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During the last few years, efforts have been made to improve the properties of tungsten carbides (WCs) by preparing composite
materials. In this study, we prepared WC particles by mechanical alloying and investigated the effects of mechanical alloying
conditions, such as mechanical alloying time and mechanically alloyed powder ratio, on the properties of 94WC-6Co. According
to experimental studies, increasing the mechanical alloying time causes an increase in the density of tungsten carbide samples
and a decrease of crystal sizes and inner strength of the prepared materials. With the increase of mechanical alloying time,
fine particle concentrations of tungsten carbide samples have increased. It is observed that increasing the mechanical alloying
time caused a decrease of the particle surface area of tungsten carbide samples. Besides, the amount of specific phases such
as Co3 W3 C and Co6 W6 C increases with increasing mechanical alloying time. As another subject of this study, increasing the
concentration of mechanically alloyed tungsten carbides caused an increase in the densities of final tungsten carbide materials.
With the concentrations of mechanically alloyed materials, the occurrence of Co6 W6 C and Co3 W3 C phases and the increase of
crystallization are observed.

1. Introduction
Composite materials are composed of two or more materials.
The properties of these materials, derived from those of the
constituents, make them suitable for various applications [1,
2].
The properties of these materials, such as hardness and
density, vary according to the industrial applications [3, 4]. In
these studies, the density of tungsten carbide materials shows
a change between 80% and 95%, while the hardness of these
materials is between 580 and 1300 HV. Cemented carbides
are hard and tough materials in which micrometer sized
carbide particles are surrounded by a binder metal. Cemented
carbides are produced by solid-state sintering of carbides and
metal powders at temperatures in the range of 1300–1500∘ C.
These materials are used under severe environmental conditions such as in the presence of abrasives (6000 revolutions at
a load of 13.6 kg using a 229 mm diameter rubber wheel and
dry sand) and under thermal shock (test samples were heated
up to 1200∘ C with a heating speed of 400∘ C/min and cooled in

water), high impact loads (3,000 kg load), and severe fatigue
at temperatures as high as 1000∘ C. WC-Co is a hard metal
cemented carbide that can be used under these conditions
owing to its physical and mechanical properties. Besides the
high abrasion and corrosion resistance, these materials show
high temperature resistance, which is why they are used in
several industries [5, 6].
In the last few years, in the electronic industry, the
increased requirement of WC particles has resulted in the
need for enhancing the properties of the product, such as
1500∘ C temperature, 500∘ C/min heating speed, and 4000 kg
impact load [7–9]. Therefore, synthesis and sintering of WC
particles have been adopted in several industries such as
metal and building industries that use high temperature
(>1500∘ C) and corrosion (95% salt spray conditions) and
abrasive conditions (6000 revolutions at a load of 13.6 kg
using a 229 mm diameter rubber wheel and dry sand) [10–
12]. It is convenient to use WC particles with sizes in the
nanometer range (<10 𝜇m) in industrial processes such as
metal industries [13–15]. Sintering below 500∘ C for 24 h can

2
afford WC particles that have a maximum particle size of
0.2 𝜇m as pointed out by Canakci et al. and Joo et al. [16,
17]. According to these studies, at 250–450∘ C, decreasing
of the particle size ensured obtaining materials that have
more densities (<92%) at sintering temperatures (500∘ C).
Decreasing the WC particle size has an important advantage
in that it yields a large particle surface area during hightemperature processes [18]. In those studies, increasing the
surface area of particles depending on the decrease of particle
sizes ensured that tungsten carbide materials have higher
densities (85%) at high-temperature processes (<800∘ C).
An increase in the carbide amount during the sintering of
WC particles has a negative impact on the abrasion resistance
of the resulting material [15]. In that study, the concentration
of the tungsten carbide materials is 10% maximum and
abrasion resistance is measured up to 1000 kg vertical load. In
addition, the 𝐶/𝑊 ratio in the WC particles plays an important role in the useful properties of the final material [19].
According to this, we obtained tungsten carbide materials
that have density of 90%, at 𝐶/𝑊 ratio of 20–35% and
1000 HV hardness, with 5-year corrosion resistance in salt
spray testing.
In this study, the effect of sintering on a 94WC-6Co system was investigated. For preparing the powder, mechanical
alloying was used for grinding, and the effects of mechanical
alloying on the powders sintered using different methods
were investigated.

