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Abstract

In this study, copper alloy matrix composites reinforced with tungsten carbide (WC) particles with the addition of different
Ni contents (0, 3, 5, 7, and 10 wt.%) were prepared by the spontaneous infiltration process. Image analysis was used to
quantify the microstructural parameters, such as the particle size and distribution, area fraction, binder mean free path,
and pore size. The effect of Ni addition on the microstructure, density and hardness are discussed. The results show that a
small addition of Ni improves the densification of the infiltrated composites. The highest density value of 11.84 g/cm3 with
a hardness of 327 HV was obtained for the infiltrated composite with the addition of 3 wt.% of Ni. The quantitative analysis
results are in good agreement with the microstructure properties and hardness results.
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1. Introduction

Metal matrix composites (MMCs) are multi-phase
materials that combine the properties of both their
original components, consisting of metal as the matrix
phase and particles or fibers as the reinforcement
phase. This combination aims to enhance the final
properties of the composites, which cannot be
achieved when these components are used
independently. The large variety available for the
matrix and the reinforcements has made these
composites indispensable in a wide range of sectors,
including the automotive, petroleum, oil and gas
industries [1-8]. As such, copper or copper alloy
matrix composites reinforced with ceramic particles
are an attractive metal matrix composite combination.
These composites display excellent properties with
high strength and wear resistance originating from the
reinforcement phase. In addition they present high
fracture toughness, emanating from the matrix phase.
Copper or copper alloy matrix composites have
received particular interest for structural applications,
notably in wear applications, such as cutting, drilling,
and mining tools [7-9], electrical contact applications
[10, 11] and coatings [12]. In particular, copper alloys
reinforced with WC particles composites are
extensively used as the solid body of drilling bits in
the gas, oil and petroleum industries [7, 9].

Bits are usually produced by the hot press

sintering [13-17] or the melt infiltration [9, 18-21]. As
an attractive process to produce these MMCs, the
spontaneous infiltration process enables the
possibility of realizing complex shapes with a near-
net-shape in one step, eliminating all the additional
process, such as machining or grinding operations
[22-24]. During the spontaneous infiltration process, a
molten metal is drawn under capillary forces and
filled into the connected pore system of a reinforcing
skeleton, followed by a rearrangement of the physical
contact of the component interface. Finally,
component interactions take place for good interfacial
bonding between the matrix and reinforcement
particles [22, 23, 25]. The conditions that induce
infiltration depend mainly on wettability, capillary
forces and the reaction between the phases of the
composite [22-26]. The major problem with the
spontaneous infiltration process is that molten metals
do not generally wet ceramic particles. Moreover,
copper presents poor wettability on WC [22, 27].
However, some copper alloys present good wettability
on WC particles. Furthermore, alloying elements
(e.g., Ni, Ti, Al, and Co) can also enhance the
wettability between the matrix and the reinforcement.
De Maced et al. investigated the wetting and
spreading effect of nickel on WC particles [28]. They
found that the spreading of Ni on the WC interface
during solid-state sintering provided a higher
wettability and the enhanced densification behavior.
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In addition, Ni has been reported as a good wetting
binder on WC particles for composites [29-33].

Alternatively, with technological progress, the
need for the development of new materials with high
performances requires the investigation of the
relationship between the microstructure and the final
properties. With the aim of understanding this
relationship, extensive research through the
development and use of various methods of
microstructure quantification, such as image analysis
[34-36], has been carried out. Recently, the image
analysis technique has found a wide range of interest
in materials science and engineering [34, 37, 38]. This
technique can be applied to perform quantitative
characterization and statistical presentation of
material microstructures to provide useful
information regarding microstructure features. The
exploration of microstructure behavior through image
analysis allows the control and optimization of the
final properties and performance of a material.
Several studies have been performed with the use of
image analysis in the quantification of the
microstructure parameters to understand their effect
on the properties of sintered materials and composites
[39-43]. Shen et al. [39] studied the evolution of local
microstructure features to evaluate the densification
and distortion behavior during initial stage liquid
phase sintering at an effective sintering time using the
image analysis technique. Petersson et al. [40]
investigated the densification behavior of a WC-Co
material at an early stage of sintering to obtain pore
size distributions using the image analysis technique.

