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Abstract: The effect of alumina nanoparticle addition on the microstructure and tribological properties of a CuCrW alloy was investigated in
this work. Mechanical alloying was carried out in a satellite ball mill. The tribological properties of the samples were evaluated using
pin-on-disk wear tests with different pins (alumina, tungsten carbide, and steel pins). The results indicated that the tungsten carbide pin had a

lower coefficient of friction than the alumina and steel pins because of its high hardness and low surface roughness. In addition, when the

sliding rate was decreased, the weight-loss rate increased. The existence of alumina nanoparticles in the nanocomposite led to a lower

weight-loss rate and to a change in the wear mechanism from adhesive to abrasive.
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1. Introduction

Copper improves the mechanical properties of Cu-based
alloys. Because of its excellent mechanical and electrical
properties, CuCr alloy has found numerous engineering ap-
plications in cable connections, welding wire, high-voltage
switches, and wear connectors [1]. The equilibrium solubil-
ity of Cr in Cu is very low even at a eutectic temperature;
for example, at a temperature of 1070°C, the solid solubility
capacity of Cr in Cu is only 0.8wt% [2].

Numerous studies have been conducted on procedures for
preparing CuCr supersaturated solid solutions (SSs) [3-5].
Because of the difficulty involved in the preparation of
CuCr supersaturated SSs using conventional metallurgical
methods, researchers have developed a method of producing
CuCr alloy through the non-equilibrium mechanical alloy-
ing process. This technique offers the additional benefit of
increasing the solubility limit of Cr in Cu [6—8]. Sheibani
et al. [9] examined the effect of alumina (AL,O;) nanopar-
ticle addition on the development of the Cr solution in Cu
through mechanical alloying. After mixing Cr and Cu
powders and pure Al,O; nanopowder in a ball-mill satellite,
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they obtained a final product of a CuCr supersaturated SS
with a crystalline size range from 8 to 19 nm. They also
measured the Gibbs free energy variations during the me-
chanical alloying process. The presence of Al,O; nanopar-
ticles affected the changes in the Gibbs free energy and
triggered the increase in Cr solubility in Cu.

Adding W to Cu-based alloys also leads to improved
characteristics such as increases in the alloys’ density, melt-
ing point, and high-temperature strength. CuW alloys are
widely applied as materials for high-voltage electrical con-
nections, electrical discharge machining electrodes, and
high-temperature molds [10]. These materials are not so-
luble even in the molten state because of the differences in
the crystal structures, melting points, moduli of elasticity,
and wettabilities of Cu and W. Cu has a high thermal expan-
sion coefficient, which can be manipulated by adding W to
Cu. As with CuCr alloys, the preparation of CuW alloys is
difficult using conventional methods [11]. Bacal ef al. have
reported the electrodeposition of CuW alloy in a bath con-
taining citrate solution [12]. They carried out the electrode-
position over a silver substrate and under constant-current
conditions. The maximum W content achieved in electrop-
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lated CuW alloy is 30wt% W, and the obtained alloy exhi-
bits a microhardness of HV 400. Raghu et al. [13] reported
the synthesis of CuW nanocrystalline alloys through me-
chanical alloying. They mixed Cu and W powders in a satel-
lite ball mill under an oxygenated atmosphere. The changes
in the lattice parameter indicated Cu—Zn SS formation. The
resultant energy of milling resulted in a nanocrystalline and
quasistable SS. Xu et al. [14] reported the fabrication of
CuW alloy through microwave infiltration sintering under
vacuum conditions. Their fabricated alloy consisted of a
Cuy4Wy 6 phase, and their results showed that an increase in
Cu content resulted in a lower porosity. In addition, the ad-
dition of reinforcing oxide nanoparticles to Cu-based alloys
results in an improvement in either strength or wear resis-
tance through a combination of modified grain-boundary
pinning behavior and the prevention of dislocation move-
ment [15].

