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Abstract: Coatings of metal matrix composites (Cu—WC) were fabricated by solid-state sintering. WC reinforcing particles in
different quantities from 5% up to 30% (volume fraction) were mixed with Cu particles. After mixing, the powders were poured onto
the surface of copper substrates. Sintering was carried out at 1000 °C under a reducing atmosphere in a vertical dilatometer. Sintering
kinetics was affected by both rigid substrates and WC particles which retarded the radial and axial densification of powders. However,
the coatings were strongly attached to the substrate, and WC particles were randomly distributed within the matrix. The addition of
the reinforcing particles enhanced the microhardness and reduced the volume loss in wear tests to 1/17 compared to the unreinforced
sample. The predominant wear mechanism was identified as abrasion at a load of 5 N. 20% WC (volume fraction) reinforcing
particles led to the maximum values of properties for the composite coating.
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1 Introduction

Copper and its alloys have several automotive
applications since they are efficient by combining
multiple electrical, thermal and corrosion components.
Nevertheless, the applications of copper alloys are often
limited because of their low mechanical properties when
compared to steel, aluminum or nickel. In particular,
copper alloys are used to produce bearings in which a
coating of powders is sintered onto a rigid substrate. In
order to obtain a continuous process, the powders are
poured onto the surface of the substrate; then, free
sintering is achieved by introducing the products into an
industrial furnace under a reducing atmosphere. Different
problems are present during the process (e.g.,
delamination, large porosities, cracks), which are
generated by the constrained sintering. Those problems
reduce the life of bearings as well as the wear properties
of the copper alloys. A few works have studied
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constrained sintering to fabricate coatings composed of
powders on solid substrates [1-5]. Most of those works
studied the sintering process and pointed out defects like
pores and grain anisotropy [6] and delamination during
sintering [7]. However, none of those works investigated
the wear properties of the films. On the other hand,
metal matrix composites reinforced with ceramic
particles [8—11], whiskers [12] and nanoparticles [13,14]
have been developed in order to improve the wear
resistance and mechanical properties of different alloys.
With respect to Cu alloys, DESHPANDE et al [15,16]
observed that the pore volume and pore geometry
increased the wear rate in composites of Cu—WC made
by the infiltration process. HONG et al [17] found that
small quantities of indium can improve the hardness and
wear properties of the Cu—WC composites.
LARIONOVA et al [18] introduced carbon nanofibers
into a Cu matrix and reported that the coefficient of
friction (CoF) was reduced up to 1/8 compared to that of
the matrix. KHOSRAVI et al [19] used the stir process to
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fabricate layers of Cu—WC composites on solid
substrates of copper; they found that the hardness was
improved up to two times with respect to that of the pure
copper, which was attributed to the reduction of the grain
size. MIRAZIMI et al [20] fabricated composites of
Cu—YSZ by SPS and obtained relative densities close to
95%, thus, microhardness and wear properties were
improved. Nonetheless, the coefficient of friction was
reported to be around the same values. PAK et al [21]
produced Cu matrix composites reinforced with carbon
nanotubes by extrusion process, improving the hardness
of composites 4 times by adding 10% of nanotubes.

The objective of the present work is to investigate
the sintering kinetics of the Cu=WC, composite coatings
fabricated by the powder metallurgy route and their
mechanical properties and wear resistance. The effect of
the volume fraction of the reinforcing particles, the pore
volume and the sintering defects were evaluated and
linked to the wear properties of the coating.

2 Experimental

In order to fabricate 1 mm-thick metal matrix
composites (MMC) coatings, spherical copper powders
with an average particle size of 23 pum (Fig. 1(a)) and
tungsten carbide (WC) powders with an average particle
size of 70 um (Fig. 1(b)) were used as a matrix and the
reinforcing particles, respectively. The reinforcing
particles were added from 5% to 30% (volume fraction)
into the Cu matrix. With the aim to obtain a random
distribution of the WC particles, the powder mixture was
poured into a plastic container; then, it was shaken for
30 min using a turbula. Two solid substrates of Cu were
used: the first one consisted of cylinders with diameters
of 8 mm and height of 14 mm were used to evaluate the
sintering kinetics; the second one was a rectangular plate
of 20 mm x 10 mm x 3 mm that was used for the wear
tests. In the interest of fabricating the coating, substrates
were placed inside a container with the same surface of
the substrate. However, the thickness of the container
was | mm larger than that of the substrate. The surface of
the substrates was polished to eliminate external

oxidation to avoid any interface problem during sintering.

