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Abstract: Different Al-4Cu-1.5Mg/WC composites were synthesized through powder metallurgy
to establish the effect of WC particle addition on the abrasive wear behavior of an Al-4Cu-1.5Mg
(wt. %) alloy. The wear tests were performed using a pin-on-disc tribometer at room temperature in
dry conditions using SiC abrasive sandpaper as a counterbody and tribometer of linear configuration.
The results showed that WC additions increase the hardness of the Al-4Cu-1.5Mg alloy due to the
strengthening effect of particle dispersion in the aluminum matrix, which generates an improvement
in the wear resistance of the composites by preventing direct contact of the sample with the counter-
body, in turn delaying the plastic deformation phenomena responsible for the degradation sequence.
In addition, the dominant wear mechanism was abrasive wear, and the increased friction coefficient
did not bring a rapid wear rate, which was related to the enhanced deformation resistance due to the
high hardness.

Keywords: Al-Cu-Mg alloy; WC; aluminum matrix composites; powder metallurgy; abrasive wear

1. Introduction

Aluminum alloys are widely used to make aerospace and automotive components
because of their high specific strength and good formability. Moreover, they are attractive
materials for tribological applications due to their low density and high hardening capac-
ity [1-3]. Nevertheless, their use has been limited because of their low mechanical and
tribological properties compared with ferrous alloys [4]. For this reason, there is interest
in adding different reinforcements to aluminum and its alloys, such as carbides or oxides,
to develop aluminum matrix composites (AMCs) that provide additional strength to the
parent material and enhance its tribological properties without compromising the specific
strength to be able to use these composites for structural applications [5-9]. In this sense,
the AI-Cu-Mg system forms an essential part of the 2xxx series alloys. These alloys can
play the role of a matrix in composite materials, i.e., aluminum alloys strengthened by the
homogeneous dispersion of reinforcing particles, since these alloys show strong interfacial
bonds with reinforced particles, thus resulting in an efficient load transfer. This advantage
will improve the stiffness, hardness, fatigue resistance, and tribological properties, thus
resulting in composites of great interest to manufacturing industrial components such as
aircraft fitting, couplings, shafts, and gear materials for industrial applications [5].
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The mechanical performance of AMCs depends on the nature of the reinforcing phase,
volume fraction, homogeneity of dispersion, and the processing technique employed.
Different microstructures and mechanical performances can be achieved depending on
the fabrication parameters. AMCs can be fabricated using different processing techniques,
including powder metallurgy, spray atomization and co-deposition, plasma spraying, stir
casting (composting), and squeeze casting. Among them, stir casting is the most economical
process [10]; however, it has certain limitations due to the difference between the densities
of the matrix and reinforcing phase(s). These differences can lead to segregation and
agglomeration of the reinforcement particles, favoring the formation of stress concentration
sites and promoting the generation of cracks, highly localized residual porosity, and weak
interfacial bonding [11]. Thus, achieving a homogeneous dispersion of hard particles within
the Al matrix is essential, which can be achieved using powder metallurgy (PM). This
process enables the improvement of the reaction between the matrix and the reinforcing
particles to generate structural and microstructural features typical of the process, such
as high dislocation density, small grain size, and high chemical homogeneity, that can
prevent or minimize problems associated with agglomeration and improve the alloy’s
performance [10,12,13].