Mechanical milling has been speculated to be an appro-
priate technique for alloying because it facilitates surface
diffusion and the uniform distribution of nanoparticles in the
metallic matrix and enables the synthesis of metallic matrix
nanocomposites. Raju et al. [16] studied the effect of adding
ALO; nanoparticles on the mechanical properties of
Cu-Al,O3 nanocomposites. The nanocomposites were pre-
pared via a friction stir process, which uniformly distributed
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the Al,O; nanoparticles. Moreover, the microhardness and
tensile properties of the nanocomposites increased with in-
creasing percentage of Al,O; hard particles. Accordingly, in
the present study, we investigate the effect of adding
a-Al,O; hard nanoparticles on the microstructure and tribo-
logical properties of CuCrW alloy. Cu, W, and Cr powders
with Ovol% and 5vol% of Al,O; nanopowders were mixed
in a satellite ball mill. The alloyed powders were pressed
and sintered in a conventional furnace. The tribological fea-
tures of the obtained CuCrW(ALO;) nanocomposites were
studied through pin-on-disk wear tests conducted under dif-
ferent test conditions.

2. Research methodology

The powders of pure Cu (99%, <20 um, analytical grade),
W (99%, <45 pum, analytical grade), and Cr (99%, <20 um,
analytical grade) together with AL,O; nanopowders (99%,
<20 nm, analytical grade) were chosen as the raw materials
for alloying to prepare the nanocomposites. The particle
morphology was characterized by scanning electron micro-
scopy (SEM, Philips XL30) and transmission electron mi-
croscopy (TEM, Zeiss EMIOC). As shown in Fig. 1, the W,
Cr, and Cu powder particles are irregular, spherical, and ag-
glomerated, respectively.
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SEM images of different powder particles: (a) W; (b) Cr; (¢) Cu; (d) Al,O; nanoparticles prior to mechanical mil-
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To determine the effect of adding Al,O3 nanoparticles, a
mixture of Cu—10wt%Cr—10wt%W powder with Ovol% and

5vol% of Al,O; was subjected to mechanical alloying conditions.

The milling medium for this procedure was tungsten carbide
(WC). Powder mixed with 1 mL of ethanol as a process control
agent was mechanically milled for 50 h with a ball-to-powder
weight ratio of 10:1 and at a rotation speed of 300 r/min in a
planetary ball mill under a controlled argon atmosphere.

The mechanically alloyed powders were characterized
using a Philips X Pert MPD X-ray diffractometer equipped
with a Co K, radiation source (A = 0.1789 nm). The milled
powder was pressed under a cold pressure of 350 MPa, and
green compacts with a diameter and thickness of 25 and 3
mm, respectively, were prepared. The green compacts were
sintered in a tube furnace at 850°C for 30 min under an ar-
gon atmosphere. The microstructures and chemical compo-
sitions of the sintered specimens’ cross sections were also
studied by field-emission scanning electron microscopy
(FESEM) on a Zeiss AMA electron microscope. The density
of the samples was determined according to the Archi-
medes’ law (ASTM B962) at 25°C, and their hardness was
measured using Vickers microhardness measurements con-
ducted with a load of 9.8 N and a dwell time of 10 s. The
tribological tests were carried out using wear tests
(pin-on-disk) according to the test conditions specified in
standard ASTM G99. A normal load of 10 N was applied
with a radius of 10 mm. Before the wear tests, all of the
samples were polished and then cleaned in an ultrasonic bath.
Three types of pins were used in the wear tests: Al,O;, WC,
and steel 52100. In the present study, Al,O;, WC, and steel
pins were mounted on a pin holder. The surface hardness of
the applied pins is presented in Table 1. Each test comprised
three steps: the sliding distance was 50 m in the first step, 150
m in the second, and 300 m in the third. A Taylor—Hobson
roughness tester (Surtronic 25, with 0.01-um resolution) was
used to obtain the profiles on the micrometer scale. To inves-
tigate the wear mechanism, the wear surface developed on the
disk was imaged after the wear test by SEM. Test material
composition and speed are presented in Table 2. Each test was
performed twice to ensure repeatability.

Table 1. Mechanical parameters of the three pins used in the
wear tests

Pin Surface RMS of surface
hardness, HV roughness / pm
Alumina 1800 0.096
WwC 1250 0.090
Steel 750 0.089

Note: RMS — root mean square.