This space was filled with the powders that were poured
onto the substrate. The powders were tapped in order to
obtain a uniform distribution and to increase the green
density of the coating. Finally, the outer surface was
swept with a metallic plate to obtain a flatter surface.
More details of the experimental set-up can be found
elsewhere [5]. Immediately after the samples inside of
the containers were introduced into a horizontal electrical
furnace, they were heated at 450 °C for 30 min and a
heating rate of 20 °C/min (under a reducing atmosphere
of 10% H, and 90% N,) to achieve adhesion between the

particles and the solid substrate. Then, the samples were
taken out of the containers with the coatings of powders
attached to the surface of the substrate. Finally, sintering
was carried out at 1000 °C with a heating rate of
25 °C/min for 1 h under a reducing atmosphere in two
different instruments: a vertical dilatometer LINSEIS
L75 to obtain the sintering kinetics and a horizontal
furnace to produce larger samples used during the wear
tests. The microstructure of the sintered coatings was
analyzed by means of a Tescan Mira3 field emission
scanning electron microscope (FESEM) using polished
cross-sectional samples.

Fig. 1 FESEM images of initial powders: (a) Copper matrix;
(b) WC used as inert inclusions

The microhardness evaluation was performed on
cross-sectional  polished surfaces by using a
microhardness tester Mitutoyo MVK-HVL with a load of
0.5 N and a dwell time of 15 s. With the aim to obtain a
map distribution of the microhardness, we indented in
different locations on the coating surface from the
interface with the substrate to the edge of the coating. A
total of 49 points were measured and a 2D grid of 7x7
points was built; then, interpolation was performed using
the Matlab software to obtain pseudo-continuous
representations. Wear tests were performed at room
temperature using a CETR UMT?2 tribometer in a ball on
flat, reciprocating sliding configurations under dry
conditions and a relative humidity of 40%—45%. A
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10-mm diameter AISI 52100 steel ball was used as the
counterpart. Prior to starting the tests, the surface of the
coatings was ground with SiC abrasive paper and then
carefully polished with 1 pm particle size alumina.
Finally, samples were ultrasonically cleaned in isopropyl
alcohol and acetone for 15 min each. Every test was
conducted with a sliding velocity of 0.02 m/s at a
frequency of 1 Hz. The total number of cycles was
chosen to be 1000 for the experiments, while the normal
force was varied from 1 to 5 N. For every load, a new
fresh surface was used to avoid any dust or
contamination from previous runs. For each condition,
three tests were made, and the average value was
obtained. During testing, the round counterpart was kept
stationary, while the working sample maintained the
reciprocating sliding movement.

3 Results and discussion

3.1 Dilatometry analysis

The axial deformation during the whole thermal
cycle undergone by the copper cylinder (used as a
substrate) with and without a copper powder coating is
shown in Fig. 2. The uncoated cylinder appears the
dilation during the heating stage, which is due to the
thermal expansion. Then, when the temperature reaches
the isothermal plateau, no additional deformation is
observed until the cooling stage starts. On the other hand,
when the cylinder with the coating is evaluated,
shrinkage starts at around 850 °C; this temperature
corresponds to the sintering activation of copper powders,
as it has been previously reported [22]. In this study, the
shrinkage is associated to the coating of powders
sintering on the surface of the cylinder. Shrinkage
continues during the isothermal temperature, and when
the cooling stage starts, the shrinkage corresponds to the
thermal contraction.
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Fig. 2 Evolution of axial shrinkage as function of time during
whole thermal cycle for substrate with and without coating
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In order to estimate the real shrinkage of the coating,
the displacement measured by the dilatometer was
corrected by the dilation of the copper cylinder at any
temperature during the heating stage until the isothermal
temperature was reached. Then, the shrinkage measured
by the dilatometer corresponds exclusively to the
dimensional changes on the coating. The real shrinkage
of the coating was calculated by dividing the corrected
displacement by the thickness of the coating composed
of the powders. The shrinkage as a function of time
during the isothermal sintering that was obtained for
coatings with different volume fractions of reinforcing
particles is depicted in Fig. 3. The level of shrinkage
achieved is reduced when the volume fraction of WC
particles increases. This behavior has been observed
previously when the reinforcing particles are inert to the
matrix at the sintering temperature [23]. The effect of the
addition of WC particles on the axial shrinkage is
important from 5% of WC particles that reduced 30% of
the shrinkage reached by the coating without reinforcing
particles. For the highest quantity of WC particles, the
shrinkage is practically stopped, i.e., it is 92% lower than
that obtained for the coating without reinforcing particles.
It can also be observed that curves are not smoother than
those reported for free sintering. This behavior can be
attributed to a heterogeneous deformation of the coating
due to the constraint generated by the substrate at the
edges of the substrate, as was previously reported by
GUILLON et al [1] and MARTIN and BORDIA [24].
That phenomenon is generated mainly because the center
of the coating undergoes a higher shrinkage due to a
stress concentration generated by the restriction of the
substrate, which conserves its initial shape contrary to
the powder that tries to shrink. Therefore, the possibility
of delamination of the coating is higher at the edge
of the substrate, where the necks developed between the
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Fig. 3 Evolution of axial shrinkage as function of time on
sintering plateau for coating with different volume fractions of
reinforcing particles
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particles and the flat surface of the substrate are weaker.
These can be broken, especially for higher values of
densification of powders as well as for coatings with
smaller thicknesses. In this work, delamination was not
detected since the maximum relative density attained was
82%, and the thickness of the coating is large enough to
avoid inter-phase effects. However, a profile (in the form
of a curvature) at the edge of the substrates for coatings
without reinforcing and different zones of heterogeneous
densification was observed. Different authors have also
reported this curvature [25-27].

