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Abstract: The Williamson—Hall and uniaxial compression methods were used to study the variations of the micro-strain and
stress—strain relations in WC powders after jet milling and ball milling, respectively. The rupture behavior of agglomerates in WC
powders was investigated. Meanwhile, the as-obtained WC powders treated by different milling methods were used to fabricate
WC-10%Co cemented carbides, followed by the performance assessment of cemented carbides. The results show that the
micro-strain of the jet-milled WC powders decreases significantly compared with that of the ball-milled WC powders, and that the
cemented carbides prepared by jet-milled WC powders exhibit excellent properties with a transverse-rupture strength of 4260 MPa,
due to the elimination of agglomerates and the reduction of lattice strain.
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1 Introduction

Comminution is a crucial unit operation in the
refractory metals industry, but a fundamental
understanding of all the phenomena involved is still
lacking, especially in the case of ultrafine WC
powders [1,2]. In recent decades, the crucial effects of
the physical characteristics of various tungsten oxides
used to produce ultrafine WC powders have been
investigated to improve, refine and homogenize ultrafine
WC powders. And, violet tungsten oxide (TVO, WO, 7,)
has been reported to be a good precursor in the
production of ultrafine and homogeneous WC powders,
because of its special particle morphological structure,
i.e. the wedge-shaped, pore structure of the powder
particles, which allow easier access for H,O and H, into
the pores [3].

However, the decomposition of the WO, 7, powder
usually results in whiskers with two morphologies,
randomly oriented whiskers and clusters of whiskers,

which produce WO, agglomerates [4]. These WO,
agglomerates usually contain several small primary
crystals, which are interlinked by chains of larger
primary crystals [4,5]. Unfortunately, it has been
reported that the reduction of the agglomerated WO, to
tungsten is achieved without any further morphological
change, so that these agglomerates are retained during
the final carburization of tungsten to tungsten
carbide [4,6]. In addition, these agglomerates can be
retained as coarse heterogeneities in ultrafine powder
matrix during further processing, which can lead to
microstructural defects in the final products because of
the reduction of surface energy [7].

Traditionally, ball milling is a common method to
reduce the particle size and eliminate particle
agglomerates of powders [8]. However, ball milling
always produces a limited particle size, beyond which
no further comminution occurs [9]. Furthermore, WC
powder particles will undergo severe plastic deformation
when the powder particles are trapped between colliding
balls during the ball milling process. In consequence, it
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causes material flaws, including a high density of lattice
defects, and in particular, lattice dislocations [10]. Other
significant disadvantages associated with the ball milling
operation include difficulty in reproducing a particle size
distribution and irregularities in shape resulted from
the increase of milling time [11,12]. In addition,
particle agglomeration has been evident during ball
milling [8,13—15].

Recently, LI et al [16] suggested that the properties
of tungsten powders could be effectively improved by jet
milling treatment. In fact, jet milling has the ability to
produce particles in tight size distribution, and is
eco-friendly [17]. LECOQ et al [18] have studied the
fracture behavior of three types of materials produced by
jet milling and concluded that jet milling was suitable for
processing brittle materials. Furthermore, SHAIBANI
and GHAMBARI [19] have found that jet milling is
much more efficient than ball milling when it is used to
process brittle grey cast iron scrap into powder. The
complexity, size reduction process, particle properties
and the interaction between the WC powders and the jet
milling process are worthy of an in-depth investigation
for the lack of related reports in the literature currently.
In general, smaller particles are more difficult to break
than larger ones, since smaller particles contain fewer
flaws and require more impact events to affect their
fracture [20,21]. By contrast, larger particles commonly
have many flaws, faults and discontinuities that are
depleted during the formation of daughter fragments [21].
Usually, jet milling is usually not suitable for producing
ultrafine grade particles since it is suitable for producing
large size particles in a range of 1-10 um [22]. However,
recently LI et al [16] have found out that the big
agglomerates in fine tungsten powders are absent after a
jet milling treatment, which is consistent with the
reported results in Ref. [23]. As is well known, the
agglomeration of particles is a major problem when
dealing with particles that are less than 1 um. These
agglomerates can compromise the properties of the final
products. Consequently, it is important to investigate
effect of jet milling on the comminuting of agglomerates
in ultrafine grade WC powders. Therefore, in this work,
the effects of jet milling on the comminuting of

agglomerates in ultrafine grade WC powders were
studied and the effects of the grinding parameters on the
properties of the resulting powders were explored.