2. Experimental Procedure
In this study, WC powder materials that contain W/C ratio of
0–7% were supplied from Eurotungstene.
In this study, the sintering behavior, microstructure, and
mechanical properties of a 94WC-6Co hard metal system
produced by using mechanical alloying were investigated.
The powder samples used in this study were prepared by using
two different methods.
In this study, two different methods were adopted to
understand the behavior of mechanically alloyed 94WC-6Co
samples at different concentrations and different lengths of
time.
In the first method, the effect of alloying time on
mechanically alloyed 94WC-6Co powders was investigated.
The powder used in the second method was obtained by
adding the 94WC-6Co powder mixture mechanically alloyed
for 24 h to the 94WC-6Co powder mixture that was not
mechanically alloyed at different concentrations (0, 25, 50, 75,
and 100%). The powders prepared by the two methods were
characterized by using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and particle size analysis. The
as-prepared cylindrical samples were uniaxially cold-pressed
at 250 MPa and were sintered at 1450∘ C under industrial
conditions. The sintered samples were characterized using
XRD, SEM, and hardness measurements.
In the first method, the density values after sintering were
measured for 94WC-6Co to determine physical changes. In
the second method, for increasing the hardness and density,
materials that were not mechanically alloyed were added to
the 94WC-6Co material at different concentrations (25%,
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50%, 75%, and 100%); the maximum density was obtained
without the additive after 24 h mechanical alloying. Changes
in the hardness and density were monitored.
Mechanical alloying was carried out at 1200 rpm using
an 8000D Spex grinder. A WC grinder vessel and balls
(6.35 mm) were used. The ball-to-powder ratio was fixed at
10 : 1. The amount of impurities added to the powder mixture
from the grinder (grinder vessel and balls) was determined
by weighing the powder mixture before and after alloying.
In order to prevent contamination of the powder mixture
during mechanical alloying, the powders were shifted to a
vacuumed room (Plas-Labs) before grinding. Ar gas was
used for creating an inert atmosphere.
The mechanically alloyed powder mixtures were uniaxially pressed using a hydraulic press with 12.7 mm diameter
molds at 250 MPa. All the prepared samples were sintered
under vacuum at 1450∘ C.
The particle size distribution of all the powders was
measured by using a Malvern Instruments Mastersizer 2000
apparatus. Particle size measurements were conducted in
pure water supplied from a commercial Elga device.
The powders are agitated in a Bandelin SONOREX
ultrasonic bath to separate the agglomerated particles.
The phase analysis of the sintered samples prior to
mechanical alloying was carried out by using an X-ray
diffractometer (Bruker D8 Advance 40 kV and 40 mA)
using CuK𝛼 radiation. The crystalline phases of all the green
materials were identified by X-ray diffractometry (XRD)
using a Bruker D8 Advanced Series diffractometer with
CuK𝛼 (1.54060 Å) radiation in the 2𝜃 range of 10–90∘ ,
with increments of 0.02∘ at a rate of 2∘ /min. International
Center for Diffraction Data (ICDD) powder diffraction files
were utilized for the crystalline phase identification of the
green materials. As seen in Figure 1, with the increase in
the mechanical alloying time for the 94WC-6Co material,
the concentrations of the Co6 W6 C and Co3 W3 C phases
decreased. It is desirable to avoid the formation of these
phases under the adopted reaction environment because they
affect the hardness and density of the final material.
The sintered samples were placed on hot bakelite
(Struers ThermoFast Black resin with Struers LaboPress1 bakelite). The samples were then polished by Struers
Tegrapol-15 automatic polishing device for microstructural
observations and hardness measurements.
Electron backscatter diffraction (EBSD) analysis was
performed for investigating the effects of mechanical alloying
treatment on the material surface. EBSD patterns are generated within a small interaction volume at the surface of a sample, with a penetration depth of less than 50–100 nm. When
considering how to prepare a sample for EBSD analysis, it is
important to recognize that, in order to obtain high quality
patterns, the surface deformation that is typically introduced
during standard metallographic preparation is minimized.
On the other hand, microhardness measurements were
performed after the polishing. The measurements were conducted by Vicker’s test using a Shimadzu microhardness test
device, under a load of 1000 g for a period of 15 s. For microhardness measurements, three indentations were made and
measured at different points on each specimen. The average
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Figure 1: SEM images of the mechanically alloyed samples for (a) 20 min, (b) 1 h, (c) 3 h, (d) 6 h, (e) 12 h, and (f) 24 h.

value for each specimen was then determined. Microstructural characterization of all the precursors, mechanically
alloyed powders, and sintered samples was carried out using
a JEOL JSM-T330 electron microscope.
Scanning electron micrographs were obtained using a
JEOL JSM-T330 electron microscope (SEM). Samples were
prepared by placing a drop of the latex dispersion onto a brass
surface, in a dust-free box at room temperature. The samples
were then coated with gold, and scans were recorded at angles
of 0∘ and 45∘ to the vertical direction.