In order to estimate a global value of the relative
density of the coatings, it was assumed that the radial
deformation is zero; then, the final relative density was
calculated from the dimensional changes measured by
the dilatometer and the mass of powders used for the
coating. Other authors have estimated the density from
image analysis; however, as the copper is a soft material,
some pores are filled during the polishing stage, and the
relative density is overestimated. The relative density of
coatings as a function of the volume fraction of WC
particles is plotted in Fig. 4. We found a decrement of
relative density when the reinforcing particles increased,
which agrees with the shrinkage reduction by the
addition of WC particles. During constrained sintering,
the final relative density is similar to that reported for the
free sintering for the same kind of composites [23].
These findings agree with those reported by LIN and
JEAN [28] (the same relative density reached in this
work: 80%) where a silver paste was sintered in both free
and constrained sintering. In order to reach the same
values of relative density for free and constrained
sintering, the axial shrinkage should be higher for
constrained sintering compared to that obtained by the
free sintering since the radial densification is almost zero.
Comparing the value of axial shrinkage for the same kind
of composites obtained by free sintering reported
by CABEZAS et al [23] and the shrinkage obtained by

constrained sintering, the value is approximately 32%
higher when constrained sintering is performed. On the
other hand, different authors have pointed out that the
constrained sintering inhibits the full densification via
delamination, shape distortion, etc. However, those
problems were seen in samples with relative densities
above 90%, and there was a strong difference between
constrained and free sintering; nevertheless, such
densification is not achieved in this kind of coatings for
bearing products because the remaining porosity helps to
develop self-lubrication.
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Fig. 4 Relative density of coatings as function of volume

fraction of WC reinforcing particles

3.2 Microstructural observation

Figures 5 and 6 show cross-sectional FESEM
images of the coatings processed by solid state sintering
with and without WC reinforcing particles. In general, a
residual porosity is noticed inside the coating (Fig. 5(a)).
Also, larger pores can be seen as the volume fraction of
the reinforcing particles increases (Fig. 5(f)). The rest of
the samples show intermediate residual porosity. The
WC particles are randomly distributed inside the Cu
matrix. In spite of a good distribution of the particles,

Fig. 5 FESEM images of composite films with different volume fractions of WC reinforcing particles: (a) 0; (b) 5%; (c) 10%;

(d) 15%: (e) 20%; (f) 30%
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some zones are not denser than others because of the
heterogeneous densification of powders, which is
generated by the constraint imposed for the substrate, as
it was also observed by other authors [3,5-7].
Particularly, denser zones are found at the edges of the
coatings or for those with less than 20% WC particles.
Above that quantity of WC particles, larger agglomerates
are formed causing larger porosities. The inert behavior
of the reinforcing particles is clearly observed in
Fig. 6(c), where the WC particles are embedded in a
continuous matrix. The continuity of the matrix is
interrupted when 30% WC particles are added (Fig. 6(d)).
A few Cu particles are sintered as isolated blocks and are
surrounded by agglomerates of WC particles. This
observation confirms the fact that the linear shrinkage
detected by dilatometry is actually stopped.

