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ABSTRACT

Article history:

In this study, WC–20 wt.% equiatomic (Fe,Co) powder mixture was
milled in a planetary ball mill. The effects of different milling times
(15 min, 5h, 10h, and 25 h) and sintering temperatures on the
microstructure and mechanical properties of this equi-Fe substituted
cermet were investigated. The structural evolution and the crystallite
size changes of the powders during milling were monitored by X-ray
diffraction (XRD). Microstructural developments of the samples
were examined using scanning electron microscopy (SEM). The
results showed that the crystalline size of WC and internal strain
were 22 nm and about 1.1 % after 25 hours of milling, respectively.
The hardness and the relative density of the WC-20wt.% (Fe,Co)
composites, consolidated by conventional sintering at different
temperatures, ranging from 1150 to 1450 C in hundreds, were
investigated. The optimized sintering temperature was specified at
1350°C. At a constant sintering temperature, 1350°C, the highest
relative density of 98.2% and hardness of 1281 (HV30) were
obtained for the milling time of 25h.
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1. Introduction
Cemented carbides such as WC–Co have been
used in various commercial and technological
applications for the last decades due to the
extreme hardness, high elastic modulus and
flexural strength over the other materials. The
great properties of the cemented tungsten
carbides make them useful as cutting tools,
rock drills, punches, extrusion, pressing dies,
and wear-resistant coatings[1, 2].
Although the WC-Co composites are the most
important commercial grade of WC cements,
they have several disadvantages such as: the
market price fluctuations, environmental
toxicity of cobalt, poor resistance to oxidation

at elevated temperature ( i.e. above 600 C), and
corrosion problems [3, 4]. Therefore,
significant research efforts have been made to
replace cobalt by other transition metals of the
VIII group, such as iron [5-7] or nickel [8-10],
as a binding metal to overcome the
shortcomings of the WC-Co composites.
Researches by Prakash [11] demonstrated that
cemented carbides with Fe-rich binders
enhanced properties such as higher hardness,
abrasive wear resistance, toughness, and strength
properties compared with the Co-bonded hard
metals. Other researchers also reported similar
and superior values for hardness, toughness, and
transverse rupture strength (TRS) over the
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Fig. 1. SEM micrographs of the starting powders: (a) Co, (b) WC and (c) Fe

WC–Co system [5, 9, 12]. In the case of
substitution of cobalt by nickel as a binder,
Perter and Brabyn [13] showed that the
maximum fracture toughness could be achieved
by WC-7Co-3Ni.
General methods of synthesizing the
nanostructured WC or WC–Co composite
include spraying conversion process, coprecipitation, displacement reaction process,
mechanochemical synthesis, and mechanical
alloying (MA)[14]. Recently, MA process has
become a popular method to fabricate nano
crystalline materials due to its simplicity and
relatively
inexpensive
equipment
[15].
Cemented tungsten carbide with nanocrystalline grain structure has the potential to
dramatically improve the mechanical properties
of these materials [16]. In this research, WC–20
wt.% equiatomic (Fe,Co) was milled at
different milling times. The sintering behavior
of these powders and the influence of the
sintering temperature on the hardness of the
sintered samples was also investigated.

2. Experimental
2. 1. Starting materials
High purity ( 99.5%, Merck) starting materials

(WC, Co, Fe) were used for the preparation of
the composites. The SEM micrographs of the
starting powders are shown in Fig. 1.
2. 2. Composite preparation
Fe and Co powders with Fe/Co weight ratio of
1/1 with 80 wt. % WC were milled in a
planetary ball mill under argon atmosphere at
different milling times of 15 min, 5, 10 and 25
hours. The ball-to-powder weight ratio and the
rotational speed were 20:1 and 500 rpm,
respectively. Green bulk samples were
prepared by cold-pressing of the powder
mixtures in a cylindrical steel die. For all of the
samples, the compaction pressure was 500
MPa.
2. 3. Sintering and characterization
Sintering was performed at different
temperatures, ranging from 1150 to 1450 C in
hundreds, for 60 minutes under hydrogen
atmosphere controlled by hydrogen generator
(SHC-300). The heating rate was set to 10
Cmin 1. The density of the sintered parts was
determined by the water displacement
(Archimedes) method. The samples for
metallographic study were prepared according
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Fig. 2. X-ray diffraction of the WC-Fe-Co composite powder at several milling times

to the ASTM B665 standard. The structure of
the samples was characterized by a Philips
X’PERT MPD X-ray diffractometer with CuK radiation ( =0.154056 nm). The crystallite
size and internal strain of the powders were
calculated from the broadening of the XRD
peaks using the Williamson–Hall method [17].

