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ABSTRACT

Microwave processing of ceramics is fast emerging as a new field of ceramic processing
and material synthesis. The past year has witnessed significant progress in the aspects of
commercialization and application of the technology in new areas. Due to that reason,
several experiments were conducted on microwave heating of ceramics. The aim of the
study is to investigate i) whether microwave is a viable alternative to produce sintering
parts, ii) the effect of soaking time on the properties of the sample, and iii) the influence
of several binders including nickel, ferum, chromium and cobalt to tungsten carbide
cermets. The study involved studying the density, hardness and microstructure of the
sintered samples. The samples were compacted using an Instron machine at 200 MPa in
a cylindrical shape using pallet press with a height of 10 mm and a diameter of 20 mm
and sintered in microwave hybrid sintering at 1450°C for two different soaking time (10
min and 20 min). The soaking time of 10 min showed better density, hardness and
microstructural results compared to those of 20 min. In comparing between the binders,
Ni and Fe (Ni-Fe) showed better results compared to Ni and Cr. While cobalt, nickel and
ferum (Co-Ni-Fe) had enhanced results compared to Co and Cr (Co-Cr). Although there
are a lot of research studies on several other binders, there is still no finding on the use of
microwave hybrid sintering to sinter different mixing binders of tungsten carbide cermets.
Therefore, in this research, it is believed that the use of microwave hybrid sintering is
viable to sinter tungsten carbide cermets with different binders. The density result showed
that each composition of the sintered density was higher compared to green density,
which increased by 30% than the green density on average. On the other hand, the
hardness results from the commercial cutting tool for tungsten carbide cermet was in the
range of 80 to 92 HRA and the highest result for hardness in this research was 84.3 HRA,
which means that the insert can be used for commercial use depending on the application.
Keywords: Microwave; tungsten carbide; alternative binder; compaction; density.
INTRODUCTION
Powder metallurgy (PM) is a process whereby a material powder is compacted as a green
body and sintered to a net shape at elevated temperatures. There are challenging demands
from the PM industry for new and improved sintering process with finer microstructures
and enhanced physical and mechanical properties [1, 2]. PM components can be made by
pressing and sintering powders. The major processing steps are compaction and sintering.
PM is involved in many processes such as studies on properties and microstructure of
samples, as well as grain growth control in sintering process [3]. Many researchers have
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used conventional sintering [3-6]. Newer processes exist such as plastic sintering, liquid
phase sintering, spark plasma sintering and pressureless sintering [7-10]. However,
microwave heating is different from all of the conventional ones in the way heat is
transferred, which is by radiation and convection heating. In contrast, microwave energy
is delivered directly to the material through molecular interaction with electromagnetic
field. Microwave heating is the transfer of electromagnetic energy to thermal energy,
which is an energy conversion instead of heat transfer [3]. The traditional process of
sintering involves heating at a slow rate, that is less than 10˚C per minute. Not only this
increases the process time, but it also results in significant microstructure coarsening
(grain growth) during sintering, leading to the degradation of mechanical properties.
Hence, it is envisaged that a fast heating rate would mitigate this problem [4]. New
developments and innovative ideas in the area of materials processing have often led to
the discovery of new materials processing with interesting and useful properties and new
technologies which are faster, better, cheaper and greener. Striking examples of such
innovations are recent developments in the area of microwave processing of ceramics.
Although many potential advantages of utilizing microwaves to process ceramics have
long been recognized, it is only now that this field has finally been shown to take-off stage
[5]. Microwave heating was conceived over 50 years ago, but its use in ceramic
processing is relatively new. The starting material for most ceramics and similar materials
is a type of powder that must be glued together to create a solid. Certain powders can be
joined into useful solid by simply blending the powder particles together by high
temperature self-diffusions, which is called sintering. This operation removes the spaces
between the powder particles. In order to meet the requirements of specific applications,
WC hardmetals may contain small amounts of binding elements such as cobalt, nickel or
iron. The use of Ni instead of Co as a binder material could lead to higher corrosion
resistance [11]. However, the mechanical properties of WC composite containing nickel
may deteriorate since hardmetals based on WC-Co usually have better combinations of
mechanical properties compared to WC-Ni grades [4]. According to Almond and
Roebuck (1988), the compressive properties of WC-Co hardmetals are usually superior
to those of WC-(Co-Ni) hardmetals. In most cases, cobalt has been used in the tough
metal binder phase, due to its excellent wetting, adhesion and adequate mechanical
properties [12].
Exceptional wear resistance of cemented carbides, owing to the combination of a
tough metal binder with a hard carbide, has resulted in their applications in many
engineering fields. In addition to their good performance in mining and cutting tool