In the current study, copper alloy matrix
composites reinforced with WC particles with the
addition of different Ni contents (0, 3, 5, 7, and 10
wt.%) were prepared by the spontaneous infiltration
process. The microstructure of the infiltrated
composites was analyzed with the image analysis
technique in order to quantify the different
microstructure parameters, such particle size and
distribution, the area fraction of the reinforcement
phase, the binder mean free path and pore size.
Density and hardness were also investigated. The
purpose of this work is to study and analyze the
microstructural feature evolution of the infiltrated
composites with the addition of Ni. These results are
used to create a relationship between the
microstructure and composite composition.

2. experimental

WC (99.7% purity, average particle size of 80 μm)
and nickel (99.7% purity, average particle size of  50
μm) were used in this study. A copper-based alloy
consisting of 30 wt.% manganese and 1 wt.%
phosphorus was used as a binder. The WC-xNi (x = 0,
3, 5, 7, and 10 wt.%) powders were mixed in a turbula

mixer for 2 h. The mixed powders were filled into a
graphite mold to obtain similar composites with 10
mm height and 14 mm diameter. The binder was
placed as lumps on the top of the powders. A Borax
flux was also loaded on top of the binder to purify the
molten matrix. The infiltration process was performed
under H2 atmosphere, with a heating and cooling rate
of 5°C/min at 1050°C as an infiltration temperature,
and for 30 min as the holding time. The infiltrated
composites were cooled to room temperature inside
the furnace under H2 atmosphere. The densities of the
infiltrated composites were measured by the
Archimedes’ method according to ASTM Standard
B962-08 [44]. For microstructural quantification
using the image analysis technique, the composites
were cut vertically in the direction of infiltration and
then cold mounted. The composites were prepared
using silicon carbide papers from 180 to 1200 grit and
then polished with 9, 6, 3, and 1 μm diamond solution.
The Vickers hardness of the composites was measured
with an indentation load of 30 kgf and a dwelling time
of 10 s [45], with ten tests performed and the average
values were given.

Microstructural quantifications, including particle
size, porosity, area fraction and binder mean free path,
were collected using different micrographs taken by
optical and scanning electron microscopy (SEM) from
the infiltrated composites at various positions from
each sample (top, middle and bottom). Free software
“ImageJ” was used for the image analysis process.
This software is created by the National Institute of
Health (https://imagej.nih.gov/ij/), USA. The image
analysis technique is based on a color threshold
method to separate the particles, binder and pores. For
each microstructure parameter, the software passes
through the step of thresholding to transform the color
image to binary mode. There is a need for some
corrections using image processing in some steps to
eliminate image defaults. In some case, the software is
selected to recognize all particles boundaries and
some of the hidden or over-segmented particle
boundaries need a manual correction. The porosity
and pore size were calculated from the polished
samples using optical images. For each sample, ~30
micrographs (100X) from the three layers of
composites were used. The pore size measurements
were combined for data analysis. The pore size was
assimilated as the diameter of the equivalent area of
the pore, and the porosity was calculated as the
percentage of the area fraction of all the pores. Since
the image analysis is based on the color threshold to
discriminate between the pores and the other
microstructure components, it was difficult to
differentiate between the pores and the artifacts or the
over-segmented particle boundaries. For this reason,
the measured objects with a 0.5 µm2 area or less were
eliminated from the pore size and porosity analysis.
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The particle size of the WC particles was calculated
from the equivalent area of each particle using SEM
micrographs (100X) from the top, middle and bottom
of each composite. A macro was written with the
software ImageJ to calculate the particle size and the
area fraction simultaneously. The binder mean free
path was calculated as the average distance between
the WC particles in both the horizontal and vertical
directions. A grid was used on the binary image to
calculate this distance.

