mm.

2.5. Characterizations of the consolidated samples
2.5.1. Density

Density is an essential physical characteristic of any material with a mechanical application. It gives a
good indication of the porosity and densification of the sintered samples. Following MPIF standards 42, 1998, the
density of the sintered specimens was determined using the Archimedes water immersion method. The following
formula was used to determine the sample density, shown in equation (1)[15].

Density(gm/cm?3) = Wight of sample in air Equation (1)

- Wight of sample in air - Wight of sample in water

2.5.2. Phase structure and microstructure identification

To estimate the phase structure and composition of the prepared samples and investigate any new phases formed
during the consolidation process. They were analyzed by x-ray diffraction analysis (XRD) utilizing x-ray diffractometer
model x, pert PRO PANalytical with Cu ka radiation (A = 0.15406 nm). The surface of the sintered samples was prepared for
microstructure investigation by polishing and grinding using silicon carbide papers of varying grit (80, 400, 600, 800, 100,
1200, and 20000, respectively), and then finishing with alumina paste has 0.3 pm particle size.

The sintered metallographic structure was investigated using a scanning electron microscope (SEM) model
TESCAN SEM VEGA3 and optical digital microscopy (OM) equipment ZEISS Ax10 Imager Alm.

2.5.3. Electrical and thermal conductivities

Electrical conductivity for all consolidated samples is measured using a PCE-COM20 conductivity meter at room
temperature. The Wiedemann—Franz equation (2) determines the thermal conductivity.

A _ mPKE

= =L=2443+« 10~8wQ/K? Equation (2)

Where A is thermal conductivity (W/mK), o is electrical conductivity Q.m™, T is the absolute temperature in degree Kelvin
(293 k), Kj is Boltzmann constant, and L is Lorentz number[16].
2.5.4. Mechanical properties

Hardness

The hardness test is an essential mechanical characteristic for copper composite materials used in mechanical
applications. In this work, the microhardness was estimated. A 500 g load and 10 seconds for microhardness was used. The
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Vickers hardness tester type LalZhou Welyl, model HV-30MPTA, was used to measure consolidated samples' microhardness.
For every specimen, the mean of three hardness readings was ascertained.

Tribological properties (wear rate and the friction coefficient)

The tribological test was applied to the polished samples using a (pin-on-disk) tester machine that works according to the
SAE-J661 Standard Test [17]. The disk is made from tungsten carbide with a hardness of 75 HRC.

Depending on the sample's weight loss, the specific wear rate was detected using the same pin on the disk machine. It
was measured under the same parameters mentioned above. The wear samples have a cylindrical shape with a diameter of 8
mm and a length of 10 mm. Before each test, the surface of the samples was polished and photographed by an optical
microscope. The friction coefficient of the samples is detected under friction pressure of 0.4 and 0.7 MPa, with a 150-rpm
rotation speed of the disc and sliding distance of 780 m during a test time of 15 minutes.

The specific wear rate [18]was calculated according to equation (3), where AV is the volume loss (mm®), SD sliding
distance (mm), and L is the load (N):

AV
SD*L

Specific wear rate (mm3/N.m) = Equation (3)

The surface roughness of the samples was measured before and after the wear process using the Mitutoyo Surfest SJ-201.
The worn surface of the wear-tested specimens (for both 0.4 MPa and 0.7 MPa) was analyzed and photographed using an
optical microscope model (optical digital microscopy ZEISS Ax10 Imager Alm equipment). Then, the images of worn
surfaces were processed analytically and graphically using Gwyddion software. Statistical analysis and Excel software were
used to study the Abbott Firestone curves.

3. Results and discussions

3.1. Microstructure of the used powders

Figures (3) a, b, and ¢ show the microstructure of the as-received copper, iron, and the prepared high-carbon
ferrochromium powders, respectively. It is noted that copper has a dendritic structure ready by electric method; iron has a fine
semicircular particle, while ferrochromium has an irregular big particle. Figures (3) d, e, and f represent the copper-coated
MoS,, Graphite, and recycled tungsten carbide powders, respectively. They all indicated the good nano Cu coating process
and good adhesion between copper particles and the ceramic surfaces. In which auto-catalytic copper plating has been
developed on activated and metalized conductive ceramic surfaces.