applications, cemented carbides are increasingly used in a variety of other industrial
applications, such as seal rings, linings, valves, jet nozzles, saw blades, fluid mixers and
conveyor belt scrapers. These applications differ from the traditional uses, in that
significantly longer lifetime is demanded and components are expected to remain in
service for several years. If components are subjected to wear as well as being in contact
with chemically aggressive environments, corrosion can play a major role in the
degradation of the surface and can significantly accelerate wear [11-13]. Interest and
research activity in microwave processing are continuously increasing, and the use of the
microwave technology in industrial application is also growing with new developments
in both engineering and design of microwave systems. This study is undertaken with the
aim to understand the effect of microwave synthesis and sintering process on the physical
behaviour of powder ceramic part with respect to hardness and density.
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EXPERIMENTAL SETUP
Experimental Procedure
In order to achieve the aim of the research, the weight percentage of each material was
selected. A round shape insert was developed in-house using tungsten carbide with cobalt
and binder powder. The normal production using furnace to melt and bind the powder
into solid was replaced with the sintering process using microwave energy. The initial
stage of the research focused on developing the compacted powder inserts of circular
shape to take advantage of multiple cutting edges. The second stage of the research carried
out preliminary study on the sintering parameters. Once the level of microwave intensity,
compaction force and other parameters were determined for minimal formation of
sintered inserts, the full production process was carried out. In this process, two levels of
microwave sintering holding time and four different powder compositions were chosen.
In the final stage of the research, a confirmation test to evaluate the result was done. The
mechanical properties of the produced inserts were tested such as the hardness and density
of the insert to see which powder composition would give better results, such that it is
denser and less porous.
The base powder for this experiment was tungsten carbide (WC) powder,
followed by the binder powder. The binder powder consisted of nickel (Ni), ferum (Fe),
cobalt (Co) and chromium (Cr). Tungsten carbide is a well-known material used for
cutting tools and other wear products and machine components with high melting point
of 2870 °C. Tungsten carbide is denser than steel or titanium. Due to high temperature,
the conventional sintering method requires a lot of energy and long processing time. The
compositions are listed in Table 1 in term of weight percentage of each sample. There
were 24 samples and the samples were divided into two groups, group A and group B,
which consisted of soaking time. As for the powder composition, there are different
opinions about the limits of tungsten carbide. These limits vary between 30% and 90%,
and WC 90 wt% and 98 wt% in Brożek, Młynarczykowska [14]. Moreover, in his
research on alternative binders, Waldorf, Liu [15] also varied the composition, where
WC was varied in the range of 90 to 98%, and the rest were mixed with different binders.
The samples were then tested in a turning machine to see the wear of the sample.
Furthermore, MUREŞAN [16] also used the same range of composition as stated in Table
1 to mix WC with Ni, Fe, Co and Cr, except that he varied the composition of Wc-Ni-Fe.
Also, a sample had added Cr, for which the objective was to see the effect of Cr on the
density, elongation and yield limit of Wc-Ni-Fe. The samples were compacted at 200
MPa and sintered in hydrogen environment using liquid phase sintering in a furnace at
1500°C. While, Zhou, Wang [17] reported that his research objective was to see the
addition of Fe and Cr, the Ni addition between 0.1 to 1% could greatly improve the
relative density and maintain high thermal conductivity of W at the same time. He also
compared between 5, 10 and 15 minutes soaking time. The samples were compacted at
600 MPa and heated in microwave sintering at 1450°C. Therefore, the purpose of this
experiment on binder mixing was first to compare the effect of the addition of Ni and Fe
with Ni and Cr with to the highest percentage of WC in terms of density, hardness and
microstructure. Second was to compare the effect of the addition of Co and Cr with Fe,
Ni and Co to the highest percentage of WC. This is to see which binder can produce better
result, whether the addition of the binders has better effect than the highest percentage of
WC, and to compare the results with other findings.
The base powder (WC) in the size of 1-5 microns and all of the binders (Ni, Fe,
Co and Cr) were first weighed based on weight percentage. The size of ferum was 1-9
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microns, nickel 4-8 microns, cobalt 1 microns and chromium was 1-5 microns. All of the
powder sizes were chosen based on previous research [15, 16]. In order to achieve the
height of 10mm, each sample must weigh 25.5g. The percentage of each powdered
sample was based on Breval, Cheng [18].
Table 1. Powder composition.
Tungsten Carbide with Nickel and Ferum
A1, 90Wc7Ni3Fe
A2, 92Wc1Ni7Fe
B1, 90Wc7Ni3Fe
B2, 92Wc1Ni7Fe
Tungsten Carbide with Nickel and Chromium
A4, 90Wc3Ni7Cr
A5, 92Wc7Ni1Cr
B4, 90Wc3Ni7Cr
B5, 92Wc7Ni1Cr
Tungsten Carbide with Cobalt and Chromium
A7, 90Wc7Co3Cr
A8, 92Wc1Co7Cr
B7, 90Wc7Co3Cr
B8, 92Wc1Co7Cr
Tungsten Carbide with Ferum, Nickel and Cobalt
A10,
A11,
90Wc3Fe3.5Ni3.5Co
92Wc7Fe1.5Ni1.5Co
B10,
90Wc3Fe3.5Ni3.5Co
B11, 92Wc7Fe1.5Ni1.5Co