Table 2. Wear test procedure

Test conditions

Test No. Pin material Disc material Sliding Sﬂeed /
(m's )
1 Al,O, CuCrW 1
2 AlLO, CuCrw 5
3 WwC CuCrW 1
4 wC CuCrW 5
5 Steel CuCrW 1
6 Steel CuCrwW 5
7 AlLO, CuCrW(ALO;) 1
8 Al)O; CuCrW(AlL,03) 5
9 WwC CuCrW(AL05) 1
10 wC CuCrW(ALO5) 5
11 Steel CuCrW(AL03) 1
12 Steel CuCrW(AL03) 5

3. Results and discussion
3.1. XRD and SEM analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns of the
CugyCr oW powder mixture at different times of mechani-
cal alloying. During the mechanical alloying process, Cr and
W atoms were gradually introduced into the Cu structure
and a CuCrW SS was formed. The atomic radii of Cr, W,
and Cu are 0.166, 0.193, and 0.145 nm, respectively [17].
The diffusion of Cr and W atoms into the Cu lattice increas-
es the Cu lattice parameter and shifts the Cu peaks to lower
angles in the XRD patterns. In Fig. 2, the Cu peaks indexed
with planes (111) and (200) shift toward lower angles be-
cause of the diffusion of Cr and W atoms into the Cu struc-
ture and the formation of a CuCrW SS. With increasing mil-
ling time, the peak width of all elements increased, whereas
the peak intensity decreased. Peak broadening results from a
decrease in grain size and an increase in lattice strain [18].
Because larger strains are developed in the lattice during
mechanical alloying, the Williamson—Hall method is more
accurate than other methods for calculating strain [19]:

S =1(0.92/dcosb) + 4etand €))
where d is the crystalline grain size, f is the full-width at
half-maximum of the selected peak, 1 is the wavelength of
the X-rays, 6 is the Bragg angle, and ¢ is the lattice strain.
By substituting the appropriate value for £ into the Wil-
liamson—Hall relationship, a plot of fcosé vs. sinf can be
constructed. We obtain the strain component from the slope
and the size component from the intercept. The changes in
crystalline size and lattice strain of the Cu matrix versus
time of the mechanical alloying are plotted in Fig. 3. Fig.
3(a) shows the crystalline size graph versus time of me-
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chanical alloying. The crystalline size decreases with in-
creasing milling time during the mechanical alloying. As
expected, the calculated size of the Cu-matrix crystals de-
monstrates that the severe plastic deformation of the powders
during the mechanical alloying process leads to a decrease in

the size of the Cu-matrix crystals to approximately 29 nm.
The final crystalline grain size derived from milling is the
result of interactions between the mechanical deformation of
particles and the recovery rate during the milling process.
The plastic deformation and the recovery behavior of milled
materials depend on their physical properties [20]. Fig. 3(b)
presents the lattice strain graph relative to the mechanical
alloying time. With increasing mechanical alloying time, the
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Fig. 2. XRD patterns of CugyCr¢Wig after different durations
of mechanical alloying.
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Fig. 3. Variation of (a) the crystalline size and (b) the lattice strain of the Cu matrix with milling duration.

strain of the crystalline lattice increased, reaching 58% after 50
h. Fracture and grain rotation are expected to be the sole domi-
nant mechanism for developing tension during the mechanical
milling process [21]. The increase in lattice strain and disloca-
tion density not only reduces the activation energy of diffusion
but also leads to the creation of high-diffusivity paths [21].

An SEM image of the powder particles after mechanical
alloying is shown in Fig. 4. After 50 h of mechanical alloy-
ing, the particle shape was irregular and the average particle
size was approximately 50 um. The variations in the mor-
phology and size of powder particles are influenced by the
diffusion of Cr, W, and Al,Os particles into the Cu particles
during the milling process. As evident in Fig. 4, few agglo-
merated particles were observed after ball milling. Achieving
an equilibrium between cold welding and powder particles
fracturing contributes to the prevention of agglomeration [22].

Fig. 5 presents the cross-sectional microstructure of the
sintered samples. The microstructure of both samples indi-
cates fine crack-free spherical pores in the grain boundaries,
with no cracks observed. Similar results have been reported for
specimens sintered using pulse electric current [23] and con-
ventional sintering [24]. The grain boundaries’ pores are more
abundant in the CuCrW alloy microstructure. ALOs particles
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Fig. 4. Morphology of CuCrW(AlL,O3) powder after 50 h of
milling.

present in the metallic matrix may result in acceleration of
the diffusion process and enhancement of the sintering con-
ditions [25]. An explanation for this observation is that, in the
process of metal-ceramic nanocomposite sintering, the size
difference in components affects their diffusion coefficients and
their sintering behaviors [26]. Components with finer sizes ex-
hibit higher diffusion coefficients in nanocomposites and result
in lower sintering temperatures [27]. Upon the addition of
AlLO; nanoparticles to the CuCrW alloy, the number of pores
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located at the grain interfaces was reduced and the alloy’s rela- analysis results shown in Fig. 6, the ALO;, Cr, and W compo-
tive density increased. Similar results have been previously re- nents were uniformly distributed in the Cu matrix. Therefore, the
ported for sintered samples [28—30]. On the basis of the EDX production of a CuCrW(AlO;) nanocomposite is confirmed.