3.3 Microhardness

In order to evaluate any favorable changes in the
hardness of the composite coating, the average value of
the matrix microhardness as a function of the volume
fraction of the reinforcing particles is plotted in Fig. 7.
Despite the relatively high dispersion of results, the
microhardness increases by 25% for samples with
volume fractions of WC particles up to 10%. Then, the
microhardness increases as the volume fraction of WC
particles increases and reaches a maximum value for
samples with the volume fraction of WC particles of
20%. The maximum value is 60% higher than that for
coating without any reinforcement. This value is 20%
lower than that found by KHOSRAVI et al [19] in
composite layers of Cu—WC fabricated by a stirring
process. The same increment in hardness was reported by
QIAN et al [29] for Cu—G composites with the same
volume fraction of WS, reinforcing particles but
fabricated by hot-pressing method. Finally, for the
maximum volume fraction of WC particles used in this
study, the microhardness values clearly decrease;
however, this value is still 10% higher than that
measured for coatings without inclusions. This behavior
is consistent with that reported for the same system of

Fig. 6 FESEM images of composite films: (a) Edge of coating without WC particles; (b) Edge of coating with 10% WC particles;
(c) Distribution of WC particles inside matrix sample with 15% WC particles; (d) Large agglomerates of WC particles (sample with
30% WC particles)

metal matrix composites (Cu—WC); however, the
threshold of inclusions was reported to be below 15%,
and the maximum value of hardness was 75% higher
than that obtained without in free
sintering [23]. Higher values of hardness found in
samples with inclusions indicate that the net of necks
becomes stronger during sintering in spite of an increase
in the porosity of the coatings.

inclusions
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Fig. 7 Average values of microhardness as function of volume
fraction of WC reinforcing particles

The microhardness distribution through the whole
surface of coating is depicted in Fig. 8. The
microhardness values increase with the increase of the
volume fraction of WC particles, and they exhibit a
maximum value for 20% WC reinforcing particles and a
minimum value for 30% WC particles. The strengthening
mechanisms of the matrix could be due to both: the
effect of the transmission of load from the matrix to the
inclusion particles and the mismatch in the coefficient
thermal expansion (CET), which was described by
CASATI and VEDANI [30]. The first one is attributed to
the volume fraction of inclusions that have a higher
stiffness than the matrix particles; thus, the charge is
transmitted from the matrix to the WC particles when the
matrix is completely interconnected. The second one is
mainly because during cooling, the CTE is completely
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Fig. 8 Microhardness distribution on composite surface coatings with different volume fractions of WC reinforcing particles: (a) 0;

(b) 5%; (c) 10%; (d) 15%; (e) 20%; (f) 30%

different between the matrix and the hard inclusions;
therefore, internal stresses are generated in the matrix
and cause hardening. Since the CTE is 3 times larger for
the matrix than that for reinforcing particles, this
mechanism should play a major role. These
strengthening mechanisms are preponderant until the
matrix is still interconnected, which means 20% of
reinforcing particles. Above this quantity of WC particles,
the lower densification plays a major role because larger
pores are obtained and the continuity of the matrix is
reduced. This reduction in matrix continuity mainly
occurs because the reinforcing particles form a network
between them, which inhibits further densification, as
predicted by the percolation theory of LANGE
et al [31,32] and as demonstrated by numerical
simulations of bimodal compacts by BOUVARD and
LANGE [33]. CABEZAS et al [23] found that 15%
(volume fraction) of non-densifying particles is the
threshold for reinforced composites fabricated by
solid-state sintering. That value is in agreement with

those reported by different  authors [31-33]. Other
authors have found that 20% (volume fraction)
inclusions is the maximum quantity for the metal matrix
composites of aluminium reinforced with SiC [8,9] and
for ceramic composites reinforced with
nanoparticles [13]. However, the microhardness on the
coating surface has also been observed to be highly
heterogeneous, even when no WC particles are added.
This result is consistent with the observations made
regarding the porosity, which could be one of the causes
of these heterogeneities [3,34]. Nonetheless, the
microhardness of the matrix has been improved by the
inclusion of WC particles, and the results show that 20%
of hard inclusion gives more homogeneous hardness
values through the evaluated area.