A3,97Wc1Ni2Fe
B3,97Wc1Ni2Fe
A6, 97Wc2Ni1Cr
B6, 97Wc2Ni1Cr
A9, 97Wc2Co1Cr
B9, 97Wc2Co1Cr
A12,
97Wc1Fe1Ni1Co
B12,
97Wc1Fe1Ni1Co

Before mixing and compacting, the powders were weighed using Sartorius GD503. It is a weighing machine with an accuracy of up to 0.001g. Each test specimen was
compacted using 25.5g of powder in order to achieve a height of 10mm. All of the
powders were sourced by Accumet Materials Co., and the material safety data sheets are
attached in Appendix A. All measurements were taken three times to obtain the average
value. The powders were mixed in a powder rotator for three hours at a speed of 85 rpm.
Once the powders were properly mixed, it was then ready for compaction. In this
procedure, an Instron machine model 3382 was used to compact at a pressure of 200 MPa
. The samples were then sintered in a microwave with two different soaking time.

Microwave set
up
Temperature
measurement
Heating chamber

(a)

(b)

Figure 1. (a) Experimental setup; (b) Sample setup in the microwave.
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RESULTS AND DISCUSSION
Density
Table 2 shows that the density of the samples increased after the sintering process. It also
shows the difference in density between the green and sintered samples. Each
composition shows that the density of the sintered sample was higher than the green
sample, with an average increase by 30% than the green sample. This is due to the grain
boundary between the particles, whereby during heating, the grain boundary between
particles came close to each other making them denser after sintering [15]. For the
comparison between the soaking time for all samples, it can be seen clearly that 10
minutes soaking time gave better result compared to that of 20 minutes. Ten minutes
soaking time gave higher density compared to that of 20 minutes due to the grain growth
of each particle, whereby prolonged heating of a sample increased the kinetics of the grain
growth in the sample [19]. Based on this, all samples were differentiating based on the 10
minutes soaking time. It was stated in Bao, Yi [20] that 5,10,15,and 60 minutes soaking
time do not have any effect on grain size effect WC-Co however 5 minutes soaking time
gave a full densification. Therefore, it can be said that the binders of WC, which is Ni,
Fe, Co and Cr had certain effect on WC such that the density of the samples of 10 minutes
soaking time were better than that of 20 minutes.
Comparing the density of WCNiFe and WCNiCr (Figures 2 and 3), it was shown
that the sample with higher composition of tungsten (97WC1Ni2Fe) was denser,
followed by the sample with higher composition of Ni (90WC7Ni3Fe) and Fe
(92WC1Ni7Fe) and lastly, Cr (90WC7Ni3Cr). Tungsten is known to have high melting
point, high hardness, high thermal and electrical conductivities and relatively high
chemical stability [21]. Nickel has the highest density compared to chromium, due to the
fact that the addition of Ni is known as a binder that improves densification of tungsten.
While for the properties of chromium, which have been studied by a lot of researchers, it
was found that the addition of chromium as a binder in any mixture will not increase the