AMCs are attractive for multiple applications due to their improved properties, such
as high specific strength, specific modulus, damping capacity, and good wear resistance,
compared to unreinforced alloys. In addition, various investigations reported that ceramic
reinforcements, such as SiC and TiC, ZrO, B4C, and SnO,, could enhance the tribological
properties of aluminum; therefore, they are excellent reinforcements to enhance the wear
resistance of AMCs under dry and lubricated conditions [14,15]. WC particles are an
excellent reinforcement option among ceramic reinforcements due to their good mechanical
properties, wear resistance, and strong interface bonding between WCs and the Al-Cu-Mg
matrix [11]. However, although AMCs are excellent candidates for tribological applications,
only a few studies have been reported on the Al-Cu-Mg system reinforced with WC
particles. For example, Pal et al. [16] studied the effect of WC as a reinforcement but
in the form of nanoparticles in the Al matrix. They used ultrasonic cavitation-assisted
stir-casting as the preparation method. The Al-Cu-Mg alloy system has more density than
pure Al Therefore, the homogeneous dispersion of reinforcing particles is more difficult
to achieve when using the traditional casting method [11,17]. Thus, this research aims to
investigate the effects of tungsten carbide (WC) particles on the tribological behavior of
an Al-4Cu-1.5Mg (wt. %) alloy matrix using a powder metallurgy route. Moreover, this
research is focused on abrasive wear; for this reason, the composites were tested against
an abrasive surface (SiC grinding paper). Abrasive wear, i.e., three-body abrasion for
which wear is caused by hard debris, has scarcely been explored before [18] and has never
been explored for Al-4Cu-1.5Mg-WC composites despite these conditions being frequent
in many industrial applications for which the employment of light and wear-resistant
materials is of great interest.

2. Materials and Methods

Elemental powder of Al, Cu, Mg, and WC (Table 1) was mixed to obtain the Al-4Cu—
1.5Mg (wt. %) alloy and the composites with 1, 2, and 3 WC (wt.%) equivalent to 0.18, 0.36,
and 0.54 in volume fraction (%), respectively, using a high-energy ball mill (E-Max).

Table 1. Specifications of the elemental powder used.

Element Powder Purity (%) Particle Size (um)
Al 99.5 <32
Cu 99.5 <32
Mg 99.8 <32

WC 99.9 <1
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The conditions for mechanical milling were an argon atmosphere, hardened steel balls
with a ball-to-powder ratio of 4 to 1, and 3 mL of methanol as a process control agent. The
green compacted samples were obtained with uniaxial pressing into a die with an internal
diameter of 40 mm. These samples were, subsequently, sintered in an argon atmosphere
at a temperature of 500 °C for 3 h; then, the sintered samples were hot extruded at 490 °C
with an extrusion ratio of ~16 to obtain cylindrical bars with a diameter of 9.5 mm and
450 mm length. Finally, samples underwent an annealing process at 420 °C for 3 h; this last
step aimed to eliminate the possible residual stresses caused by the previous hot extrusion
process and evaluate only the effect of the addition of the WC particles [8]. For comparison
purposes, the unreinforced alloy was taken as a reference.

The experimental density of the samples was calculated using Archimedes’ principle.
The samples were weighed in air and immersed in distilled water using an electronic
balance with a precision of £0.1 mg. The theoretical density was calculated based on the
rule of mixtures and is defined in Equation (1).
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where x; and p; are the weight fraction and density of the i element, respectively. The
ratio of measured density to theoretical density is called relative density and is defined in
Equation (2) [19,20].

orat = 22 )
Pth

where p.xp and py, are the experimental density and theoretical density, respectively. The

porosity is the percentage of voids in a sample which can be calculated based on relative

density and is defined in Equation (3) [19,20].

% porosity = (1 - pmp) x 100 (©)]
Pth

A Panalytical (Malvern, UK) X'Pert PRO brand X-ray diffractometer (40 kV, 35 mA)
was used for structural characterization. Vickers microhardness (HV) measurements were
performed in a LECO (St. Joseph, MI, USA) LM300AT tester with a load of 100 g and 10 s
of dwell time; at least ten indentations were made on each sample, and the reported values
are the average values obtained.

Wear tests were performed using two different methods, a commercial tribometer to
obtain the friction coefficient and a conventional pin-on-disc method to evaluate the wear
rate. A Bruker (Billerica, MA, USA) UMT-3 tribometer was employed for the first method
using a linear configuration test (Figure 1a). Samples with 25 x 10 x 4 mm were cut from
the extruded bar and polished to a mirror finish. The forces applied to the samples were
3.0 and 5.0 N, with a sliding distance of 5 mm, 10 s per cycle, and using a 100Cr6 hardened
chrome steel sphere of 6 mm diameter.