Figure (4) displays the XRD pattern of high-carbon ferrochromium powder. Two male peaks at 20 of 44.2° and 64.4°,
which refer to the cubic CrFe, were recorded. This indicates the excellent and successful mechanical milling preparation
process, which gives the required friction energy to form the ferrochromium alloy [18].
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Figure (4): The XRD of the prepared ferrochromium powder

3.2 Microstructure of the consolidated samples

Figure (5) shows the microstructure investigation of the prepared Cu- composite materials. There are four mean
areas: the white grey, which represents the copper matrix; the dark grey area, which belongs to iron; the black spots, which
represent the graphite particles; and the white spots, which represent the recycled tungsten carbide particles. Finally, the MoS,
appeared as a blocked dark grey area, as shown in the EDX analysis.

The Figure shows that all the additive materials are distributed homogeneously throughout the copper matrix[19]. This may be
attributed to the suitable mechanical milling parameters, surface treatment, and coating of the ceramic reinforcement materials
with the nano Cu layers [20].

Figure (5): Microstructure under scan microscope of sintered samples at 1000X mag.

Scanning electron microscope images were recorded on the top, middle, and bottom areas to study their microstructure.
Generally, the presence of RWC in the copper matrix helps in the grain refinement of the particles; this is because the RWC
acts as an internal ceramic ball, causing the reduction of the particle's size, resulting in the improvement of the grain
refinement and more densification with a homogeneous microstructure. However, it is observed that, for the high RWC
percentages (4, 5 wt.%), some RWC aggregations were observed. This may be attributed to the high density of RWC particles
(13.2 gm/cm3 ) that causes some agglomerations. Also, RWC helps increase the dislocation, especially at high ratios, known as
a crystallographic defect within the crystal structure that contains abrupt changes in the arrangement of atoms. This movement
of dislocations allows particles to slide over each other, causing the agglomerations. Also, dislocation density increases with
the decrease in particle size. The coating process of either graphite, RWC, or MoS, helps decrease the aggregations and grain
growth of the particles.

The EDX analysis was carried out on a 3 wt.% RWC-Cu sample to analyze the distribution of all constituents in the Cu
matrix, as shown in Figure (6) with their Tables. The copper coating distribution on the ceramic particle surfaces is uniform,
with nearly every point containing all the composite elements. This indicates good mechanical milling and preparation
conditions.
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Figure (6): EDX of 3 wt.% RWC sample

3.3 XRD for the consolidated samples

The consolidated Cu samples are analyzed using XRD, as shown in Figure (7). The mean peaks of Cu, Fe, C, Ferro-
chromium, MoS,, and RWC are present. This is a good indication of the preparation process, where each metal, alloy, or
material added remains without any change to play its role in the mechanical applications required. Also, no impurities were
detected in the analysis.

It is observed that the XRD chart contains a peak at 76° which belongs to the Ferro-chromium alloy (Fe-Cr) formed by
the mechanical alloying process. No new phases or compounds were formed during the preparation process. This may be
attributed to the rapid hot-pressing consolidating technique. Hot-pressing is a densification process that involves
simultaneously pressure and temperature and works in the plastic area of the constituents to achieve good interfacial contacts
between them. Also, no oxide phases were recorded due to the controlled argon atmosphere mechanical milling process and
vacuum hot-press technique [13].
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Figure (7): The XRD of the consolidated samples

3.4 Density measurement

Figure (8) represents the effect of the recycled WC powder addition on the density value of copper composites. The
theoretical and actual densities of the prepared samples were recorded. There are two phenomena. The first is that the values
of both the theoretical and actual densities are nearly close to each other. This may be attributed to the hot-pressing
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consolidation process, where thermal energy improved the plasticity of metals and created suitable conditions for forming
different bonds between the constituents during the hot-pressing technique [21].