strength, but only improve the cutting tool performance [22]. Besides, Zhou found that
the relative density of W can be improved by the addition of Fe, Cr, and Ni at a content
of 1 wt.%. The addition of Fe and Ni was more effective and could increase the relative
density of W from 92.5% up to 98.6% and 99.2%, respectively compared to adding Cr. It
was also stated that 1% of Ni addition resulted in about 99% densification for 5,15 and
30 minutes holding time.
On the other hand, the density results varied for the samples of WC-Co-Ni-Fe and
WC-Co-Cr (Figures 4 and 5). The density of the compositions with higher tungsten,
(97WC2Ni1Cr) and 97WC1Co1Ni1Fe, was higher, followed by the composition with
higher cobalt, nickel and ferum, (92WC7Co0.5Ni0.5Fe) and lastly chromium,
(92WC1Co7Cr). Although for both, samples with higher cobalt had higher density
however samples that being mixed together with Co,Ni and Fe, (92WC7Co0.5Ni0.5Fe)
has a higher density compare to Co and Cr,( 90WC7Co3Cr). Various Kennametal patents
described the use of Fe, Ni, and Co as binder constituents, as they improve toughness
compared to Co alone [21]. Gonzalez was able to produce Fe-Ni bonded WC samples
with similar hardness to that of WC-Co materials, and was also able to achieve relatively
increased toughness by way of heat treatment of the WC-Fe-Ni samples [23]. As in
several other studies, it has been stressed that a proper amount of carbon must be added
to the binder for sintering and heat treatment in order to produce the most advantageous
phase structure of the bonded system example free of brittle phase carbides from
insufficient carbon and free of soft graphite resulting from excess carbon [19]. Thus, this
3466

Thauri et al. /International Journal of Automotive and Mechanical Engineering 13(2) 2016 3462-3475

shows that although Ni-Fe binders were added to WC samples, the result for higher cobalt
composition was better than higher Ni-Fe composition. This observation is also supported
by Holleck [22], which why Cr could not produce better result than other binders.
Although it was said that small amounts of Cr to Co binder in WC-Co is an improvement
mechanism for cutting tool performance, this could not be shown to improve the density
of the sample by adding chromium. Moreover, MUREŞAN [16] stated that the element
of Cr forms interfaces with the elements of W, Ni, and Fe and segregations along the alloy
interface, which cause interface corrosion and determines low mechanical properties of
the samples. The result for the density of each sample is summarized in Table 2 and the
comparison can clearly been seen in Figures 2 to 5.
Table 2. Density result of Wc-Ni-Fe, Wc-Ni-Cr, Wc-Co-Ni-Fe and Wc-Co-Cr for 10
min and 20 min soaking time.
No.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Powder composition

90Wc7Ni3Fe
92Wc1Ni7Fe
97Wc1Ni2Fe
90Wc3Ni7Cr
92Wc7Ni1Cr
97Wc2Ni1Cr
90Wc3Co3.5Ni3.5Fe
92Wc7Co1.5Ni1.5Fe
97Wc1Co1Ni1Fe
90Wc7Co3Cr
92Wc1Co7Cr
97Wc2Co1Cr

10 minutes soaking
time
Green
Sintered
Density
Density
7.67
12.754
7.7
12.461
7.87
13.45
7.53
12.377
7.65
12.46
7.58
13.446
7.61
12.897
7.27
13.499
7.96
13.56
7.14
12.646
7.14
12.269
7.86
13.86