3. results and discussion 
3.1 Microstructural characterization

For composite materials prepared by the liquid
phase route, the microstructure quality is an important
parameter. The most important features of the
composite microstructures are the distribution of
reinforcing particles, matrix properties, bonding
strength of the interface between matrix and
reinforcement particles, and porosity characteristics.
Figure 1 shows typical SEM micrographs of the

infiltrated composites with varying Ni content (0 and
3 wt.%). The microstructure reveals a uniform
distribution of the WC particles within the matrix
phase and no agglomerate or cluster of WC particles
was observed in the microstructure of all composites.

No de-bonding or fracture defaults at the
matrix/reinforcement interface were observed,
indicating the good wetting of the reinforcement
particles by the molten matrix. All the WC particles
are well engulfed by the matrix. The microstructure of
the infiltrated composites is mainly composed of two
phases: (i) the reinforcement phase presented by WC
particles with a bright contrast, and (ii) the matrix
phase (copper alloy) with a greycontrast. Besides, the
matrix phase exhibits the presence of an interdendritic
spacing with dark contrast (Figure 1, regions (1) and
(3)). The EDS analysis of the different phases present
in the matrix are given in Table 1. The EDS analysis
shows that the matrix phase for the composites
without Ni addition (Figure 1, region (2)) is composed
of a Cu-Mn solid solution (s.s), with low P content.
While, it contains Cu, Mn, and Ni for the composites
with Ni addition. However, the interdendritic spacing
is mainly enriched with Mn and P for composites
without Ni addition. While it contains Mn, P, and Ni
for the composites with the addition of Ni. Both of
these interdendritic spacing contain a small amount of
copper. Moreover, it can be seen that the
microstructure of composite reinforced with WC
particles without Ni addition (see Figure 1(a)) exhibits
the presence of more evenly spaced WC particles in
the matrix. However, with the addition of Ni (see
Figure 1(b)), more obvious and closely-packed WC
particles can be observed. The presence of pores in the
matrix phase is also observed.

Figure 2 presents high magnification micrographs
and their EDS analysis of the different elements (W,
Cu, Mn, and Ni) at the WC particles/matrix interface
of the composites with the addition of 0, 3 and 7 wt.%
Ni. Due to the low concentration of P, their elemental
analysis was not added. The EDS analysis shows
sharp curves at WC particles/matrix interface for all
the composites. The concentration of WC was
negligible in the matrix. In addition, no diffusion is
observed of matrix elements (Cu, Mn, and Ni) into the
WC particles, which indicates that the WC
particles/matrix is clean. Prior work showed that the
solubility of the WC particles is limited in copper or
copper alloys [12, 46, 47]. Thus the WC particles
retained their initial shape and surface morphology.
Liu et al. [12] reported similar results for a copper
alloy reinforced with WC particles prepared with
centrifugal infiltration.

3.2 Density

The density results of the infiltrated composites as
a function of Ni content are shown in Figure 3. It can
be found that the density increases with the addition
of 3 wt.% of Ni, and then it decreases with the
increase of  Ni content. This increase in density can be
attributed to the role of Ni in enhancing the wettability
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Figure 1. SEM micrographs of the infiltrated copper alloy
matrix composites reinforced with (a) WC and (b)
WC-3Ni

Table 1. The chemical composition of the different phases
presented in the matrix measured by ESD (Figure 1)

Regions
Composition (wt. %)