3. Results and Discussion
3.1. Characterization of Powders. The powder prepared with
the composition of 94WC-6Co was mechanically alloyed

for different durations. The effect of mechanical alloying
time on the sintered samples was investigated by observing
the formation of powders and new phases and particle size
distribution in the sample. The SEM images of the 94WC6Co powders mechanically alloyed for different durations
are shown in Figure 1. In the case of the powder sample
subjected to mechanical alloying for 20 min, the particle
size of WC decreased, and the Co particles were distributed
homogeneously (Figure 1(a)). Therefore, a duration of 20 min
was found to be optimum for creating homogeneous powders. The SEM images reveal that the powder mechanically
alloyed for 1 h (Figure 1(b)) contained agglomerated particles,
while the particles were distributed in the powder that was
subjected to mechanical alloying for 3 h (Figure 1(c)). The

Advances in Materials Science and Engineering

1h

0.01

Volume (%) 94WC-6Co

Volume (%) 94WC-6Co

4

0.1

1
10
Particle size (m)

100

1000

3h

0.01

0.1

(a)

100

1000

12 h

1
10
Particle size (m)

100

1000

0.01

0.1

(c)

1
10
Particle size (m)
(d)

24 h
Volume (%) 94WC-6Co

Volume (%) 94WC-6Co

20 min

0.01

1000

Volume (%) 94WC-6Co

Volume (%) 94WC-6Co

0.1

100

(b)

6h

0.01

1
10
Particle size (m)

0.1

1
10
Particle size (m)

100

1000

(e)

0.01

0.1

1
10
Particle size (m)

100

1000

(f)

Figure 2: Particle size distribution of the powders subjected to mechanical alloying for (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, (e) 24 h, and (f) 20 min.
Comparison of the particle size distribution of the powders mechanically alloyed for 20 min, 12 h, and 24 h.

powder mechanically alloyed for 6 h (Figure 1(d)) showed the
highest agglomeration. The powders subjected to mechanical
alloying for 12 (Figure 1(e)) and 24 h showed similar particle
distribution.
These results are also representative of the metallographic
nature of the samples. The surfaces of the samples are seen in
the figure.
Figure 1 also shows the microstructural formation of
the WC and Co particles. The green arrow in the SEM

images indicates the WC and Co particles. The larger particles
comprise WC, and smaller agglomerated particles comprise
the Co particles.
The particle size distributions of the mechanically alloyed
powders are given in Figure 2. The average particle sizes
are 13 𝜇m, 6.3 𝜇m, and 2.9 𝜇m after mechanical alloying
for 20 min, 12 h, and 24 h, respectively. According to these
results, the average particle size of the powders decreased
with increasing alloying time.
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Figure 3: XRD diagrams of the powders mechanically alloyed for
different durations.

None of the mechanically alloyed particles showed the
formation of a new phase. The XRD patterns of the powders
mechanically alloyed for different durations of time (20 min,
1 h, 3 h, 6 h, 12 h, and 24 h) are shown in Figure 3. The peak
heights decreased and the peak widths increased with an
increase in the mechanical alloying time, indicating that the
crystal size of the powders decreased with an increase in
the mechanical alloying time. As seen in Figure 3, when the
mechanical alloying time increases (24 min, 1 h, 3 h, 3 h, 6 h,
12 h, and 24 h), the peak heights increased and peak widths
decreased. For example, peak height for 24 min alloying is
smaller than that for 1 h and the sum of the peak widths corresponding to 24 min alloying is larger than that for 1 h alloying.
The SEM images of the powders obtained by adding
the 94WC-6Co powder mixture mechanically alloyed for
24 hours to the 94WC-6Co powder mixture that was not
mechanically alloyed at different concentrations (25%, 50%,
75%, and 100%) are shown in Figure 4. The powder prepared
by mechanical alloying for 24 h contained fine particles,
although a slight degree of agglomeration was observed. In
other words, according to the figure, as the concentration
of the powder increases, the particle size decreases and an
agglomerated structure is formed because of the increase in
the number of fine particles.
An increase in the mechanical alloying time decreases the
crystal size. Prolonged mechanical alloying with the effects of
heat can lead to a decrease in the crystal size and increase
in the surface area, so that the material properties can be
controlled better.
By using SEM images of the WC particles in the second
method, the particle effects on the samples were investigated. Mechanically alloyed 94WC-6Co particles at different
concentrations (25%, 50%, 75%, and 100%) are shown in
Figure 4. Because mechanical alloying for 24 h is sufficient for
decreasing the particle size, all the powder mixtures prepared
by using the second method have fine particles that result in
an agglomerated structure. According to Figure 4, with an
increase in the number of fine particles, the powder concentration increases, particle size decreases, and an agglomerated