2 Experimental

2.1 Sample preparation

The ultrafine WC powders used in this work are
supplied by Zigong Cemented Carbide Corp., Ltd. The
powders are ultrafine grade with a manufacturer reported
particle size of 0.6 um. The powders are derived from
hydrogen reduced WO, 7, that is obtained from calcined
APT (ammonium para-tungstate). Pure Co powder with a
reported particle size of 0.5 um is provided by Create
Corp., China. The ultrafine WC powders (0.6 um) are
pretreated by both ball milling (milling time: 12, 24, 36,
48, 60 h, respectively; the mass ratio of milling media to
powder: 10:1; rotation speed: 200 r/min) and fluidized
bed jet milling. Ball-milled powders are designated as
WCB, while the jet milling powders are marked as WCJ.

To compare the properties of the experimental WC
powders (untreated WC, WCB and WCJ), three types of
WC—Co—VC—Cr;C, cemented carbide samples are
fabricated through using the mentioned WC powders as
raw materials, respectively. In all cases, the Co content
(mass fraction) of the cemented carbides is 10%, and
all the samples contain 0.4% V and 0.4% Cr (mass
fraction), which originate from VC and Cr;C,,
respectively. After milling, the powder mixtures are
granulated and pressed into compacts at 200 MPa,
followed by sintering from 1370 to 1410 °C using
sintering—HIP (hot isostatic pressing) technology with
the first stage at total pressure <5 Pa and the second stage
at a total pressure about 5 MPa.

2.2 Experimental procedures

The jet milling process is performed in air using a
QYF-260 fluidized bed jet mill with a dynamic classifier
installed at the top of the crushing chamber of the jet mill.
The process flow for the QYF—260 fluidized bed jet mill
is shown in Fig. 1. The jet mill is mainly composed of an
air compressor, a gas tank, a freeze dryer, an airflow
crusher chamber, a cyclone separator, a pulse collector,
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Fig. 1 Flow diagram for fluidized bed jet mill system: 1—Air compressor; 2—Gas tank; 3—Freeze dryer; 4—Airflow crusher

chamber; 5—Cyclone separator; 6—Pulse collector; 7—High pressure induced draft fan
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and a high pressure induced draft fan and other
components.

Ball milling of the WC—Co mixtures is conducted
using 1 L cylindrical cemented carbide ball mill (wet
grinding media: absolute ethyl alcohol; ball: WC—8%Co
cemented carbide ball). All the sets of the WC—10%Co
cemented carbides are mixed with 1.5% paraffin and
then pressed at 200 MPa in dies and sintered in vacuum
furnace according to the traditional ultrafine cemented
carbide manufacturing process.

2.3 Sample characterization

The milled and un-milled WC powders are analyzed
by X-ray diffractometry (XRD) employing a D2
PHASER diffractometer (Bruker AXE, Germany).
Subsequently, the resulting data are used to determine the
crystallite size and lattice strain of the powders using the
Williamson—Hall method. In addition, compression tests
of the WCJ powders, WCB powders and un-milled WC
powders are conducted using an 809 axial/torsional test
system (MTS Systems Corporation, America). The
morphologies and microstructures of the powders are
examined using a VEGA3SBU scanning electron
microscope (SEM). The Fisher particle average size (F;)
is measured using a WLP—202 particle analyzer, and the
particle sizes are also determined using an LMS—30 laser
particle analyzer. The powder particle size distribution is
determined using the gravitational sedimentation method
employing a B-type turbidimeter. The specific surface
areas of the particles are determined by the nitrogen gas
adsorption method using an F-Sorb 2400 BET analyzer.