Fig. 5. SEM images of the cross-sectional microstructure of conventional sintered samples: (a) CuCrW; (b) CuCrW(ALQOj3).

Fig. 6. SEM image and EDS distribution maps (Cu, Al, O, Cr, and W) for a conventionally sintered sample of the CuCrW(ALO;)
nanocomposite.
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3.2. Relative density and hardness

Compared with theoretical density, the measured relative
density before and after sintering of the CuCrW alloy and
the CuCrW(ALO;) nanocomposite were 91% and 95%, re-
spectively (Table 3). Despite the presence of Al,O; nanopar-
ticles, the relative density of the alloy increased by 5%. Be-
cause of the prevalence of component-diffusion and par-
ticle-agglomeration processes, the sintered sample became
denser [31]. The higher relative density of the CuCrW(ALOs)
nanocomposite might be attributable to the homogeneous
distribution of Al,O; nanoparticles and their position in the
cavities located at the grain interfaces [29].

Table 3. Density of the CuCrW alloy and the CuCrW(ALOs)
nanocomposite prepared by conventional sintering

Sample Relative density of Relative density of
green compact / % sintered sample / %
CuCrW 71 91
CuCrW(ALOs) 69 95

The hardness of the sintered samples was measured (Ta-
ble 4). These values are the mean of five hardness mea-
surements. The hardnesses of the alloy and the nanocompo-
site were HV 335 and HV 368, respectively. As observed,
the hardness of the alloys increased because of the presence
of Al,O; nanoparticles. This increase in hardness is attribut-
able to dispersion hardening of the significantly hard Al,O4
nanoparticles in the CuCrW matrix [32]. The uniform dis-
tribution of hard Al,O; nanoparticles, in contrast to the mo-
tion of dislocations, prevents plastic deformation of the
CuCrW matrix under the applied load and increases the
hardness [33—35]. Shehata et al. [36] studied the effect of
adding AL,O; nanoparticles to a Cu matrix. They observed
that, upon the addition of 12.5wt% Al,O; nanoparticles, the
microhardness increased by 50% and reached HB 80.

Table 4. Microhardness of the CuCrW alloy and the
CuCrW(AL,O3) nanocomposite prepared by conventional sin-
tering

Hardness, HV
335+7
368 £4

Sample
CuCrW
CuCrW(ALOs)

3.3. Tribological behavior

3.3.1. Coefficient of friction properties

Figs. 7 and 8 show the curves of coefficient of friction
(COF) for the CuCrW alloy and the CuCrW(Al,O3) nano-
composites, respectively, at sliding rates of 1 and 5 ms .