structure is formed. The particle sizes obtained for different
mechanical alloying times are shown in Figure 2. According
to these data, with increasing alloying time, the particle size
distribution decreases.
3.2. Characterization of Sintered Samples
3.2.1. Effect of Mechanical Alloying Time on Sintered Samples.
In this method, the effect of the mechanical alloying time on
the sintering behavior of the 94WC-6Co powder mixtures
was investigated. Figure 5 shows the effect of mechanical
alloying on the density of the powders. With an increase in the
mechanical alloying time, the size distribution of the powders
decreased and their surface area increased. Hence, their green
density decreased with an increase in the mechanical alloying
time. The powders mechanically alloyed for 6, 12, and 24 h
showed final condensation.
Figure 5 shows the effect of mechanical alloying time on
the density values. With an increase in the alloying time,
the particle size and density of the powder decrease but the
surface area increases. The density of the samples sintered for
6, 12, and 24 h indicated full condensation. Besides, according
to Figure 5, the green density reaches the maximum value
(100.46%) and then decreases suddenly, which leads to abrupt
changes in the microstructure, such as cracking.
The green densities of the pressed samples were determined by measuring the volumetric sizes. The Archimedes
method was used for measuring the densities of the sintered
samples. In this method, the samples were weighed first in
air and then in liquid; the difference between the two weights
was multiplied by the liquid density. In this study, to prevent
oxidation, ethyl alcohol was used as the liquid.
The SEM images of the sintered 94WC-6Co samples
mechanically alloyed for different durations are shown in
Figure 6. The sample mechanically alloyed for 20 min contained fine particles. The mechanically alloyed samples had
bigger particles as compared to the samples that were not
mechanically alloyed (Figure 6(a)), and had a conventional
hard metal structure [20]. The WC particles in the sample
mechanically alloyed for 12 h grew in a direction different
from those in the sample mechanically alloyed for 24 h
(Figures 6(b) and 6(c)).
Because of the prolonged mechanical alloying (12 h,
24 h) with heating, it is reasonable to expect the WC-Co
particles to move in different directions. The motion of the
particles in different directions (Figures 6(c) and 6(d)) during
mechanical alloying provided the desired level of hardness
to the sample. In other words, movement in these directions
increases the material hardness.
Note that the directions between the particles are evident
for these three alloying times (20 min, 12 h, and 24 h); hence,
the corresponding SEM images have been considered.
The XRD patterns of the samples mechanically alloyed
for different durations are shown in Figure 7. In the case
of the sample mechanically alloyed for 20 min, the Co6 W6 C
and Co3 W3 C phases were not observed. As the mechanical
alloying time increased, the formation of the CO6 W6 C phase
increased. The Co6 W6 C and Co3 W3 C phases were observed
only in the sample mechanically alloyed for 24 h, because of
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Figure 4: SEM images of the powders prepared by mechanical alloying for 24 h at different concentrations: (a) 25%, (b) 50%, (c) 75%, and
(d) 100%.
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the oxygen contamination during the mechanical alloying.
Oxygen removes carbon from the samples during sintering,
thus resulting in the formation of these phases by decreasing
the 𝐶/𝑊 ratio [20]. The XRD patterns and SEM images reveal
that the Co6 W6 C and Co3 W3 C phases contained WC particles that grew in the same direction. Therefore, the difference
in the carbon concentration in the samples mechanically
alloyed for 24 h led to the variation in their microstructures.