Cu Mn P Ni
-1 4.35 70.33 25.32 -
-2 70.28 29.27 0.45 -
-3 2.37 69.14 24.62 3.87
-4 67.43 28.17 0.31 4.1



between copper alloy and the WC particles [48, 49].
In general, the spontaneous infiltration is mainly
governed by the capillary forces. These later acts to
pull the liquid copper alloy through the skeleton of
WC particle. Whereas, these forces are mainly
dependent on the wettability of molten liquid on the
reinforcement surfaces of the particles [50]. Akhtar et
al. [51] added alloying elements such as Ti, Al, Co,
and Ni to the copper matrix in order to increase the
wettability of the matrix phase with the
reinforcements phase during liquid phase sintering.
Moreover, it has been reported that the spreading of
Ni on the WC particle interfaces can occur during
solid-state sintering. Therefore, a continuous layer is
formed on the WC particle surfaces when Ni wet and
spread in this state. As a result, the wettability of the
molten matrix on the reinforcement particle surfaces
is improved. This enhances the densification of the
composites [28, 48, 49]. However, increasing the Ni
amount leads to a decrease in the reinforcement phase
(WC particles) fraction, which increases the matrix
phase fraction. Therefore, the density of the
composites decreases.

3.3 Microstructural quantification 

Figure 4 presents SEM micrographs of the
infiltrated composite reinforced with WC particles
and its binary image. The binary image allows to
separate the microstructure into two phases: the WC
particles phase (white color) and the matrix phase
(black color). Table 2 shows the mean values of the
measured microstructure parameters for all the
infiltrated composites using image analysis, including
the particle size, the area fraction of the reinforcement
phase, the binder mean free path and the porosity.
Since no change was observed in the WC particles
after infiltration (see Figures 2 (a-c)), the WC
particles conserve their original shape. Therefore, the
mean particle size was very similar for all the
infiltrated composites.

Figures 5 and 6 show the particle size distribution
and relative particle size distribution of the
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Figure 2. SEM micrographs and their EDS analysis at the
WC particles/matrix interfaces of the infiltrated
copper alloy matrix composites reinforced with
(a) WC, (b) WC-3Ni, and (c) WC-7Ni

Figure 3. Density of the infiltrated copper alloy matrix
composites as a function of Ni content

Figure 4. SEM micrographs of the copper alloy matrix composites reinforced with WC particles: (a) original image and
(b) binary image



composites, which can be well fitted by a Weibull
distribution. The Weibull distribution has the
following cumulative density function:

(1)

Where G is the particle size, β is the shape
parameter (slope), which represents the covariance of
the particle size data, and η is the scale parameter,
which represents the mean particle size. It can be seen
that the Weibull distribution is in good agreement with
all the measured particle size distributions of the
infiltrated composites. However, it is found that it
works better for the highest Ni addition. It has been
reported that the sintered materials are well fitted with
Weibull distribution [39, 52-55].

The WC particles area fraction results show that
the addition of a small amount of Ni leads to an
increase in the WC particle area fraction. However,
increasing the Ni content above 5 wt.% leads to a
decrease in the WC particles area fraction. On the

contrary, the binder mean free path and porosity is
found to increase with the increase of Ni content
above 5 wt.%. The higher WC area fraction, the lower
binder mean free path and porosity. The addition of a
small amount of Ni was beneficial to increase the
wettability, which results in good densification.
However, a higher addition of Ni leads to a decrease
in the area fraction of WC particles and an increase in
the area fraction of the matrix.

3.4 Effect of gravity

Table 3 presents the area fraction of WC particles
measured at three levels (bottom, middle and top) of
each composite. It can be seen that the bottom level
exhibits the highest WC area fraction in all the
composites. During the infiltration process, the
molten liquid is flowing into pores within the preform
under the capillary forces. Due to the gravity effect
and because of the large difference in density, WC
particles can migrate towards and settle at the bottom
of the composites. It has been reported that for liquid
phase state systems, the segregation of particles
occurs due to different parameters like density
differences between the reinforced particles and the
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Figure 5. Cumulative distribution of particle size as a
function of Ni content of the infiltrated copper
alloy matrix composites reinforced with WC-xNi
powders
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Table 2. Summarize of the microstructural parameters of
the copper alloy matrix composites reinforced with
WC-xNi powders