Where B is the full-width at half maximum
intensity, is the wavelength of the X-ray used,
D is the average crystallite size, is the Bragg
angle and
is the average strain. Powder
morphology and microstructure developments
were examined using a Philips XL30 scanning
electron microscope (SEM). Vickers hardness
of the compacts was measured at a load of 293
N (HV30) and dwell time of 10 s.

3. Results and discussion
3. 1. Characterization of the milled WC-FeCo powder
The X-ray diffraction patterns of the powder
mixture after different MA times are presented
in Fig. 2. As can be seen, the starting powders
contain Fe, Co, WC and small amounts of the
W2C phase. It is note-worthy that the Co phase
is composed of the fcc ( ) and hcp ( ) phases.
The disappearance of the Co peaks after 5
hours of milling can be explained by
dissolution of Co into Fe (the bcc structure) in
order to form the (Fe-Co) solid solution, as
shown elsewhere [18, 19]. Increasing the

milling time is accompanied by line broadening
and a steep decrease in the intensity due to the
decrease of the grain size and increase of the
internal strain as a result of milling.
The crystallite size and internal strain of the
WC phase calculated from the line width were
22 nm and about 1.1 percent after 25 h milling.
The reduction of the crystalline size during the
milling process was because of the localization
of plastic deformation (in the form of shear
bands containing a high density of
dislocations), formation of cells and sub-grains
by annihilation of dislocations as well as the
conversion of sub-grains into grains through
mechanically driven grain rotation and subgrain boundary sliding [20]. The SEM images
in Fig. 3 show the changes in the
microstructure of the composite powder with
increase of the milling time.
In Fig. 3a, based on the EDS results, WC, Fe
and Co particles are shown in white, light grey
and dark grey colors, respectively. As can be
seen, after milling for 15min, only a partially
physical mixture was formed and the Fe, Co
and WC powders had different particle
distributions. After 5 hours of milling (Fig. 3b),
particle size was reduced and better
distributions of the components were observed.
Phase distribution homogeneity was developed
by further milling up to 10 hours (Fig. 3c). As
can be seen in Fig. 3d, the particle size was
reduced and all of the particles were completely
homogenous. With the decrease of the fragment
size, the tendency to aggregate increases,
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Fig. 3. The cross-sectional SEM micrographs of the WC-20 wt. %(Fe,Co) composite particles at different
milling times: (a) 15 min, (b) 5h, (c)10h, (d) 25h

thereby causing the increase of fracture
resistance. Particle fineness approaches a limit
as milling continues and maximum energy is
expended [18].
3. 2. Characterization of the sintered WCFe-Co composite
Homogenous distribution of WC in (Fe-Co)
solid solution binder was achieved after 25
hours of milling. Consequently, the powder
sample milled for 25 hours was compacted and
sintered at different temperatures of 1150 to
1450 C in hundreds. Fig. 4 shows the
microstructure of the 25-hours-milled powders
sintered at different sintering temperatures. It is
evident that with the increase of sintering
temperature, the initial relatively round WC
grains become faceted. The grain growth of
WC in cemented carbides generally occurs in
two modes, namely, coalescence process and
solution/reprecipitation process [21]. After
sintering at 1150 C, WC forms irregular
morphology. At 1250 C, the formation of
anomalously large WC grains in the
microstructure is because of the coalescence