The results of the hardness analysis (Figure 8) suggest that
the hardness of the samples increased with an increase in the
mechanical alloying time.
As per the aim of this study, the density and hardness
of the material were determined. From the data in Figures
5 and 8, the expected and desired density and hardness
values were obtained. Moreover, because the concentration
of agglomerated fine particles during sintering and their
densities increased, the material hardness is expected to
increase. As seen in Figure 3, with an increase in the
mechanical alloying time for the 94WC-6 Co material, the
concentrations of the Co6 W6 C and Co3 W3 C phases decrease.
Because these phases affect the hardness and density of the
material, their formation under the given reaction conditions
must be suppressed.
According to the sintering data in Figure 5, increasing the
mechanical alloying time causes an increase in the density
and hardness of the material, as expected. As mentioned
above, the density of the material increases with an increase
in the alloying temperature and alloying time; this is because
if mechanical alloying is continued after cracking of the
microstructure, the hardness of the material decreases, so
that the high density does not have any positive effect on the
material properties.
3.2.2. Effect of Powder Concentration on Sintered Samples. In
this method, the effect of powder concentration on the sintered samples subjected to mechanical alloying for 24 h was
investigated. From the XRD patterns of the powder samples
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Figure 6: (a) SEM images of the unalloyed sample. SEM images of the samples sintered for different mechanical alloying times: (b) 20 min,
(c) 12 h, and (d) 24 h.

mechanically alloyed for 24 h, it can be seen that as the crystal
size of the powders decreased, the peak height decreased
significantly, while the peak width increased. Also, because
a higher density was obtained after mechanical alloying for
24 h, this alloying time is adopted for studying the effect of
powder concentration on the material characteristics. For
sintering processes, the samples were prepared by pressing
under 250 MPa and heating at 1450∘ C. In the first-level
experiments, the effect of alloying time on the green and
sintered densities of the prepared 94WC-6Co samples was
verified. Since the highest density was obtained after alloying
for 24 h, this alloying time was adopted in the second-level
experiments, wherein different amounts of nonmechanically
alloyed 94WC-6Co were added to the 94WC-6Co samples
alloyed for 24 h. The green densities and sintering densities
were determined after alloying for 1, 3, 6, and 12 h without
the use of additives. The maximum density was observed
in the case of the sample alloyed for 24 h with 0% additive.
The rate of change of density was better controlled for the
samples to which different concentrations of 94WC-6Co
powders (0, 25, 50, 75, and 100%) were added and alloyed
for 24 h. According to XRD results (Figure 9), the width of
the peak for the Co3 W3 C phase in the sample containing
the 94WC-6Co powder (25%) mechanically alloyed for 24 h
decreased as the sample began to crystallize. The Co3 W3 C
phase is created only after 100% mechanical alloying of
94WC-6Co for 24 h. The amount of mechanically alloyed

powder in this sample was greater than that in all the other
samples. When the mechanical alloying time increased, the
oxygen contamination also increased. Therefore, the carbide
concentration was reduced significantly. The XRD patterns
revealed that the Co6 W6 C phase was created before the loss
of carbide. The decrease in the carbide concentration allowed
the formation of the Co3 W3 C phase. The main materials
used initially and the required additives are placed in a mixer
and grinder. A vibrating shaft grinder was used. Powders are
ground in order to separate the agglomerated particles and
minimize the particle size. The grinder type can be chosen
as required, and the rotation speed, ball diameter, powderto-ball ratio, and hard metal content can be optimized. In
the final stage of the grinding operation, the particle size
used in the industry is 0.5–1.0 𝜇m; it decreases to 100–150 nm
when using more specific grinders. Although a wide range
of particle sizes can be obtained upon grinding, with this
method, the prepared mixture is essentially homogeneous,
and particle agglomeration would not occur during sintering.
Because the highest hardness (Figure 10) and density were
obtained after 24 h of mechanical alloying, we studied the 24 h
alloyed samples in the second method (Figure 11).
The XRD patterns of the sintered samples are shown in
Figure 9. The peak width of the Co6 W6 C phase in the sample
(mechanically alloyed for 24 h) containing 25% (w/w) 94WC6Co increased with an increase in the mechanical alloying
time.
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Figure 8: Hardness analysis of the sintered samples.