So, nearly fully dense samples were obtained by applying heat and pressure simultaneously. Where the internal pores and
voids are expelled from the samples. The second phenomenon is the gradual increase of the density of the samples by
increasing the RWC ratio. This may be due to the higher density of RWC (14 gm/cm®) and the excellent coating process of
RWC, MoS,, and graphite surfaces with the nano Cu layer, in which nearly complete capsulation of their surfaces was
conducted, which has a positive effect on the homogenous distribution of the reinforcements in the Cu- matrix with no
agglomerations created pores [1].

So, the surface energy between each one with the Cu-matrix was decreased. Consequently, good adhesion was
established, which helps with high densification and improved wettability [22].
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Figure (8): Actual and theoretical densities of consolidated samples

3.5 Electrical and thermal conductivities of consolidated samples

Figure (9) shows the effect of the RWC powders on the electrical conductivity of Cu-composites. It was noticed that it
decreased gradually with the increase in the percentage of RWC. This is attributed to the low electrical conductivity values of
the RWC due to its ceramic nature, which makes most ceramic materials dielectric. So, its addition decreases the motion of
the electrons that are responsible for the conductivity. However, it must be mentioned that although the electrical conductivity
decreases gradually, it is still in the conductance range of copper metal [3], which falls from 8.6 MS/m down to 7.3 MS/m, so
the final product's electrical conductivity is still high. This can be explained by the coating process of the RWC, graphite (C),
and molybdenum disulfide (MoS,), with a nanolayer from copper metal, which helps significantly keep the electrical
conductivity character of copper.
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Figure (9): Electrical conductivity of all consolidated samples

Figure (10) shows the gradual decreases in the thermal conductivity of the prepared copper composites by
increasing the ratio of the RWC particles. This is mainly due to RWC's lower thermal conductivity than copper's. So,
reinforcing the copper matrix with RWC in a homogenous structure decreases the overall thermal conductivity of the samples;
this is owing to the ceramic nature of RWC, which has nearly zero thermal conductivity. Also, the thermal conductivity of the
prepared samples is still in the conductance range of copper, which is not significantly affected by RWC, as apparent from the
curve in which thermal conductivity is decreased from about 62 w/mK down to 53 w/mK. This may be attributed to the
excellent densification of the samples due to the hot-pressing technique used for the consolidation process and the coating

Egypt. J. Chem. 68, No. 5 (2025)



EFFECT OF RECYCLED TUNGSTEN CARBIDE ON THE MECHANICAL, PHYSICAL, AND.. 625

process of the ceramic reinforcements by the nano copper layer. As the presence of pores retards the motion of photons, which
is responsible for thermal conductivity. Consequently, as the porosity is limited, there is no scattering for the photon, and the
thermal conductivity of the final product is still high but with a higher mechanical property [23].
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Figure (10): Thermal conductivity of all consolidated samples

3.6 Mechanical properties
3.6.1 Hardness measurements

Microhardness increases gradually with the increase in the RWC percentage, as shown in Figure (11). This is attributed
to the higher RWC hardness than all the other composite constituents [24]. So, the excellent dispersion of RWC in a
homogenous manner helps increase the hardness values. Also, the superb densification of samples and the high density
positively affect hardness values. This is owing to the dendritic structure nature of the used copper, which helps in the
excellent interaction of the particles under the hot-pressing technique. It must be mentioned that the superb coating process of
all the ceramic reinforcements has a massive role in their homogeneity in the Cu matrix. This way, RWC particles are
distributed all over the matrix and work as an internal network, giving a high strength at each point on the sample surface.
RWC has a ceramic nature that improves the hardness of the samples. Although graphite is a soft material, there is a
significant reduction in the hardness of the sintered samples. Yet, the high heating rate of the consolidation method results in
more grain refinement of the particles. So, its softening nature doesn’t affect the hardness significantly [25].
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Figure (11): Micro-hardness of all consolidated samples