The coercive intensities of sintered WC—10%Co
cemented carbides are measured using a YSK-IV
coercive force tester. The average sizes of the WC grains
in the cemented carbides are obtained using the point
counting method from the micrographs. The hardness of
the carbides is measured using an HR—150B Rockwell
hardness tester, and transverse-rupture strength (TRS) is
determined using a WB—100 universal testing machine.

3 Results and discussion

3.1 Particle morphology

The morphologies of the WO, 7, powders are shown
in Fig. 2(a) (low magnification) and Fig. 2(b) (high
magnification), which depict randomly oriented, short
columnar morphologies and bundles with a specific
orientation. The formation of bundles or short columnar
morphologies of the WO, 7, has been attributed to the
chemical vapor transport of tungsten atoms via the
WO,(OH), vapor phase and vapor—solid reaction [3,24].
Figure 2(c) shows the morphology of the W powders that
are hydrogen-reduced from WO, ,,, and the granulated
shape of the W powders is clearly visible. The bundle or

column of WO,,, is a high-aspect-ratio phase and
represents an unstable morphology. Therefore, it has a
spontaneous thermodynamic tendency to disintegrate
into particles during the phase reduction of WO, 7, to W
powder (Fig. 2(c)) [3,25]. The morphologies of various
WC powders are shown in Fig. 2(d) (low magnification)
and Fig. 2(e) (high magnification). Some of the typical
morphological peculiarities of the ultrafine W and WC
powders are their pseudo-morphology appearance
relative to the starting oxides, which indicates that a
physical contact exists between the metal and carbide
particles. This physical contact will produce
agglomerates of W or WC, attributed to chains of
primary crystals [4,5], as shown in Fig. 2(e) and Fig. 2(d).
In addition, the size distribution curve (Fig. 2(f)) of the
ultrafine WC particles is remarkably broadened with a
long “tail”, indicating the existence of a few large size
WC particles in the ultrafine WC powders.

The properties of the WC, W and WO, 7, powders
are provided in Table 1. As shown, they all present good
consistency between the LMS particle size and Fisher
particle size. It should be noted that the laser particle
analyzer has a lower limit of measurement in measuring
the particle size distribution, whereas the sedimentation
method has no theoretical minimum dimension
measurement [26]. Therefore, the finest particles in the
ultrafine WC powders cannot be measured using the
laser particle size analyzer. Furthermore, if the
proportion of this kind of powders is larger in the
ultrafine WC, the measurement error using laser particle
size analyzer will be greater. In this work, the particle
size distribution of the ultrafine WC powders is
determined using the sedimentation method. And, BET
particle size can be calculated according to Sggr data in
Table 1 and the calculated BET particle size of WC
powders is 0.13 um, from which it can be seen that the
agglomeration of the WC powders is serious since the
LMS particle size and F; of WC powder are 0.52 and
0.71 pum, respectively.

3.2 Jet milling of ultrafine WC powder

A circular gas flow is adopted to break up the large
powder agglomerates via particle—particle collision,
particle—wall collision, and the shear force in the
high-velocity jet stream in fluidized bed jet mill
system [27]. In general, jet milling is not suitable for
pulverizing smaller particles, because smaller particles
contain fewer flaws and require more events to break
them down [20,21]. But, recently LI et al [16] found that
a fluidized bed jet mill is effective for pulverizing
agglomerates in smaller particles. Based on their
research, the illustration of the concept behind the
fracture of ultrafine WC agglomerates at high grinding
gas pressure is shown in Fig. 3. At high grinding gas
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Fig. 2 SEM images from WO, 7, to W powders: (a) WO, 7, powders (low magnification); (b) WO, 7, powders (high magnification);
(c) W powders; (d) WC powders (low magnification); (¢) WC powders (high magnification); (f) Particle size distribution of WC