Parameters WC WC-3Ni WC-5Ni WC-7Ni WC-10Ni
Particle size

(µm) 62.19 62.25 62.13 62.98 62.43

Area fraction
of WC

particles
(%)

55.18 55.69 54.25 53.87 52.66

Binder mean
free path (µm) 45.89 38.33 39.92 41.28 47.4

Porosity (%) 1.01 0.26 0.33 0.45 0.82

Figure 6. Relative particle size distributions of the copper
alloy matrix composites reinforced with WC
particles as a function of Ni content (0–10 wt.%)
fitted by the Weibull distribution

Ni content
(wt.%)

Area fraction of WC particles (%)
Bottom Middle Top Mean

0 56.63 55.16 53.75 55.18
3 56.66 56.11 54.29 55.69
5 55.54 53.78 53.43 54.25
7 55.37 54.79 51.44 53.87
10 53.78 53.09 51.1 52.66

Table 3. Area fraction of WC particles at different vertical
positions in the infiltrated composites as a function
of Ni content



matrix, the gravity forces, the viscosity of the molten,
the packing porosity, interaction at the interface
matrix/reinforcement, and solidification time [23,
56-59]. However, the segregation is found to be
lower for the addition of a small amount of Ni (3
and 5 wt.%), which can be explained by the fact that
when Ni wet and spread at solid state, a rigid WC
skeletal can be formed. At the same time, a
continuous layer is formed on the WC particles
surface [28, 48, 49]. The continuous layer enhances
the wettability of the molten matrix on the
reinforcement particles surface. Therefore, the solid
skeletal structure rigidity restricts the deformation
after the inflow of the molten matrix. Similar results
were observed when the W particles are coated with
Cu to produce a W-Cu composite [60].

3.5 Pore size and distribution

Figure 7 presents an optical image of the
infiltrated composites reinforced with WC particles
without the addition of Ni and the binary image of
the detected pores. It can be seen that pores are
frequently situated at the WC particles/matrix
interfaces. The porosity results are given in Table 2.
The porosity measurements indicate that the higher
porosity is obtained for the composites reinforced
with WC particles without the addition of Ni.
Conversely, the addition of Ni can decrease the
porosity of the composites. The lower porosity is
found for the composites with a Ni addition of 3
wt.% and then increases with further addition. The
pore formation during the infiltration process may
result for different reasons, such as the poor
wettability between the molten matrix and the
reinforcement, the entrapped gases, or the
differential shrinkage caused by the thermal
expansion coefficient difference of the matrix and
the reinforcement phase [61]. Lee et al. [62]

reported that the poor wettability between the
reinforcement and the matrix is one of the main
reasons behind the porosity. Therefore, it is evident
that the reduction in porosity is likely to be due to
the enhancement of wettability between the WC
particles and copper alloy by Ni addition. In
addition, it has been reported that the addition in
excess of the amount needed of the alloying
elements leads to increase the viscosity of the
molten matrix successively. Consequently, the
infiltration rates decreases [49, 63], and leads to an
increase in the porosity for the high Ni addition.

Figure 8 presents the pore size distribution of the
infiltrated composites reinforced with WC particles
as a function of Ni content. As can be seen, a high
frequency of pores smaller than 8 µm is observed in
all composites. In addition, the number of pores is
higher for the composites without Ni addition
compared to the other composites. It is well known
that for the infiltration process, capillary forces
drive molten liquid to wet the pores, which are
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Figure 7. Optical image of the infiltrated copper alloy matrix composite reinforced with WC particles and the binary image
of the pores: (a) original image and (b) binary image

Figure 8. Pore size distribution in the infiltrated copper
alloy matrix composites reinforced with WC
particles as a function of Ni content



collected between the particles. Further, the
capillary forces are proportionally related to the
wettability. At the same time, the molten liquid
preferentially fills the smaller pores. As a result, the
amount of pores decreases for the composites with
Ni addition [64].