3.6.2 Tribological properties (wear rate and friction coefficient)

Figure (12) shows the effect of RWC additions on the specific wear rate of the consolidated Cu composites. Two different
pressures, 0.4 and 0.7 MPa, are applied to study wear behavior. It is noted that there is a gradual decrease in the wear rate by
increasing the RWC ratio. This is attributed to more than one reason: the excellent densification of the samples due to the hot-
press technique that helps minimize the porosity percentage. This positively affects wear resistance, in which the presence of
pores negatively affects the wear rate. Reinforcing the Cu matrix with self-lubricant materials such as MoS, and graphite
helps slide the pin on the sample surface; consequently, the wear rate decreases [21]. Also, graphite has a low density; it floats
on the sample surface, consisting of a trio layer that decreases the wear rate (R). Tungsten carbide particles have a ceramic
nature with high hardness and low coefficient of friction; consequently, by increasing its ratio, the wear resistance is
improved, especially when its distribution is homogenous, as shown from the microstructure [26].
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Figure (12): Specific wear rate of copper composite samples with different percentages of RWC under 0.4 & 0.7 MPa

Figure (13) presents the coefficient of friction of the samples under two different pressures of 0.4 and 0.7 MPa. The
average value of the coefficient of friction is five measurements for each sample. The Figures show that the average
coefficient of friction ranges between 0.3 to 0.5 under a pressure of 0.4 and between 0.3 to 0.6 under a pressure of 0.7. This
coefficient of friction ratio is very suitable for alloys of this type, as they can be used in the manufacturing of brake pads,
which require a coefficient of friction between 0.4 and 0.5.

Figure (13 a) shows that the average friction coefficient values increase for the 0% RWC sample (0.47). It decreases
after adding RWC until it reaches the smaller value of (0.32) at 2%RWC, then increases gradually until it reaches the
maximum value (0.5) at 5%RWC. Also, in Figure (13b), The average friction values increase at first (0.35) and decrease until
they reach the smaller value for 2% RWC (0.33) and then increase until they reach the highest value for the 5% RWC (0.6)
sample[27]. The higher COF value for the sample free from tungsten carbide may be due to the high ductility of Cu metal and
the sticking characterization, which increases with the temperature during the friction process. The reinforcement material on
the surface acts as a projection that protects the copper composite from having direct contact with the disk surface. Owing to
the non-sticking ceramic properties of the RWC, it minimizes the contact area and reduces the adhesion of two mating
surfaces [28].

However, as the percentage of tungsten carbide increases, some particles are dislocated during the friction process,
and these particles leave gaps on the surface of the sample and also act as abrasive particles between the surface of the sample
and the disc, which contributes to increasing the coefficient of friction again [29].
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Figure (13): The coefficient of friction of copper composite samples with different percentages
of RWC under 0.4 (A) & 0.7 (B) MPa

3.6.3 Optical and 3D worn surface of the prepared copper composites.
Worm surface under 0.4 MPa pressure

Figure (14) represents the optical microstructure and 3D pictures of worn surfaces of the different samples under pressure
of 0.4 MPa. The visible worn lines on the worn surface samples from the adhesive wear mechanism were studied. The Figure
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shows that the higher the percentage of tungsten carbide, the less worn lines appear on the surface. This indicates that the
tungsten carbide made the surface harder and scratched hard during the wear process. This is due to the high hardness of
RWC, which has good Cu-coating and homogenous distribution in the Cu matrix. The excellent adhesion of the coated Cu-
layer on the RWC surface helps increase the surface's hardness, making it more difficult to scratch. In the 3D Figures, it was
found that the surface converted from a grass-like shape to a bulky homogenous surface by increasing the tungsten carbide
percentage. Also, the Figure presents how lubricant materials such as graphite and molybdenum sulfide are found in the
sections worn down more quickly and show up as green patches in the 3D image. These materials have the ability to degrade
rapidly, self-lubricant surface, with a self-lubricating nature, and lower density helps them to float on the sample surface,
composing a trio-layer that causes sliding of the wear pin on the sample surface with a very low coefficient of friction.