Int. J. Miner. Metall. Mater., Vol. 24, No. 11, Nov. 2017

The mean values of two iterations were calculated at each
step of the test procedure. The results show that the COF
tends to increase with increasing sliding distance in most of
the tests. Initially, an oxide layer is present on the surface,
which results in a lower COF at the beginning of the wear
test. This oxide layer disappears during the wear test, which
leads to an increase in either metal-metal contact or the ad-
hesive wear. Furthermore, this phenomenon ultimately re-
sults in a higher COF [37]. In the meantime, as wear devel-
ops, a substantial amount of debris may enter the pin—disk
contact zone. The presence of debris in this zone can lead to
indirectly enhanced surface roughness as well as to an in-
crease in the COF [38]. Fig. 7 shows that, in the wear tests
on the alloy sample at both high and low sliding rates, the
Al,0;5 pin exhibited a higher COF. According to Table 1, the
surface roughness of the AL,O; pin is greater than those of
steel and WC pins. Under such circumstances, asperity con-
tact occurs between the pin and the disk, leading to the in-
creased COF. The surface roughnesses of the steel and WC
pins are relatively the same, but the WC pin is harder than
the steel pin, which suggests that the WC pin should exhibit
greater wear resistance [39]. Consequently, the steel pin is
easily worn and may produce more wear debris particles.
Therefore, the COF caused by steel-pin wear is greater than
that of WC pins. Fig. 8 illustrates the results of wear tests on
the nanocomposite, where the highest COF again corres-
ponds to the Al,O; pin and the lowest corresponds to the
WC pin. As previously mentioned, the surface roughness of
the AL O; pin is greater than those of the WC and steel pins.
In this case, asperity contact occurs between the pin and the
disk, increasing the COF. Despite the equal surface rough-
ness of the steel and WC pins, the surface hardness of the
steel pin is lower than that of the WC pin, which in turn re-
sults in less wear resistance [39]. Hence, more debris is
produced by wearing through the steel pin, resulting in the
increased COF. For both the alloy and the nanocomposite
specimens, the COF also varies with the sliding rate. In this
regard, with increasing sliding rate, the magnitude of the
COF is mitigated. COF variation is likely due to changes in
the wear mechanism [40]. At low sliding rates (Figs. 7(a)
and 8(a)), the contact between the pin and disk becomes
rougher and asperity contact occurs in the wear zone. With a
decrease in sliding rate, the shear stress increases, which
leads to an increase in COF [41]. On the contrary, at high
sliding rates (Figs. 7(b) and 8(b)), this contact becomes
smoother and the involvement between the pin and sample
surface is diminished. The results show that the nanocom-
posite consistently exhibits a lower COF than the alloy sam-
ple. For example, a comparison of the average COFs for the
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alloy at a sliding distance of 300 m reveals that the highest
COF of 1.2, which was measured at a sliding rate of 1 m's™'
using an ALL,O; pin, whereas the lowest COF was 0.79 and

obtained with a WC pin at a sliding rate of 5 m-s '. For the
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nanocomposite, the highest and lowest COF were 1.15 and
0.61, which were achieved at sliding rates of 1 and 5 m's ' for
steel and WC pins, respectively. Thus, the presence of Al,O;
nanoparticles in nanocomposite results in a decrease in COF.

1.4
() . Alumina
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10 mWC
0.8 I
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0.2

0

150 m 300 m

Fig. 7. Coefficient of friction for CuCrW alloy at three steps with different sliding rates using alumina, WC, and steel pins: (a) 1

ms 3 (b)Sms™.
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Fig. 8. Coefficient of friction for CuCrW(AlL,Oz) nanocomposite at three steps with different sliding rates using alumina, WC, and

steel pins: (a) 1 ms 5 (b) Sms.

Similar results have been reported by Yasir e al. [42],
Song et al. [43], and Hou and Chen [44]. These authors have
stated that adding ceramic nanoparticles to a metal-based
alloy caused a COF reduction in wear tests. The lower COF
concerning the nanocomposite samples is attributable to a
higher hardness than that exhibited by the alloy sample [45].
The reason for the increased hardness and reduced COF is
the uniform distribution of Al,O; nanoparticles in the alloy’s
matrix and the excellent bond between the matrix alloy and
Al,O5 nanoparticles [46]. As vividly observed in Fig. 5, the
microstructure of the nanocomposite sample is more uni-
form than that of the alloy sample. However, given the rela-
tive density results in Table 3, the microstructure uniformity
and porosity reduction in the nanocomposite sample should
lead to less debris triggered by wear and, thus, to a lower
COF [47]. Because reinforcing ceramic particles act as a
carrier, the severe contact area between the alloy surface and
the abrasive pin reduces, which should lead to a decrease in

COF values [48]. A lack of nanoparticles in the alloy surface
also leads to a wider contact of the pin to the sample surface,
the occurrence of a severe adhesive wear mechanism, and
an increase in COF. Also, in the alloy sample, because of the
lower hardness of the sample surface compared with that of
the nanocomposite, debris caused by wear in the contact
area of the pin and the sample is increased, leading to great-
er surface roughness in this area and, consequently, an in-
crease in COF values.
3.3.2. Weight-loss rates