The SEM images of the sintered samples with varying
concentrations are shown in Figure 12. The sample (mechanically alloyed for 24 h) containing 0% powder was obtained
by grinding the precursor powders with the sample mechanically alloyed for 20 min. The SEM image (Figure 12(a)) and
XRD pattern of the sample containing 0% powder subjected

to mechanical alloying for 24 h reveal the presence of 1–3 𝜇m
sized WC particles in the sample. All the observed particles
were WC phases. The samples containing 25 and 0% mechanically alloyed powders (Figure 12(b)) had similar structures.
With an increase in the concentration of the mechanically
alloyed powders, the WC concentration decreased. The XRD
patterns reveal that the Co6 W6 C phase was created in the
samples containing 50% (Figure 12(c)) and 75% (Figure 12(d))
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composition of the powder mechanically alloyed for 24 h. The
powders so prepared were pressed at 250 MPa followed by
sintering at 1450∘ C.
The sample containing 0% powder and mechanically
alloyed for 24 h was prepared using the initial powder that
was alloyed for 20 min. The sample containing 0% powder
contained 1–3 𝜇m sized WC particles. All the observed
particles were in the WC phase. The samples with 25 and 0%
mechanically alloyed powder had similar microstructures.
The samples containing 50 and 75% mechanically alloyed
particles experienced deformation with an increase in the
concentration of the mechanically alloyed powder and had
the Co6 W6 C phase.
The formation of the Co6 W6 C phase, which depended
upon the 𝐶/𝑊 ratio, led to the formation of WC particles.
In the sample containing 100% mechanically alloyed powder,
the WC particles grew in a detected way. On the basis
of the results obtained, we can state that the increasing
mechanical alloying ratio affected the density values positively. Moreover, the carbide concentration significantly
affected the microstructure of this system. With an increase
in the concentration of the mechanically alloyed powder, the
hardness of the samples also increased.
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Figure 11: Relative density values of the prepared samples at
different powder concentrations at a 24 h mechanical alloying time.

mechanically alloyed powder. The 𝐶/𝑊 ratio that causes
the formation of this phase affects the formation of WC. In
the sample containing 100% mechanically alloyed powder
(Figure 12(e)), the growth of WC particles (light grey) was
observed. On the basis of these results, it can be concluded
that an increase in the mechanical alloying ratio affects
the density positively. It was also found that the carbide
concentration affected the microstructure of this system
significantly.
In this method, the effect of powder concentration on
the sintering behaviors of the samples mechanically alloyed
for 24 h was investigated. In the first method (effect of
mechanical alloying time on the sintered samples), the XRD
patterns of the powder samples mechanically alloyed for 24 h
revealed that the peak height decreased significantly and the
peak width increased with a decrease in the crystal size of
the powder. The 94WC-6Co samples were prepared using
the beginning powders at different concentrations and equal

In this study, an increase in the mechanical alloying time
resulted in a decrease in the peak height and an increase in
the peak width of the XRD peaks of the samples. The increase
in the mechanical alloying time resulted in a decrease in the
crystal size and internal strength of the powders, thus causing
deformation.
With an increase in the mechanical alloying time (especially after 24 h), the fine particle concentration increased,
and agglomeration between the fine particles was observed.
The SEM images of the powders revealed that the particle size
decreased with an increase in the mechanical alloying time.
The green density of the samples decreased with an
increase in the mechanical alloying time, because of the
decrease in the surface area of the powders with an increase
in the mechanical alloying time. With an increase in the
mechanical alloying time, the particle size of the powders
decreased, while their surface area increased. The formation
of the Co3 W3 C phase was observed in all the sintered
samples. When mechanical alloying was carried out for 24 h,
the Co6 W6 C phase was also created along with the Co3 W3 C
phase.
The sample containing the powder mechanically alloyed
for 20 min had fine WC particles. With an increase in the
mechanical alloying time, a change in the size of the WC
particles was observed. It was also found that when the
concentration of the mechanically alloyed powder (24 h)
increased, the green density of the samples decreased, while
their sintered densities increased. The phase analysis of the
samples revealed that the concentration of the Co6 W6 C
phase in the sample containing mechanically alloyed powder
(24 h mechanical alloying) increased as the ratio of the
mechanically alloyed powder increased from 25 to 50–75%
and started crystallizing. In the sample containing the powder
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Figure 12: SEM images of the sintered samples with varying concentrations of mechanically alloyed powder: (a) 0, (b) 25, (c) 50, (d) 75, and
(e) 100%.

mechanically alloyed for 24 h, both the Co6 W6 C and the
Co3 W3 C phases were formed, and their XRD peaks were
intense and narrow, indicating that the crystal size of both of
these phases increased.
The SEM images of the powder samples that were
mechanically alloyed for 24 h showed that WC particles were
deformed at 0 and 25% powder concentration. The WC
particles in the sample containing 100% mechanically alloyed
powder grew in a given direction.
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