For the pin-on-disc tests (Figure 1b), 10 mm diameter and 20 mm high samples were
cut from an extruded bar and prepared using conventional metallography techniques.
The samples were placed in a vertical specimen holder against a horizontal rotating disc
covered with abrasive mediums with a cantilever system [15,21]. The force applied to the
samples was 3.0 and 5.0 N against a steel counterbody (made of hardened tools steel-D2),
on which SiC paper was attached to perform the wear tests.
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6 mm 100Cr6
steel ball

Finish

Substrate Pin-On-Disk

Figure 1. The principle of linear configuration test (a) and pin-on-disc tests (b).

Different SiC abrasive grit sandpapers were used as abrasive mediums, identified
with the numbers 180, 240, and 400 (78, 52, and 22 pum particle size, respectively) according
to the modified pin abrasion tester configuration (ASTM G132 standard). The speed of
the disc was 2 m/s, the turning radius was 85 mm, and in the contact area of the sample
and the SiC abrasive paper, a constant direct flow of water was used as a lubricant to
decrease the test temperature and remove the wear debris. The total sliding distance of
the pin-on-disc test was 300 m, and after every 100 m, the sample was weighed to obtain
the volume loss according to the ASTM G99-17 standard [22]. At least three runs were
performed for each test condition, and the average value was reported. The volume loss of
the tested samples was calculated using Equation (4), and the worn surface of the tested
samples was evaluated using scanning electron microscopy with a Hitachi (Tokyo, Japan)
SU 3500 microscope operated at 5 kV. The wear rate values of the samples were calculated
according to Equation (5).

4)

Weight loss (g)
3\ _ & &
Volume loss (mm ) = Density (g/mm3)

W t ( 3N ) _ Volume loss (mm?) (5)
carrate (/M) Sliding distance (m) load (N)

3. Results
3.1. Characterization of the Initial Materials

Figure 2 shows BSE-SEM micrographs corresponding to the initial powders and
green and annealing conditions for the Al-4Cu-1.5Mg alloy with 1 wt. % WC. Al-Rich,
Cu-Rich, and WC phases were observed for the green condition. However, AlI-Cu-Mg,
Al)Cu, and WC phases were observed for the annealing condition. In this sense, the
microstructural characterization of the milling and sintering conditions was reported by
Rogriguez-Cabriales et al. [11].
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Green Condition Initial Powders

Annealing Condition

Figure 2. SEM backscattered electron images corresponding to the initial powders and green and
annealing conditions for Al-4Cu-1.5Mg alloy with 1 wt. % WC.

Table 2 shows the experimental (i.e., Archimedes density) and theoretical values of
density and relative density and porosity (%) of the Al-Cu-Mg alloy and those of the
corresponding composites. An increment of the theoretical as a function of WC content
was consistent with the higher density of WC (15.63 g/cm?) than the Al-based matrix’s
density (2.782 g/ cm?). However, a decrease in Archimedes and relative density was
observed, which was attributed to the addition of hard reinforcing particles affecting the
compressibility and sinterability of the compacts [23]. The presence of minimum porosities
was expected from the calculation of relative density values, which was confirmed by the
experimental results (Figure 2 and [11]).

Table 2. Experimental and theoretical density values, relative density, and porosity (%) of the
Al-Cu-Mg alloy and the composites with 1, 2, and 3 WC (wt. %).

Sample Name

Theoretical Density Archimedes Density

. . s o

(wt. %) (g/cm?) (g/cm?) Relative Density Porosity (%)
Al-4.5Cu-1.5Mg 2.764 2.736 £ 0.010 0.99 1
Al-4.5Cu-1.5Mg + 1%WC 2.787 2.703 £+ 0.013 0.97 3
Al-4.5Cu-1.5Mg + 2%WC 2.811 2.642 £ 0.008 0.94 6
Al-4.5Cu-1.5Mg + 3%WC 2.836 2.581 £ 0.0115 0.91 9

Figure 3 shows the XRD patterns of (a) the Al-4.5Cu-1.5Mg + 3WC composite after
extrusion and annealing, and (b) the Al-4Cu-1.5Mg alloy with 0, 1, 2, and 3 wt. % WC
particles after annealing. Different characteristic peaks of Al, Al,Cu and WC phases were
observed in the XRD patterns. Figure 1a shows that the annealing process did not affect
the formation of new phases since both XRD patterns were similar. Figure 1b shows peaks
corresponding to Al and Al,Cu phases in all samples; the composites show additional
peaks corresponding to the WC phase, which increase in intensity as a function of the
WC content.
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Figure 3. XRD patterns of (a) Al-4.5Cu-1.5Mg + 3WC after extrusion and annealing, and (b) the
Al-4Cu-1.5Mg alloy with 0, 1, 2, and 3 wt. % tungsten carbide (WC) particles after annealing.