matrix

3.4 Dry sliding wear

The wear behavior of the Cu and Cu—WC coatings
was evaluated in reciprocating sliding tests. This method
has been used to evaluate the wear properties of thin
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coatings [35]. The evolution of the CoF of these samples
as a function of the number of cycles at a load of 5 N is
presented in Fig. 9. Similar behavior was found for
samples tested with lower loads. Composites with 5%
and 20% of reinforcement particles show relatively low
CoF values around 0.25. The rest of the tested samples
presented generally higher CoF values for the three loads
used. It is not evident under which conditions of load or
reinforcement the samples developed a steady friction
coefficient as most of them showed different values
when varying loads. With regard to the CoF values as a
function of the reinforcement volume fraction, samples
with reinforcements of 10% and above showed higher
CoF values (with the exception of two conditions: 5 N,
5% WC and 5 N, 20% WC); however, as the volume
fraction of WC increases for every used load, the
dispersion of data is reduced. This is the result of a better
distribution of the WC reinforcing particles inside the
tested area. The CoF values found here are 1.5 times
larger than those obtained in composites of Cu—WC
fabricated by infiltration [15,17], clearly indicating that
the way that the particles are embedded into the matrix
and the differences during processing (in which there is
at least one liquid phase) are the main causes from these
results. On the other hand, the CoF values reported for
composites fabricated by the stir process are slightly
higher than those found here for the same quantity of
WC particles being 10% (volume fraction) [19].
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Fig. 9 Coefficient of friction as function of number of cycles
for coatings with and without WC particles at load of 5 N

The volume loss for all tested samples as a function
of volume fraction of WC particles for each load is
presented in Fig. 10. In general, the volume loss, which
is directly related to the wear rate, increases with the load

for all samples except for the sample containing 20% of
WC reinforcing particles. In this particular case, the
sample shows a small increment for the intermediate
load of 3 N; then, a slight decrement is again observed
for the higher load. It has been previously reported [15]
that one of the factors influencing loss of material in
experiments with variation of the applied load is the local
temperature reached on the worn surface of the sample.
A high temperature is associated with a loss of interfacial
strength between both phases (matrix and the
reinforcement), which can originate loosening of the
particle as well as removal. These results were found to
be in agreement with the Archard wear law, which
indicates that wear is proportional with the increase of
applied load [36]. In other studies [15,37], an increased
loss of material with the applied load was also reported.
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Fig. 10 Volume loss from reciprocating sliding tests as function

of volume fraction of WC reinforcing particles at three
different loads

The volume loss for the unreinforced sample is
considerably higher than that of its counterpart which
shows a reduction with a linear tendency as the volume
fraction of reinforcing particles increases at a load of
1 N. Afterwards, higher loads of 3 and 5 N show a
reduction of volume loss that behaves exponentially; this
demonstrates that composites become more resistant to
wear up to a reinforcing particle content of 20% (volume
fraction). The reinforcing hard particles as a second
phase can, in this case, act as a load carrier and impede
the metal flow of the soft matrix; then, the removal of
material is reduced. The importance of reinforcing
particles in composites against wear has been previously
reported in Refs. [38—40]. In this study, the volume loss
is reduced to 1/17 for the sample with 20% of WC
particles compared to the unreinforced sample at a load
of 5N.

In order to establish a relationship between the
hardness of the coating and the volume loss under wear
conditions, Archard’s law [36] is useful to understand the
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compromise between both parameters, which describes
the inverse relationship between these parameters (# and
H), as shown in Eq. (1):

LS
W=K— 1
H M

where W is the wear volume loss, K is the wear
coefficient, L is the applied load, S is the sliding distance
and H is the hardness of the softest contacting surfaces.
With the aim to estimate the wear coefficient, the loss
volume of each sample after 1000 cycles as a function of
the inverse of the microhardness was plotted for samples
tested at the same values of loads (Fig. 11). A linear
behavior is seen for the three different loads used here.
Also, the slope increases with the increase of the load,
and the dispersion of values diminishes. On the other
hand, the value of K was calculated from the slope of the
linear fit for each set of points in Fig. 11. The K values
obtained are 16.2x10 7, 15x1077 and 9x10 " at loads of 5,
3 and 1 N, respectively. The value of K increases around
two times from the lower load (1 N) to the higher load
(5 N). This indicates that the conditions of the wear
change with the applied load from light to severe.
According to Archard’s law, the wear undergone by these
composites for higher loads should be abrasive.
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Fig. 11 Volume loss as function of inverse of microhardness for
samples with and without WC reinforcing particles at different
loads for reciprocating sliding tests

3.5 Microstructural analysis of wear mechanisms

The worn surfaces after the tribological tests are
presented in Figs. 12 and 13. It is observed that after
sliding, the wear scars are smaller as the volume fraction
of WC particles increases at different loads used
(Fig. 12). These images also show that WC particles are
randomly distributed over the coating surface and
confirm the observations in the cross-sectional images
presented in Fig. 5. Taking into account the sample with
5% of WC nparticles, it is clearly noticed that there are
not many WC particles inside the wear scar compared to