particles

Table 1 Properties of WC, W and WO, 7, powders

Sample F/um Sgpr/(m?: g") LMS particle size/um w(0)/%

WO, 12.82 1.30 - -
w 0.92 3.55 0.85 0.38
wC 071 2.79 0.52 0.33
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Fig. 3 Illustration of agglomerate breakage process

pressure, the agglomerates are accelerated to high
velocity. The fracture of these large agglomerates will be
caused by their impact and cleavage into blocks during
the following steps: primary cleavage, followed by
secondary cleavage and destructive breakage (Fig. 3). At
a lower grinding gas pressure, the agglomerate
acceleration is lower, and the particles rub each
other, causing the trimming of the edges of large
agglomerates [20,22,28,29].
3.2.1 Grinding gas pressure

Figure 4 shows the SEM images of the ultrafine WC
powders as a function of various grinding gas pressures,
re. 0.2, 0.4, 0.6, and 0.8 MPa, illustrating the evident
effect of gas pressure on the cleavage of the agglomerates.
Figure 2(d) shows the morphology of the original
ultrafine WC powders containing large, pseudo-crystals
(agglomerates). Grinding the WC powder at lower gas
pressure will usually increase the likelihood of abrasion
between agglomerates and powders [20,22,28,29]. At the
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lower grinding gas pressures of 0.2 and 0.4 MPa, it can
be seen from the images in Figs. 4(a) and (b) that some
of the smaller agglomerates begin to be fractured and
converted into powders. As the grinding gas pressure is
increased from 0.6 to 0.8 MPa, most of the agglomerates
disappear, and the particles are more dispersive
(Figs. 4(c) and (d)). At the higher grinding gas pressure,
the agglomerates and powders are accelerated to high
velocity, which enhances the particle collision and
breakage, resulting in a huge decrease in the number of
agglomerates. However, in industrial practice, as the
grinding pressure increases, the energy input to the
process will significantly increase. For example, only
1 kW-h/t is required to produce particles of 10* pm size,
while more than 200 kW-h/t is required to obtain 1 um
size particles [21]. In this work, a grinding gas pressure
of 0.8 MPa is used to balance good pulverization with
energy efficiency.
3.2.2 Rotation speed

In jet milling process, the powder particles are
simultaneously subjected to the airflow drag force and
rotating centrifugal force in the classifier chamber [27].
When the centrifugal force is greater than the drag force,
the coarser particles will not enter the inner classifier
chamber, but instead, return to the grading chamber. On
the other hand, when the centrifugal force is smaller than
the drag force, the finer particles can be transported by
the airflow through the rotor and collected by the

5 4100 pm
Fig. 4 SEM images of jet-milled WC powders under different grinding gas pressures: (a) 0.2 MPa; (b) 0.4 MPa; (c) 0.6 MPa;
(d) 0.8 MPa

collector. The so-called cut size is particle or
agglomerate size for which the centrifugal force is equal
to the drag force, and the value of cut size d. can be
simply estimated by Eq. (1) [30,31]:

d, =5F 1)
n\ p,

where p; is the density of WC powders; Q is the gas flow
rate through the classifier; k is the coefficient taking
consideration of air viscosity and constant of blade
shape; n is the classifier/rotor rotating speed. It can be
concluded from Eq. (1) that the cut size d, is inversely
proportional to the classifier rotating speed, and the
rotating speed should increase as the particle or
agglomerate size decreases.

Figure 5 shows the powder morphology and particle
size distribution of the milled product at different
rotation speeds. At rotation speeds of 2000 and
4000 r/min, some agglomerates are present in the product
as shown in Figs. 5(a;, by). In addition, the particle size
distribution curves are broadened with large particle size
in the range of 4-5 um (Figs. 5(a;, by)). When the
rotation speed reaches 6000 r/min and above, fewer
agglomerates are observed in the products, in which the
large particle size reduces to 1-2 um (Figs. 5(c;, dy)).
Moreover, the particle size distribution curves become
tighter as the rotating speed increases, and the “long
tail” in the particle size distribution curves disappears
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Fig. 5 SEM images (a;—d;) and particle size distribution (a,—d,) of jet-milled WC powders at different rotation speeds:
(a1, a3) 2000 r/min; (by, by) 4000 r/min; (¢, ¢,) 6000 r/min; (d;, d,) 8000 r/min