3.2. Mechanical and Wear Behavior
3.2.1. Vickers Hardness

The mechanical behavior was assessed using hardness and wear tests. Figure 4
shows the evolution of the Vickers hardness for the parent Al-4Cu-1.5Mg alloy and the
corresponding composites with different concentrations of WC (1, 2, and 3 wt. %). All the
composites exhibited increased HV with increasing WC content, and their hardness was
higher than the Al-4Cu-1.5Mg alloy. A maximum hardness increment of 24 HV from 126
to 150 HV for the sample with the highest WC concentration (3 wt. %) was observed, an
enhancement of about 19%.

160
150 - /6
- o
= B
2 140
Qo
1304 /
9
120 . . : .
0 1 2 3
WC (wt.%)

Figure 4. Evolution of the Vickers hardness with WC concentration up to 3 wt. %.

3.2.2. Wear Rate (Pin-On-Disc Tests)

Figure 5 shows the wear rate of the Al-4Cu-1.5Mg alloy and the corresponding
composites during the pin-on-disc test at 3 and 5 N. The wear rate values decreased as the
number of SiC abrasive sandpaper increased, and the trend was more pronounced at 5
than 3 N load. Moreover, at a larger abrasive grit size (78 um/180 number sandpaper), a
higher value in the wear rate for a load of 5 N and a lower value at higher WC contents in
both loads was observed. However, the wear rate value difference tended to be very close
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at a smaller abrasive grit size (22 um/ 180 number sandpaper) in the Al-4Cu-1.5Mg alloy
and the composites.

0.14
& _
‘E 0.12-
v
™
E 010+
£
9
% 008
[
b -@—0% -®-0%
b3 1% -®-1%
< 0069 _9 24 -@-29
3% -®-3% g
0.04 41— : '
180 (78um) 240 (52um) 400 (22um)

Number sandpaper

Figure 5. Wear rate of the Al-4Cu-1.5Mg alloy and the composites with 0, 1, 2, and 3 wt. % tungsten
carbide (WC) particles for the different sandpaper numbers during the pin-on-disc test at 3 and 5 N.

3.2.3. Coefficient of Friction (Linear Configuration Test)

Figure 6 shows the coefficient of friction (COF) of the Al-4Cu-1.5Mg alloy and the
composite Al-4.5Cu-1.5Mg + 3WC after the wear test. Figure 6a shows the evolution of the
COF during the sliding time for Al-4.5Cu-1.5Mg alloy and the composite Al-4.5Cu-1.5Mg
+ 3WC when subjected to a 5 N load. The COF is a valuable parameter for understand-
ing the wear behavior because a small value indicates high wear resistance [24,25]. As
generally observed, the COF showed two stages (Figure 6a), an initial rapid increase with
time (i.e., unstable stage) followed by a steady-state stage [24]. The first stage exhibited
an increment related to static friction since a greater force is required to initiate the slid-
ing movement from rest for the sample and the counterbody in contact. A progressive
decrease followed this stage as the sliding distance increased since the sample’s surface
smoothened over time until the steady condition was reached for the rest of the sliding
distance. Figure 6b indicates an increment of the average COF as a function of WC content
and higher values for a load of 3 N; this was principally attributed to the hardness, which
had a direct relationship with COF [26-28]. Thus, a higher particle volume fraction of WC
leads to higher hardness (Figure 4), resulting in a larger COF; it is important to comment
that the presence of WC reinforcing particles increase the COF by directly interacting with
sandpaper on the counterbody. This behavior was consistent with the friction behavior of
most metal-based composite materials [29]. However, it has also been reported that increas-
ing the presence of WC reinforcing particles in coatings that implicated certain grades of
fusion resulted in a more refined microstructure [30,31]. This behavior was attributed to
the undissolved WC acting as a small heat sink, increasing the nucleation rate, promoting
grain nucleation, and increasing the mechanical properties (Vickers hardness) and COF.
Nevertheless, since the present work was carried out in a solid state (powder metallurgy),
such an effect of grain size on wear behavior can be discarded.
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Figure 6. Coefficient of friction (COF) of Al-4Cu-1.5Mg and Al-4Cu-1.5Mg + 3WC composite
subjected to 5 N of load (a) and the average coefficient of friction (COF) of the composites with 1, 2,
and 3 WC (wt. %) after the test at loads of 3 and 5 N (b).