Fig. 12 FESEM images of wear scars at loads of 1, 3 and
5 N for three different samples: (a) Cu; (b) Cu—5%WC;
(c) Cu—15%WC

samples with, for instance, 15% of WC particles. This
observation helps to explain the fact that the CoF
increases for the sample with a higher volume of WC. It
is evident that the contact between the metallic
counterpart and a mostly metallic sample without or
just5% WC results in a lower CoF (as a result of a
metal-to-metal contact). The residual porosity also has an
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Fig. 13 FESEM images of worn surfaces for different loads and
WC reinforcing particles: (a) Cu, 3 N; (b) Cu—15%WC, 3 N;
(c) Cu—15%WC, 5N

influence on the wear behavior of these composites. In
this case, higher quantity of WC particles generate larger
pores, which helps to reduce the volume loss. At first, the
major wear occurred due to plastic deformation of the
soft copper matrix that filled larger pores with matter
removed from other places; this behavior was previously

observed by MARTIN et al [41] in stainless steel porous
samples.

In this study, the Cu matrix seems to be worn easily
when no WC particles are used due to the low hardness
of the Cu and the harder counterpart (Fig. 13(a)). This
can also be associated with the size of the pores, which
are relatively small; these cannot be easily filled by the
removed material, and instead, growth occurs in the
sliding direction. The wear mechanism identified at this
stage can be described mainly as abrasive in which
plowing, cutting, grooving and plastic deformation of the
soft matrix are also seen. The removal material and the
damage observed after sliding follow the statement that
as being in different phases, composite components will
respond individually to the wear events, which is mainly
due to the difference in mechanical properties [38—40].
On the other hand, when WC particles are added to the
Cu matrix, the volume loss decreases considerably up to
a certain reinforcing particle content. Due to their
hardness and load bearing capacity, they can better stand
wear, while the remaining porosity is filled by the
elimination of the asperities of the surface. Another
reason for the decreasing volume loss is that the contact
between the hard particles and the steel counterpart
promotes the preferential wear of the soft Cu matrix.
Previous studies [42,43] have shown that when the
hardness of the counterpart (AISI 52100 in this case) is
lower than that of the reinforcing particles, it is the
matrix that wears preferentially, as seen in Fig. 13(b);
although some abrasion is still seen, adhesion and
removal of fractured WC particles are also observed. The
interfacial bonding strength between WC particles and
the Cu matrix resulted fairly good connection since only
a few particles were either partly fractured or torn out
from the matrix; thus, no other wear mechanisms than
those previously described were identified, which is
contrary to what has been found when Cu—WC
composites are produced by the infiltration process [17].
The composites reinforced with WC particles (even
when some of them can fracture, especially when higher
loads are used) showed a reduced volume loss; also, the
fractured particles tended to remain inside the matrix due
to the bonding strength that was previously mentioned
(Fig. 13(c)). From those images, it is estimated that the
predominant wear mechanisms are both adhesive and
abrasive with some material removal from the matrix.

4 Conclusions

1) Thick Cu-powder coatings were fabricated by
solid-state sintering, and the effect of WC reinforcing
particles on the wear properties was evaluated.
Microhardness and dry reciprocating sliding wear tests



J. L. CABEZAS-VILLA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 22142224

were carried out on samples with different volume
fractions of WC particles.

2) The effect of substrate inhibited the radial
densification during sintering, and delamination was not
found because the final relative density attained is
relatively low, which reduces the stress induced by
densification of the powders on the substrate. The
addition of WC particles acting as inert material at the
sintering temperature slowed the densification of the
coating when the volume fraction of WC particles
increased in the same way reported by free sintering of
composites.

3) The microhardness of the Cu matrix is improved
by the addition of hard particles in spite of an increase on
the porosity, and the optimum volume fraction of WC
particles is 20%. The effect of increasing microhardness
is positive for the wear behavior since the volume loss
is reduced when the microhardness is increased,
particularly for higher loads under which the reduction of
volume loss follows an exponential behavior. A higher
coefficient of friction was also found when hard particles
were used, but a clear tendency was not observed when
increasing the volume fraction of WC particles. The
predominant wear mechanism was found to be abrasive
(mainly for high loads), whereas adhesion may be
present depending on experimental conditions. Finally,
the reinforcing particles remained embedded within the
Cu matrix since they were not completely torn off from
the matrix due to its high bonding strength.
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