(Figs. 5(cy, dy)). The tighter particle size distribution
curves indicate that most of the large particles and
agglomerates are fractured, resulting in an increase in the
number of small particles. Therefore, it can be concluded
that a higher classifier rotation speed will produce a
smaller average particle size and a tighter particle size

distribution, which is in good agreement with Eq. (1) as
derived from the theory of centrifugal grading.
3.2.3 Jet milling times

The ultrafine WC powders are ground three
successive times at a grinding gas pressure of 0.8 MPa
and a rotation speed of 8000 r/min in the jet mill.
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Figure 6 shows the effect of jet milling repetition on the
Fisher particle size and specific surface area of the
ultrafine WC powder product. Clearly, the Fisher particle
size of the WC powder is significantly reduced after the
first jet milling, but the Fisher particle size of the WC
powder does not significantly change in the successive
second and third jet milling. This is probably because
the agglomerates in the powders are significantly
comminuted in the first jet milling. So, the successive jet
milling has little effect on the particle size of WC
powder. However, ultrafine WC powder is likely
fractured by abrasion after the comminuting of
agglomerates in the powders. WANG and PENG [28]
investigated the comminuting behavior of fine powders
and reported that fine particles with fewer flaws, cracks,
crystal boundaries and higher specific surface energy
possess higher mechanical strength and are more
structurally stable. Thus, fine particles cannot be
thoroughly fractured to even finer pieces. On the other
hand, WC exhibits abrasion resistance because it is a
very hard material with very strong covalent bonding.
Therefore, it is illustrated that abrasion in the first jet
milling is the main mechanism of the particle fracturing
since the WC powders are observed to have almost no
change in the Fisher particle size after the second and the
third jet milling. In addition, the specific surface area
results of the WC powders are shown in Fig. 6, which
show a slight increase with successive jet millings. This
probably results from the additional abrasion that
produces additional new particle surfaces.
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Fig. 6 Relationship between Fisher particle size/specific
surface area and jet milling times

3.3 Comparison of jet milling and ball milling

It has been reported that ball milling operation has
worked well for breaking up of large particles, but not
for fracturing sub-micrometer particles [32]. And,
fracturing is the major mechanism during ball milling,
which always leads to high distortion of WC particles [6].

Since the research on the WC ball milling is quite
extensive, the main purpose of this work is to compare
the properties of ball-milled powders with those of the
jet-milled powders, to provide a better understanding of
the jet milling process. For ball milling of the WC
powder, based on previous experience, typical milling
time of 24, 36, 48 and 60 h is selected with a rotation
speed of 200 r/min and a ball-to-powder mass ratio of
10:1. X-ray diffraction patterns of the ball-milled WC
powders prepared with different milling time are
presented in Fig. 7. As shown, the sharpness of the peaks
clearly increases with the increase in milling time, which
is due to the increase in the milling energy. Figure 7 also
shows that the W,C phase in the original powder
disappears when the ball milling time reaches 48 h. Since
finer particles usually possess higher surface energy, they
are more reactive with carbon in the environment;
consequently, as the milling energy increases, the fine
powder particles react with the carbon in the cemented
carbide milling balls.