3.6 Hardness

Figure 9 shows the hardness of the infiltrated
composites as a function of Ni content. It can be
seen that the hardness of the composites reinforced
with WC and WC-xNi (276-327 HV) are higher than
that of the copper alloy used as the matrix (154 ± 4
HV). The increase in hardness is due to the
reinforcement particles strengthening effect on the
metal matrix [9, 46]. WC particles improve the
hardness of the composites by stopping the
dislocation motion at reinforcement/matrix interface
[65]. Moreover, the hardness is observed to follow
the same trend as the density. The dependent
relation between the hardness and the density was
reported in several studies [66-68], the higher
density of the composites is, the higher the hardness
becomes. Note that the hardness slightly increases
for the composite with a small addition of Ni (3
wt.%). As the Ni content increases, the hardness of
the composites is substantially reduced. It seems
that this decrease in hardness is attributed to the
increase in ductile phase content. Sanchez et al.[69]
concluded from their study that the hardness of the
composite prepared with the centrifugal infiltration
process depends on the volume fraction of the
reinforcement. Similar results have also been
reported in different studies [33, 70, 71]. From these
findings, it can be inferred that the density and
hardness results are in good agreement with the
microstructural quantification results (area fraction
and binder mean free path presented in Table 2).

4. conclusions

Copper alloy matrix composites reinforced with
WC particles with the addition of different Ni
contents were prepared by the spontaneous
infiltration process. Image analysis technique was
used to quantify the different microstructural
parameters to investigate the effect of Ni addition.
The infiltrated composites present a uniform
distribution of the reinforcement in the matrix. It
was found that small addition of Ni (3 wt.%)
improves the densification, density and hardness
results of the infiltrated composites. However, the
increase of Ni content above this value leads to
decrease the microstructural features and
composites properties. These results are mainly
related to the enhancement of the wettability
between the molten matrix and the reinforcement
particles. No change or dissolution is observed on
the WC particles. Microstructural quantification
indicates that the Weibull distribution is found to fit
the particles size for the infiltrated composites. The
porosity results also show a significant decrease
with Ni addition. The density and hardness results
are in good agreement with the quantified
microstructural parameters.
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KaraKterIzacIJa MIKroStruKture I KvantItatIvna analIza
MatrIčnog KoMpozIta legure BaKra, oJačanog wc-xni prahoM, KoJI

Je doBIJen poStupKoM Spontane InfIltracIJe

I. daoud a, dj. Miroud a, r. yamanoglu b*

a Univerzitet nauke i tehnologije HOUARI BOUMEDIENE, Laboratorija za nauku i inženjerstvo materijala,
Alžir, Alžir

b Kocelji univerzitet Odsek za metalurgiju i inženjerstvo materijala, Izmit, Turska

Apstrakt

Tokom ovog istraživanja, postupkom spontane infiltracije, dobijeni su matrični kompoziti legure bakra ojačani česticama
volfram-karbida uz dodavanje različitog sadržaja Ni (0, 3, 5, 7 i 10 wt%). Postupak analize slika korišćen je za određivanje
mikrostrukturnih parametara, kao što su veličina čestice i njihova distribucija, površina loma, srednji slobodni put vezivnog
metala, kao i veličina pora. Ispitivan je i uticaj dodavanja Ni na mikrostrukturu, gustinu i tvrdoću. Dobijeni rezultati
pokazuju da dodavanje male količine Ni poboljšava proces učvršćivanja ubačenih kompozita. Najveće vrednosti za gustinu,
11.84 g/cm3,  i tvrdoću, 327HV, dobijene su za kompozit sa dodatkom 3wt.% Ni. Rezultati kvantitativne analize se slažu sa
dobijenim podacima o osobinama mikrostrukture i dobijenim vrednostima za tvrdoću.

Ključne reči: Metalni matrični kompoziti; Čestice volfram-karbida; Analiza slike; Kvantifikacija; Mikrostruktura 