3.2.4. Worn Surfaces (Pin-On-Disc Tests)

Figure 7 shows representative SEM secondary electron images from the worn surfaces
of the Al-4.5Cu-1.5Mg alloy and the Al-4.5Cu-1.5Mg + 3WC composite. The surfaces
of both systems presented patterns of similar grooves along the sliding direction and
signs of delamination. However, the Al-4.5Cu-1.5Mg alloy exhibited more significant
delamination and wider/deeper grooves with a rougher surface than the Al-4.5Cu-1.5Mg
+ 3WC composite.

Al-Cu-Mg Alloy

Composite 3wt. % of WC

Figure 7. SEM secondary electron images from the worn surfaces in the Al-4.5Cu-1.5Mg alloy and
the Al-4Cu -1.5Mg + 3WC composite. The samples correspond to the pin-on-disc test using 180 grit
sizes of SiC abrasive sandpaper under 5 N of load and a sliding distance of 300 m.

Figure 8 shows SEM backscattered electron images and EDX elemental mapping from
the worn surface of the Al-4.5Cu-1.5Mg alloy (Figure 8a) and the Al-4Cu-1.5Mg + 3WC
composite (Figure 8b). From the worn surface of both samples, it was not easy to distinguish
the nature of the particles present from their tonality, probably because of the roughness;
for this reason, EDX elemental mappings were completed. The mappings for Figure 8a
show only Cu-rich particles that correspond to the Al,Cu phase. However, W-rich particles
corresponding to the WC particles were observed in the composite (Figure 8b), consistent
with the results shown in Figures 2 and 3. No preferential location of the Al,Cu phase or
the WC particles was observed, confirming the success of using the PM route to achieve a
homogeneous dispersion of reinforcing particles. Mg and Al elements were detected across
the matrix without the presence of Mg-rich phases, thus, suggesting Mg remained in a
solid solution.
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Figure 8. SEM backscattered electron images and EDX elemental mapping of the worn surface in the
Al-4.5Cu-1.5Mg alloy (a) and the Al-4Cu-1.5Mg + 3WC composite (b). The mappings correspond to
Al, Cu, Mg, and W elements, and the circle highlights delamination features.

4. Discussion

The wear rate is directly related to the applied load and the grit size of the abrasive
sandpaper counterbody, which affects the groove depth, cutting capacity, and wear behav-
ior [32,33]. For this study, in aggressive wear conditions (78 um/180 number sandpaper),
the composite reinforced with WC showed a lower wear rate, which could be attributed to
the higher hardness of the composite due to the homogeneous distribution of reinforcing
particles and the strong interfacial bonding. The strong WC particles/Al-Cu-Mg matrix
interfacial bond provides a good load transfer capacity and restricts plastic deformation of
the matrix, as reported by Rogriguez-Cabriales et al. [11]. Furthermore, Krishna et al. [15]
pointed out that the wear resistance depends mainly on the hardness of the reinforcing
particles, which is high for WC (1700 a 2400 HV) and comparable to SiC and TiC, ZrO, B4C,
and SnQO, particles. Another important parameter for the wear behavior is the size of the
reinforcing particles (coarse or fine) compared to the particles of the abrasive sandpaper
(78,52, and 22 um). The ratio between the penetration depth and the reinforcing particle
size is essential with coarse particles to determine the wear rate. However, when particles
are fine (1000 mesh ~10 um), the hardness of the composite controls the wear rate, leading
to a higher friction coefficient and lower wear rate [28], as was the case studied in this
research work. In addition, SiC abrasive sandpapers of number 400 (22 pum) led to a smaller
decrease in wear rate in samples and similar wear behavior between the Al-Cu-Mg alloy
and the composites. This behavior was attributed to the fact that for abrasives with large
abrasive grit sizes sandpapers, the density of abrasive grains under the abraded surface
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is lower, so the individual stress in each grain makes a greater contribution to the higher
wear rate (increasing the quantity of material removed). On the contrary, the smaller-sized
particles of abrasives sandpaper are only in elastic contact with a tested material and, thus,
only support the applied load without contributing to the material removal [34]. Another
important aspect is that the increased friction coefficient did not bring a rapid wear rate.
This behavior was related to the enhanced deformation resistance also attributed to the high
hardness, as was reported by Elhefnawey et al. [26]. It is known that the wear resistance
and the hardness are related through the Archard equation (Equation (6)) [23].