Worm surface under 0.7 MPa pressure

Figure (15) shows the worn surfaces of the different samples under pressure of 0.7MPa using an optical microscope
and 3D worn surfaces. The visible worn lines and scratches on the sample's surface were more observed due to the increased
applied pressure. Here, it can be noticed that the surface experienced the reverse effect from the pressure of 0.4. When the
applied load was increased from 0.4 to 0.7 MPa, and the percentage of tungsten carbide increased, the surface roughness was
increased accordingly. This may be attributed to the softening nature of the Cu matrix. By applying a load of 0.7 MPa, the
scratch of the worn surface increased due to the ceramic nature of the RWC particles impeded in the Cu- matrix is removed
and expelled by the pin of the wear device under the applied higher load, so by increasing the load, the number of the removed
RWC particles increases consequently the scratched lines increases the surface roughness. The second explanation is that the
two surfaces' friction-dislodged tungsten carbide grains create voids that add to the roughness of the surface.

2.2 pum
00 um

110 uym
0 .00 um

065 pum
0.00 pm

0.65 um
000 um

053 uym
0 00 uym

029 uym
0.00 pm

Figure (14): Optical microstructure and 3D worn surfaces after wear under 0.4 MPa
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Figure (15): Optical microstructure and 3D worn surfaces after wear under 0.7 MPa

3.6.4 Surface roughness of the samples

Table (4) shows all polished samples' average surface roughness (Rz) before the wear process under 0.4 MPa and
0.7 MPa pressure. Which was measured using a Mitutoyo Surfest SJ-201 device, and the optical image of the surface was
analyzed using Force Microscope (AFM) software. Surface roughness is an important character that determines how the spare
parts can interact with each other during the working process under a specific load. The average surface roughness gradually
increases from 0.2 up to 1.2 pm with the increase of the weight percentage of tungsten carbide. This may be attributed to the
rigid ceramic nature of RWC particles and their big particle size. Also, the surface roughness increases by increasing the rate
of the impeded RWC particles. Reinforcing the soft Cu matrix with the hard RWC particles with different surface energy
causes the formation of heights and valleys in the sample surface, making the surface rough. This is because tungsten carbide
particles are regarded as abrasive particles compared to the copper matrix, which is impeded within it.

Surface roughness indicates the physical geometry of surfaces and their relation to surface properties such as friction
and the ability to manufacture high-quality products. The average surface roughness (Rz) started with a high value and
diminished as the tungsten carbide ratio increased to 0.17. This may be due to the low effect of 0.4 MPa applied load on the
sample surface, which is not enough to replace the RWC particles from the Cu surface. This indicates that the surface could
hold together and not easily scratch under this 0.4 MPa pressure. So, the application parameters for the prepared Cu-
composites are suitable up to 0.4 MPa.

The average surface roughness (Rz) started with a low value. Then, it increased as the tungsten carbide ratio
increased to 1.7um, which explains the increase in surface roughness with the rise in the percentage of tungsten carbide.
Copper is a ductile metal with a soft nature, so it needs to be reinforced with a hard ceramic material such as RWC particles,
which impeded the Cu matrix in a homogenous manner due to the coating process of the RWC surface.