20 minutes soaking
time
Green
Sintered
Density
Density
7.79
11.781
7.65
12.412
7.86
13.494
7.11
12.345
7.59
12.143
7.98
12.838
7.61
12.276
7.27
12.525
7.59
13.323
7.08
12.27
7.14
12.237
7.84
13.678

16
14

Density g/mm3

12
Green Density 10 mins
soaking time

10

Sintered Density 10
mins soaking time

8
6

Green Density 20 mins
soaking time

4

Sintered Density 20
mins soaking time

2
0
90WC-7N-i3Fe

92WC-1Ni-7Fe

97WC-1Ni-2Fe

Composition

Figure 2. Density for 10 min soaking time and density for 20 min soaking time for WcNi-Fe.
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16
14
Green Density 10 mins
soaking time

Density g/mm3

12
10

Sintered Density 10
mins soaking time

8

Green Density 20 mins
soaking time

6
4

Sintered Density 20
mins soaking time

2
0
90WC-3Ni-7Cr

92WC-7Ni-1Cr

97WC-2Ni-1Cr

Composition

Figure 3.Density for 10 min soaking time and density for 20 min soaking time for WcNi-Cr.
16

Density g/mm3

14

Green Density 10
mins soaking time

12
10

Green Density 10
mins soaking time

8
6

Green Density 20
mins soaking time

4

Green Density 20
mins soaking time

2
0
90WC-3Co-0.5Ni-0.5Fe 92WC-7Co-0.5Ni-0.5Fe 97WC-1Co-1Ni-1Fe

Composition

Figure 4. Density for 10 min soaking time and density for 20 min soaking time for WCCo-Ni-Fe.
16

Density

g/mm3

14
12

Green Density 10 mins
soaking time
Sintered Density 10 mins
soaking time
Green Density 20 mins
soaking time
Sintered Density 20 mins
soaking time

10
8
6

4
2
0
90WC-7Co-3Cr

92WC-1Co-7Cr

97WC-2Co-1Cr

Composition

Figure 5. Density for 10 min soaking time and density for 20 min soaking time for WCCo-Cr.
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Hardness
All of the samples had similar hardness result as that of density in terms of soaking time,
which shows that samples of 10 minutes soaking time had better density and hardness
results. Based on Zhou, Wang [17], who also compared 5, 15 and 30 minutes soaking
time, and found that 5 minutes soaking time had better result than others. Longer holding
time can enhance atomic diffusion during the sintering process, which leads to coarse
grain. Based on Table 3, we can clearly see the difference between each sample. In
comparison hardness result from the commercial cutting tool on Tungsten Carbide, the
range is 80 to 92 HRA and the highest result for hardness in this research was 84.3 HRA,
which means that the insert can be used for commercial usage depending on the
application [17].
Table 3. Hardness result for Wc-Ni-Fe, Wc-Ni-Cr, Wc-Co-Ni-Fe and Wc-Co-Cr
10 min and 20 min soaking time.
No.

Powder composition

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

90Wc7Ni3Fe
92Wc1Ni7Fe
97Wc1Ni2Fe
90Wc3Ni7Cr
92Wc7Ni1Cr
97Wc2Ni1Cr
90Wc3Co3.5Ni3.5Fe
92Wc7Co1.5Ni1.5Fe
97Wc1Co1Ni1Fe
90Wc7Co3Cr
92Wc1Co7Cr
97Wc2Co1Cr

10 minutes soaking time
Hardness, HRA
68.7
78.7
74.5
70.9
79.3
62.0
76.7
84.3
73.2
83.6
44.5
70.8

for

20 minutes soaking time
Hardness, HRA
61.6
78.5
69.4
67.3
62.4
55.9
63.5
82.1
78.2
74.8
48.7
69.8