Fig. 9 demonstrates the weight-loss rates for the CuCrW
alloy and the CuCrW(Al,O5) nanocomposite at sliding rates
of 1 and 5 m's™". The lowest weight loss rate for the alloy
was 0.27 ug'N m™" at a sliding rate of 5 m's”'
WC pin. By comparison, the greatest weight reduction
amount was 0.59 pg'N "'m™" at a sliding rate of 1 m-s ™'

and with a

and
with an Al,O; pin. The lowest loss rate for the nanocompo-

site was 0.22 ug'N""'m™" at a sliding rate of 5 m-s™' and with
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a WC pin, whereas the highest was 047 ugN ''m ' at a
sliding rate of 1 m's ™' and with an Al,O5 pin. A comparison
of the weight-loss rates in the alloy (Fig. 9(a)) and the na-

nocomposite (Fig. 9(b)) reveals that the presence of Al,O3
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nanoparticles in the nanocomposite leads to a lower
weight-loss rate. This increase in wear resistance of the na-
nocomposite with Al,O; reinforcement nanoparticles is at-
tributed to plastic deformation control [49].
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~ 08 mSms!
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0

Steel Alumina

Fig. 9. Weight loss rates for (a) CuCrW alloy and (b) CuCrW(ALO3) nanocomposite at three steps with the sliding rates of 1 and 5§

ms™ using alumina, WC, and steel pins.

At a constant sliding rate, the weight-loss rate of the na-
nocomposite is lower than that of the alloy. Similar results
have been reported in other studies [49-51]. According to
the microstructure images in Fig. 5 and the relative density
results, the microstructure of the nanocomposite was more
uniform than that of the alloy and it exhibited a high relative
density. That is, the nanocomposite structure was denser,
and its surface was less porous. The microstructure unifor-
mity and the porosity reduction in the case of the nanocom-
posite sample contribute to a smooth contact of the pin with
the wear surface and, thus, to the generation of less wear
debris [47]. The lower weight-loss rate of the nanocompo-
site may be related to its higher hardness, denser micro-
structure, and lower surface porosity compared with those of
the alloy [45]. The uniform distribution of Al,O; nanopar-
ticles in the alloy matrix and an excellent bond between the
matrix alloy and Al,O; nanoparticles account for the hardness
increase and weight-loss-rate decrease, respectively [46]. On
the other side of the alloy sample, because of the lower
hardness and greater porosity of the surface compared with
the surface of the nanocomposite sample, the asperity con-
tact of the pin is accompanied by a severe and harsh wear
surface; consequently, the weight-loss rate increases. In the
nanocomposite sample, with increasing sliding rate, the
weight-loss rate increases. Because greater asperity contact
occurs in the wear zone with increasing sliding rate, the
shear stress increases, the bonds among particles are streng-
thened, the matrix of the alloy is fractured, and the rein-
forcement particles lose the capability to carry the load and
separate from the surface. This phenomenon, in turn, leads
to an increase in weight-loss rate [52].

A comparison of the results corresponding to the two in-
vestigated sliding rates reveals that the weight-loss rate re-
sulting from ALO; pin wear is greater than the rates result-
ing from wear of the WC and steel pins. During the process
of wear by the ALO; pin, because of the high surface
roughness of this pin compared to those of the steel and WC
pins (Table 1), contact occurs at the rougher wear zone; this
contact leads to the further involvement between the pin and
the wear surface and, accordingly, a higher weight-loss rate
at both low and high sliding rates. The WC and steel pins
exhibit lower surface roughness than the Al,O; pin. That is,
the WC and steel pins have smoother surfaces than the
Al,Oj; pin. These smoother surfaces should result in a lower
weight-loss rate in wear tests using the WC and steel pins.
However, in the case of the WC and steel pins, although
pins with the same surface roughness should exhibit the
same surface profile, the surface hardness of the WC pin is
greater than that of the steel pin. This greater surface hard-
ness of the WC pin compared with that of the steel pin could
give rise to enhanced wear resistance. An explanation for
this behavior is that less “pin deterioration debris genera-
tion” occurs on the wear surface and that the weight-loss
rate during wear under the WC pin is lower than the
weight-loss rates during wear under the steel and Al,O; pins.
Therefore, the WC pin provides better wear resistance.

For both samples, an alteration of the sliding rate resulted
in changes in the weight-loss rate. With an increase in slid-
ing rate in the pin-on-disk test, the rate of weight loss is re-
duced. As stated, at high sliding rates, the contact shear
stress for the separation of material from the specimen sur-
face is not adequate. However, at low sliding rates, rough
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contact occurs in the wear zone, the shear stress is increased,
and material is removed from the sample surface [41]. In
addition, at high sliding rates, the friction process is elas-
tic—plastic contact; thus, lowering the sliding rate and asper-
ity contact results in increased plastic deformation [53].
Hence, reducing the sliding rate leads to detachment of the
material from the sample surface and to an increase in
weight-loss rate.