Q=K% 6)

H

where Q is the wear rate (mm?/km), which is the volume of worn material per distance;
W is the applied load; K is a constant called wear coefficient; and H is the hardness of
the specimen in the Vickers scale (kg/mm?). From the Archard equation, it is evident
that the wear resistance of the materials is inversely proportional to the hardness, which
agrees with the observations from Figures 3b and 5. In addition, the high hardness of the
bulk composite occurred due to the strengthening mechanism caused by the hard particle
dispersion, solid solution, and grain size reduction produced by mechanical milling [35].

The dominant wear mechanism in the studied systems was abrasive wear [23,36,37].
This mechanism was attributed to the superior hardness of the reinforcement that improved
the sliding wear resistance of the matrix and generated a weathered surface that was
smoother with the finest grooves and with lower plastic deformation than the AlI-Cu-Mg
alloy, which are typical features of abrasive wear [9,23,36,37]. Furthermore, due to a large
number of load cycles, pits were initially formed, which promoted the formation of cracks
on or below the surface, leading to delaminations [36,37]. According to the SEM results,
the extension and size of the delamination were more significant for the sample without
reinforcing particles. In this regard, the delamination theory by wear suggests that the
surface and subsurface were deformed plastically due to the tangential force (i.e., shear
force) acting upon the surface during sliding [38]. The addition of hard ceramic particles
(WC) improved the wear resistance of the composites by having direct contact with the
counterbody, preventing or decreasing the surface—subsurface deformation and, thus,
protecting the softer Al matrix during abrasive sliding and strengthening the aluminum
matrix. This behavior delayed the plastic deformation phenomena responsible for the
degradation sequence [6,9], which was more evident when the conditions were more
critical, i.e., when using sandpaper number 180 (78 pum) rather than sandpaper number 400
(22 pum).

5. Conclusions

The research presented in this paper has examined the effect of a 1, 2, and 3 WC
wt. % addition on the wear behavior of Al-4Cu-1.5Mg/WC composites synthesized using
powder metallurgy. From this work, the following conclusions have been drawn.

The aluminum Al-4Cu-1.5Mg alloy had a lower coefficient of friction (14%) than
the alloys reinforced with 3 wt. % WC due to the lower values in hardness. In addition,
when the abrasive grit size was larger (78 pm/180 number sandpaper), the Al-4Cu-1.5Mg
alloy exhibited a higher wear rate than the WC-containing composites. However, the Al-
4Cu-1.5Mg alloy behaved similarly to the composites when the abrasive grit size (22 pm/
400 number sandpaper) of the counterbody was smaller due to the fact that for abrasives
with large abrasive grit sizes sandpapers, the density of abrasive grains under the abraded
surface was lower so that the individual stress in each grain was increasingly contributing
to the higher wear rate. On the contrary, the smaller-sized particles of abrasives sandpaper
were only in elastic contact with a tested material and, thus, only supported the applied
load without contributing to material removal.

The characteristic grooves of abrasive wear and low signs of delamination indicated
that the dominant wear mechanism was abrasive wear in Al-4Cu-1.5Mg/WC composites.
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This mechanism was attributed to the superior hardness of the WC reinforcement, resulting
in a 20% increase in the hardness of the composite containing 3 wt. % WC. Adding WC
particles increased the resistance to sliding wear, resulting in a smoother worn surface with
fewer deep grooves and less plastic deformation than the parent Al-4Cu-1.5Mg alloy.
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