Hardness of Wc-Ni-Fe and Wc-Ni-Cr specimens
For both samples, Figures 6 and 7 show that the composition with the highest Ni
(Figure 7) had greater hardness followed by samples with higher Fe, WC and lastly Cr.
On the other hand, if a comparison is made between both samples, on average, samples
with Fe and Ni that bonded with WC had better result compared to samples that bonded
with Ni and Cr. This can be seen in the average of the results, where for Ni,Fe is 73.9
while Ni, Cr is 65.1, which means that the difference in terms of percentage was 0.11%.
It has been stated in the density result that the addition of Ni improved the densification
of tungsten, while Cr produced the opposite result [22]. Comparing between A1 and A5,
both samples had higher percentage of Ni. Therefore, it can be said that when Ni is high
in percentage, Fe is not a good combination with Ni as compared to Cr. Where A1 is 68.7,
while A5 is 79.3 of hardness result. Moreover, from the results shown in both figures, it
can be noted that the addition of greater amount of WC affected the hardness of a sample,
which means that higher percentage of WC produces harder sample. Furthermore it can
be clearly seen in Figure 6 and Figure 7 that the higher is the density, the harder 100px
is the
sample.
100px

0
p
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Hardness, HRA

100

50
10min soaking time 90WC7Ni3Fe 92WC1Ni7Fe 97WC1Ni2Fe
20min soaking time 90WC7Ni3Fe 92WC1Ni7Fe 97WC1Ni2Fe

0

90WC7Ni3Fe

92WC1Ni7Fe

97WC1Ni2Fe

Figure 6. Hardness for 10 min and 20 min soaking time for WC-Ni-Fe.

Hardness, HRA

100

50
10min soaking time 90WC3Ni7Cr 92WC7Ni1Cr 97WC2Ni1Cr
20min soaking time 90WC3Ni7Cr 92WC7Ni1Cr 97WC2Ni1Cr

0
90WC3Ni7Cr

92WC7Ni1Cr

97WC2Ni1Cr

Figure 7. Hardness for 10min and 20 min soaking time for WC-Ni-Cr
100px
Hardness of Wc-Co-Ni-Fe and Wc-Co-Cr specimens
100px
Comparing between both binders in Figures 8 and 9, it can be seen that samples with
higher cobalt had greater hardness, which are A8, 84.3 and A10 83.6 when add to
tungsten as compared to others that have been tried before [24]. This is followed by
samples with higher binder of Ni and Fe, WC and lastly Cr. Willert-Porada [21] and
Holleck [22] have explained on why binder with higher composition of Co has more
superior result compared to others. Other researchers have tried to replace Co with Ni and
Fe and found that it produced similar hardness to that of WC-Co. Although both binders
with higher percentage of cobalt had greater hardness compared to other samples.
However, samples that bind with Co, Ni and Fe, A8 has higher hardness result in average
of 78.1 as compared to the sample that bind with Co and Cr, A10 which is 66.3. On the
other hand, the difference in percentage is 0.15%. It can be seen that the combination of
WC with Co, Ni and Fe produced better hardness and density results compared to WC
with Co and Cr.
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Hardness, HRA

100

50

10min soaking time 90WC3Co3.5Ni3.5Fe 92WC7Co0.5Ni0.5Fe 97WC1Co1Ni1Fe
20min soaking time 90WC3Co3.5Ni3.5Fe 92WC7Co0.5Ni0.5Fe 97WC1Co1Ni1Fe

0

90WC3Co3.5Ni3.5Fe

92WC7Co0.5Ni0.5Fe

97WC1Co1Ni1Fe

Figure 8. Hardness for 10min and 20 min soaking time for WC-Ni-Fe

Hardness, HRA

100

50
10min soaking time 90Wc7Co3Cr 92Wc1Co7Cr 97Wc2Co1Cr
20min soaking time 90Wc7Co3Cr 92Wc1Co7Cr 97Wc2Co1Cr