Figs. 10 and 11 illustrate the cross-sectional profiles of
sliding distance for the CuCrW alloy and the CuCrW(ALO;)
nanocomposite at sliding rates of 1 and 5 m's', respectively.
The lowest depth of wear to the alloy was obtained at a
sliding rate of 5 m's”' and with a WC pin. By contrast, the
maximum depth of wear was obtained at a sliding rate of 1
m-s ' and with an Al,O; pin. In this regard, the lowest wear
depth in the case of the nanocomposite was also achieved at
a sliding rate of 5 m's ™' and with a WC pin and the greatest
wear depth also occurred at a sliding rate of 1 m's™' and with
an AL Os; pin. A comparison of the wear depth of the alloy
sample (Fig. 10) with that of the nanocomposite sample (Fig.
11) reveals that the presence of Al,O; nanoparticles in na-
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nocomposites results in an increase in surface hardness and
in plastic deformation control, leading to a mitigated abra-
sive pin diffusion in the specimen surface and decreased
wear depth [49]. Moreover, the uniformity of the nanocom-
posite microstructure, together with its greater relative den-
sity compared with the alloyed sample, leads to smooth
contact of the pin with the wear surface and, thus, reduced
the depth of wear. Thus, the least wear depth developed in the
nanocomposite samples can be attributed to higher hardness,
a denser structure, and less porosity in the surface of the na-
nocomposite compared with that of the alloy [45]. For both
samples at the same sliding rates, the depth caused by wear
using an ALLO; pin is always greater than those caused by the
wear using WC and steel pins. The minimum wear depth is
associated with wear by the WC pin. Again, for both samples,
an increase in sliding rate resulted in diminished resultant
wear depth. As previously mentioned, at a higher sliding rate,
contact shear stress does not result in material separation from
the surface. In comparison, at a lower sliding rate, asperity
contact occurs at the wear zone, shear stress increases, and
materials are separated from the sample surface [41].
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Fig. 10. Cross-sectional profiles of the sliding distance for CuCrW alloy after 300 m of sliding at different sliding rates using alu-
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The surface profiles are consistent with the observed
weight-loss rates. The wear process refers to the loss of ma-
terial from the surface. Two important wear mechanisms
explain the abrasive and adhesive types. Abrasive wear re-
fers to surface damage caused by the placement of hard par-
ticles between the contact surfaces. These hard particles may
originate from the contact parts or from the environment.
The abrasive wear grade increases with increasing applied
load and increasing the hardness of hard particles. Abrasive
wear, which occurs as two involved surfaces slide against
each other, generates localized connections, their failure,
and eventually material detachment from the surface. The
failure of connections at the interface or in a severe mode at
the depth of the junction occurs constantly [54—55].

3.3.3. Evaluation of worn surfaces and wear mechanism

To investigate the mechanism of wear, we analyzed the

SEM images of wear surfaces. Figs. 12 and 13 present the
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respective wear surfaces for the CuCrW(ALO;) nanocom-
posite and the CuCrW alloy at different sliding rates. As
shown in Fig. 12, in the wear surface of the nanocomposite
sample at sliding rates of 1 and 5 m's "', deep scratches and
small cracks were observed, where the abrasive wear me-
chanism was detected. In Fig. 13, severe adhesion effects
were observed in the alloy’s wear surface. This phenomenon
exhibits localized adhesion between the sample surface and
the pin surface. A comparison of the wear-surface images
reveals that, in the nanocomposite and the alloy samples,
dominant mechanisms are abrasive and adhesive wear, re-
spectively. Adhesive wear includes extensive surface dam-
age and severe separation of materials from the surface. In
the case of abrasive wear, separation of material from the
surface occurs by a plowing process. This mechanism re-
quires pin diffusion to the sample surface, which is con-
trolled by the surface hardness [56]. Therefore, the weight-loss

o

Abraive wear
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Fig. 12. SEM mlcrographs for the worn surface of the CuCrW(A1203) nanocomposnte after 300 m of sliding: an AL, O; pin with shdlng
rates of (a) 1 and (b) 5 m-s™'; a steel pin with sliding rates of (c) 1 and (d) 5 m-s™ 1 a WC pin with sliding rates of (e) 1 and (f) S m- s,
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Fig. 13. SEM micrographs for the worn surface of the CuCrW alloy after 300 m of sliding: an alumina pin with sliding rates of (a)
1 and (b) 5 m's™'; a steel pin with sliding rates of (c) 1 and (d) 5 ms '3 a WC pin with sliding rates of (¢) 1 and (f) 5 ms .