However, a strong bond does not connect these carbide particles with the matrix. So, applying a load by a pin on the
sample surface easily removes RWC particles from the surface. Consequently, increasing the RWC percentage increased the
roughness.
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Table (4): Surface roughness of sintered samples

Sample before wear (um)  under 0.4 MPa pressure (um) under 0.7 MPa pressure (um)
Matrix + 0% RWC 0.209 1.645 0.376
Matrix + 1% RWC 0.522 0.695 0.701
Matrix + 2% RWC 0.7 0.477 0.785
Matrix + 3% RWC 0.602 0.488 0.993
Matrix + 4% RWC 0.658 0.374 1.433
Matrix + 5% RWC 1.242 0.17 1.716

The Abbott fire stone curves

The Abbott fire stone curves are called bearing area curves, and they describe a sample's surface texture. The curve
can be found by drawing lines parallel to the datum and measuring the fraction of the line within the profile. Studying the
sealing and bearing surface properties is essential [30-31].
The Abbott fire stone curves consider the analysis of profiles of samples in Figures (16 and 17) under different loads. To
demonstrate the surface bearing while wearing. There are three zones in the curves [31].
Zone I: This represents the high peaks.
Zone II: Represents the exploitation zone (loading zone).
Zone I1I: Represents the voids zone.

Abbott fire stone curves of samples under 0.4 MPa pressure

Figure (16) shows the Abbott Firestone curves for the samples under pressure of 0.4 MPa. The results show that all
samples have a large exploitation zone in which the least one is 88% and increases with increasing the tungsten carbide
percentage until it reaches 96%, and this suggests that the addition of an abrasive substance, such as tungsten carbide, has
high strengthening effect of the sample surface, this is more logic due to the high mechanical properties of RWC material.
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Figure (16): Abbott fire stone curves of surface roughness of Matrix + RWC reinforcement
after wear test under pressure 0.4 MPa
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Abbott fire stone curves of samples under 0.7 MPa pressure

Figure (17) shows the Abbott Firestone curves for the samples under pressure of 0.7 MPa. The results indicated that
for all samples, the percentage of the exploitation zone was lower than that presented in Figure (16), as it began at 84% and
reached 93%. This was attributed to the surface becoming more wriggling due to the increased load. Still, the observation
showed that the bearing area increases as the percentage of tungsten carbide increases, indicating that it is greater at the
bearing surface.
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Figure (17): Abbott fire stone curves of surface roughness of matrix + RWC reinforcement
after wear test under 0.7 MPa

4. Conclusion
In the present work, the copper matrix was firstly reinforced with fixed ratios from 8% high carbon ferrochromium
(HC-FeCr), 20% iron (Fe), 10% graphite (C), and 2% (MoS,). Then, different percentages from the RWC (1, 2, 3, 4, 5 wt.%)
were added. All samples are consolidated in a Vertical Vacuum Hot Press Furnace under the pressure of 15 MPa at 1010 € for
15 minutes.
The results indicated that:

. A Cu—Fe—graphite—FeCr—MoS, /RWC composite was prepared using powder metallurgy and hot-pressing
techniques.

. adding Fe, High-carbon ferrochromium alloy, graphite, and MoS, enhances the mechanical properties of the Cu-
matrix.

. The microstructure shows no pores due to excellent wettability after coating the ceramic powders with a nano
copper layer on their surfaces by electroless deposition technique.

. The excellent homogenous distribution of RWC particles in the copper matrix composites.

. Nearly fully dense samples were obtained by applying the Hot-press technique (heat with pressure at the same time)
in which the relative density reached 99 %.

. The increase of RWC particles decreased the electrical and thermal conductivities.

. The hardness of the samples increased with the increase in the RWC particles.
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. The specific wear rate decreases with the increasing RWC particles.

. The surface roughness of the prepared samples before the wear test was increased with increasing RWC ratio.

. Increasing the RWC ratio decreased the surface roughness of the prepared samples after the wear test under 0.4 MPa
load.

. Increasing the RWC ratio increased the surface roughness of the prepared samples after the wear test under 0.7 MPa
load.

. 3 wt.% RWC - Cu composite offers optimal hardness, wear resistance, and friction performance, making it the best

choice for brake pad applications. Its improved hardness enhances durability, while its low wear rate ensures long-term
performance. Additionally, its friction coefficient (~0.32—0.33) falls within the ideal range for braking systems, providing
consistent and reliable operation under various load conditions.
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