0
90Wc7Co3Cr

92Wc1Co7Cr

97Wc2Co1Cr

Figure 9. Hardness for 10min and 20 min soaking time for WC-Ni-Cr.
Microstructural Analysis
Comparison between NiFe and NiCr binders: All of the samples were compared between
each binder that has the highest hardness result. The microstructure of the samples was
taken from the surface of the sample. The binder, NiFe was compared to NiCr and the
result showed that NiFe had better result on average for all of the hardness results.
However, the compared between 92WC1Ni7Fe and 92WC-7Ni-1Cr. It can be seen in
Figure 10(b) that the grains had smaller pores than those in Figure 10(a). Moreover, the
results show that Figure 10(b) had better densification and was harder than Figure 10(a).
This is because Figure 10(b) had higher Ni and Ni is known as a binder that improves
tungsten densification. Besides that, the melting temperature may be a factor for grains
behavior. It is known that nickel has a melting temperature of 1453ºC, while Fe has higher
melting temperature, which is 1536ºC. Due to this reason, nickel may have melted during
the sintering process. When this happens, nickel arrives at the liquid phase and will be
pulled by capillary forces into the narrow gaps between the particles of the solid
component, creating the largest possible contact area between liquid and solid phases.
Then, alloying takes place and, if the initial proportion of the liquid phase is smaller than
its solubility in the solid phase, the liquid phase eventually disappears and leaves behind
large pores [25]. A higher Ni volume fraction decreases the connectivity and moving
resistance of WC particles and as a result enhances the rearrangement of WC particles
and further substantially improves the densification.
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Larger grain size

Pores

(a)

Smaller grain size

(b)

Figure 10. Microstructure of (a) 92WC-1Ni-7Fe and 92WC-7Ni-1Cr
Comparison between Co-NiFe and Co-Cr binders: Based on the hardness result,
there was not much difference on the microstructure because both samples had higher
composition of cobalt and were slightly different in the hardness result, whereby
Figure 11(a) had 83.7 and Figure 11(b) had 83.4 as the hardness result. Moreover, only
few pores were found, which had the highest hardness for all 24 tested samples. This is
because cobalt is known to have high strength with the addition of tungsten as compared
to others that have been tried before. Moreover, Holleck [22] also found that Cr did not
produce better result than other binders. While, by looking at the grain boundaries of both
samples, it can be seen that Figure 11(b) had clearer grain boundaries compared to Figure
11(a). However, the pores and likely mostly on Figure 11(b). Moreover, as stated in
MUREŞAN [16], the element of Cr forms interfaces with the elements of W, Ni, Fe, and
O, and segregates along the alloy interface, which causes interface corrosion, and
determines low mechanical properties of the mentioned alloys.
Unclear grain boundaries

Pores

(a)

Clearer grain boundaries

(b)

Figure 12: Microstructure of (a) 92WC-7Co-0.5Ni-0.5Fe and (b) 92WC-7Ni-1Cr.
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CONCLUSIONS
Ten minutes soaking time showed better results compared to 20 minutes. This is because
prolonged heating time (20 minutes) at higher temperature (1450˚C) may have affected
the properties of the powder. Thus this may lead to increased kinetic of the grain growth
and coarser grain size as compared to shorter heating time (10 minutes). This then
achieved the objectives of this research, where it can be seen that 10 minutes soaking time
had an effect on density, hardness and the microstructures of each sample. Higher density
and hardness results were obtained for 10 minutes soaking time as compared to 20
minutes, which resulted in low density and hardness. Between the binder of nickel and
ferum (Ni, Fe) and nickel and chromium (Ni, Cr), the binder of Ni and Fe showed better
results compared to the Ni and Cr binder. This has been stated above, whereby the
addition of chromium did not increase the strength, but only improved the cutting tool
performance. Moreover, it is known also that nickel addition improves the strength of
tungsten. The binder Co, Ni and Fe had enhanced results compared to the binder Co and
Cr. Although it is said that small amounts of Cr in the Co binder in WC-Co is an
improvement mechanism to improve cutting tool performance leading to strength, this
could not be shown to improve the density of a sample by adding chromium. Therefore,
from all of the results, it is proven that microwave is viable to be used to sinter ceramic
parts, and the effects of sintering soaking time on the properties can be clearly been seen
on the microstructure. Moreover, the effect of binders on the sintered components can
also be seen. Thus by referring to the results of the effects of the binder, the sample can
be used depending on the condition that needs to be used.
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