rate is inversely related to sample hardness, which in turn
strongly affects the resistance to abrasive wear. As shown in
Table 4, because of the Al,O; nanoparticles, the nanocom-
posite exhibits higher hardness than the alloy. These results
lead to the conclusion that the presence of Al,O; nanopar-
ticles in the alloy matrix leads to a change in the wear me-
chanism from abrasive to adhesive mode. Thus, the nano-
composite sample is expected to exhibit greater resistance to
wear. This behavior is also consistent with the results of the
weight-loss rate experiments and the cross-sectional SEM im-
ages. Similar results have been reported in other studies [57-59],
where an inverse relationship was observed between hard-
ness and the weight-loss rate in wear tests. Hence, the alloy
sample exhibits greater porosity than the nanocomposite
sample, leading to greater involvement between the wear
pin and the disk surface wear and also greater detachment.

The authors of previous studies have reported that abra-
sive wear is the dominant wear mechanism in metal-matrix
composites with a hard reinforcement material [60-61]. In
this regard, Zhang et al. [62] stated that the severity of adhe-
sive wear decreases with decreasing COF in a Cu—Ni alloy.
Ding et al. [63] showed that the existence of Al,O; rein-
forcement nanoparticles in a Cu-based alloy matrix leads to
minor changes in the wear mechanism. For nanocomposites
with 1wt% of Al,O;, the wear mechanism was adhesive,
whereas abrasive wear was observed for the one containing
greater than 2wt% of AL,Os. In Fig. 12, a mixture of adhe-
sive and abrasive wear by steel and WC pins was observed
on the wear surface of the nanocomposite sample (Fig. 12(c)).
The creation of adhesive wear justifies the use of a metallic
pin and metal-to-metal contact at the wear zone [63]. A com-
parison of the wear surfaces shown in Figs. 12(c) and 12(d)
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reveals that the adhesive wear decreases with increasing
sliding rate. An explanation for this observation is that, with
an increase in sliding rate, the contact at the wear zone
changes from rough to smooth and, subsequently, less con-
nection and localized involvement between the pin and the
disk surface occur. However, a comparison of Fig. 12(c) and
Fig. 12(e) shows that a lower grade of abrasive wear occurs
for the WC pin, likely because the higher hardness of the
WC pin compared to that of the steel pin provides higher
wear resistance. Fig. 13 shows that, in the case of wear of
the alloy by steel and WC pins, severe abrasive wear oc-
curred. Under these circumstances, the load was fully trans-
ferred to the disk by rough contact. Because of met-
al-to-metal contact and localized connection, greater adhe-
sive wear occurs in wear tests with a metallic pin. In addi-
tion, by comparing wear images at low and high rates, the
number of detachments indicating adhesive wear decreases
during the wear carried out at a higher rate.

4. Conclusions

In this study, CuCrW SS was prepared after 50 h of me-
chanical alloying. Upon the addition of 5vol% AlL,O; nano-
particles to the CuCrW alloy, the hardness was increased by
10%. The tribological properties of the samples were eva-
luated using pin-on-disk wear tests. The comparison consi-
dered the damage mechanisms, wear, and friction between
sintered samples and pins composed of different materials
(AL,O3, WC, and steel 52100). The results indicate that WC
pins exhibit a lower coefficient of friction than the AL,O;
and steel pins because of their high hardness and low sur-
face roughness. A comparison of the weight-loss rates in the
CuCrW alloy and the CuCrW(AlL,O3;) nanocomposite re-
vealed that the existence of Al,O; nanoparticles in the na-
nocomposite led to a lower weight-loss rate. In addition, a
reduction in sliding rate led to the detachment of material
from the sample surface and an increased weight-loss rate.
With respect to the damage mechanism, the presence of
Al,O5 nanoparticles in the alloy matrix led to a change in the
wear mechanism from adhesive to abrasive wear.
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