mechanism at this temperature. With the
increase of temperature, the WC grains exhibit
faceted morphology. Solution/reprecipitation
increases as the temperature increases [22].
Furthermore, at high temperatures (1350 C and
1450 C) the Solution/reprecipitation structure
becomes dominant: smaller grains dissolve
because of their higher dissolution. On the
other hand, the coarser ones grow by material
re-precipitation and reduce the interface area of
the system. So, rounded WC particles change
into a faceted shape [12, 23-24]. The difference
in the surface energy of the (0 1 0) and (1 0 0)
planes leads to the formation of faceting
structure. Because of this anisotropy, the WC
grains tend to assume an equilibrium shape
(truncated triangular prism (Fig. 5)), as
observed elsewhere [23, 24].
The changes in relative density of the sintered
composites after 25 hours of ball milling as a
function of sintering temperature are shown in
Fig. 6. It can be concluded that the relative
density increases sharply at sintering
temperature above 1150 C up to 1450 C, and
reaches a saturated value at the sintering
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Fig. 4. SEM micrographs of the sintered samples prepared from powder ball milled for 25 hours as a function
of the sintering temperature: a) 1150 C, b) 1250 C, c) 1350 C and d) 1450 C

Fig. 5. Schematic of truncated trigonal prism
(equilibrium shape of WC crystals) [23]

temperature of 1350 C. As the temperature
increases, porosities decrease due to the higher
liquid phase transaction during sintering that
could be a reason for increasing relative density
[25, 26].
The effect of the sintering temperature on the
hardness is shown in Fig. 7. Hardness has a

Fig. 6. Effect of the sintering temperature on the
relative density of the sintered composite after 25
hours of ball milling

rapid increasing behavior above 1250 C, but it
gradually grows below this temperature.
Generally, hardness of the cemented carbides is
affected by different parameters such as
amount and type of the binder, size, distribution
and the contiguity of the carbide phase, and
porosity [27-29]. So, the rapid increase of
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Fig. 7. Effect of the sintering temperature on hardness of the sintered composite after 25 hours of ball milling

Fig. 8. The micrographs (SE mode) of sintered samples at 1350°C with various milling times

hardness above 1250 C seems to occur due to
the formation of a liquid phase during sintering
which leads to sharply increase the relative
density [23, 26]. Moreover, the hardness
slightly decreases above 1350 C. It can be
attributed to the fact that the sintered density
reaches the saturated value, but the crystallite
size of WC considerably increases at
temperatures above 1350 C [30].

By considering the hardness and densitometry
characterization results shown in Figs. 6 and 7,
further sintering experiments were carried out
at 1350°C as optimized sintering condition.
Fig. 8 shows microstructure development of the
sintered samples at 1350°C with various
milling times.
The results show that the sintering behavior
of the composite powder is significantly
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Fig. 9. Effects of the milling time on relative density and hardness of the milled powders sintered at
1350 C temperature

influenced by ball milling. The most important
finding is that sintering of the 15 minutes
milled powder at 1350 C resulted in a small
densification. The binder does not have
uniform distribution in the 15-minutes-milled
sample and high porosity features are apparent
in the SEM (secondary mode) micrograph. As
can be seen in Fig. 8, increasing the milling
time has important effects on distribution and
densification: better distibution of binder and a
progressive increment in the densification as
well as reduction of porosities. The 25-hoursmilled powder shows noticeable densification
on liquid phase sintering. As a result of
densification on the liquid phase, the density of
the sample reaches to 98.2%TD. The effects of
the milling time on relative density and
hardness of the milled powders sintered at
1350 C temperature are indicated in Fig. 9.
At a constant sintering temperature, a higher
density is achieved at higher milling time. This
observation is related to the effect of milling
time on the microstructure of the composite
powder. As shown elsewhere [1,33], the WC
particles undergo severe plastic deformation
and become nanostructured during ball milling.
It is well established that formation of nanocrystalline material is accompanied with an
enhancement in the diffusion rate in the
nonequilibrium grains, a reduction in the
diffusion distance, an extension in the solid
solubility and, possibly, a depression in the
melting point [15, 20, 34], that leads to creation
of superior properties such as higher hardness.

4. Conclusion
The following conclusions have been drawn
from this investigation:
1. The crystallite size of the WC powders
decreased to less than 20 nm after 25 hours of
milling and the internal strain increased to
about 1.1 %percent.
2. The optimized sintering temperature was
measured at 1350°C.
3. The 25-hours-milled powder exhibited
significant densification on liquid phase
sintering at 1350°C. So, the relative density of
98.2%TD was achieved.
4. At a constant sintering temperature
(1350°C), the highest relative density (98.2%)
and hardness (1281 HV30) were achieved for
sample after 25h of milling.
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