._W2C
s— WC
60 h ALi 1 AL  4AA &
48 h T sh  adp 4
A A
b i) s
4 A
24 i P VW
T A
A
Untreated L - AL fak s
0 20 40 60 80 100

20/(°)
Fig. 7 XRD patterns of different WC powders

3.3.1 Average crystallite size and strain of WC powders
Figure 8 displays the results of the Williamson—Hall
analysis of the XRD data [33]. As can be seen from these
results, the increase in the number of jet milling
processes produces a slight decrease in crystallite size,
whereas the strain is steady. Also, the data in Fig. 8 show
that the untreated WC powders obtained from the WO, 7,
have a lattice strain about 0.15% and a crystallite size of
56 nm. After jet milling, the lattice strain of this powder
decreases to 0.1%, while the crystallite size is stable in
the range of 60—65 nm. So, the lattice strain of the
powder decreases while crystallite size does not change
obviously after jet milling. By contrast, PALANIANDY
et al [20] have reported that jet milling produced a
smaller crystallite size and higher lattice strain of this
fine powder. However, no substantial changes in the
crystallite size of the ultrafine WC powder are observed
in our experiment, and the lattice strain is significantly
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reduced after the jet milling. This suggests that jet
milling has exclusive effect on ultrafine and fine
powders. The decrease in the lattice strain of the ultrafine
WC powder is partially the result of the release of
accumulated stress caused by the comminuting of the
agglomerates. But, this drop in strain does not increase
with additional jet milling time. There is no significant
decrease in the lattice strain of the WC powder after the
first jet milling. Figure 8 also shows that the crystallite
size of the WC powder continues to decrease with the
increase in ball milling time, while the lattice strain
continuously increases. During the ball milling process,
the powders are subjected to high energy collision, which
produces plastic deformation and fracture. The crystallite
size decreases as a result of the formation of correlated
arrangements of the defects, such as dislocation walls or
small-angle grain boundaries (sub-grain), which also
causes an increase in the lattice strain. The presence of
high density of microstructure defects in WC powder is
evident from the line broadening of WC X-ray peaks,
which can be clearly seen in Fig. 7.

Jet milling times

1 2 3 4
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v — Ball-milled, crystallite size

= — Ball-milled, strain
E 80 - o — Jet-milled, crystallite size 104
1) o — Jet-milled, strain
g ©
£ 60t 103 §
s @
Z &
o 40+t 10.2 5
% z
g
Z 20f 10.1

0— : ; ; ; ; — 0
0 10 20 30 40 50 60
Ball milling time/h

Fig. 8 Relationship between average crystallite size/strain of
WC powder and ball milling time/jet milling time

Figure 8 also shows that the crystallite size
decreases quickly from 56 to 30 nm after the ball milling
time increases from 0 to 36 h, and the decrease in the
crystallite size begins to slow down from 30 to 22 nm
when the ball milling time increases from 36 to 60 h.
This indicates that the formation of sub-grains becomes
more difficult during the continuous ball milling. Since
the research on the WC ball milling is quite extensive,
the main purpose of this work is to understand the
characteristics of the jet milling process. Therefore, a
good way to understand the effect of jet milling process
on the properties of WC powder is to compare the results
with those data obtained from the well-studied ball

milling process. The ball milling is conducted for 36 h at
a rotation speed of 200 r/min, while one jet milling is
conducted at a grinding gas pressure of 0.8 MPa and a
rotation speed of 8000 r/min.

3.3.2 Particle size distribution and morphology

After ball milling, a significant quantity of WC
agglomerates are clearly visible in Fig. 9(a), which is
consistent with the observations of BROOKES [9] and
GUO et al [34]. These authors conclude that for a given
set of milling conditions an “equilibrium” might occur
where further comminution of the powder is balanced by
its agglomeration. Also, the ball milling produced a
limited grain size, beyond which no further comminution
would occur [9]. However, it is found in this work that
most of the agglomerates disappear after jet milling, as
shown in Fig. 9(b). From the SEM observations, it is also
found that the WC powder is more uniform in size after
jet milling, as shown in Fig. 9(d), while the WC powder
pretreated using the ball milling process exhibits the
existence of many agglomerates (Fig. 9(c)).

As shown in Fig. 9(e), the particle size distribution
curves for the untreated WC and ball milled WC (WCB)
are broadened with a “long tail”, indicating that some
large aggregated particles are still present in the powder
after ball milling. In addition, a tight particle size
distribution curve is obtained for the jet milled WC
(WCJ), as demonstrated in Fig. 9(e), illustrating the
effectiveness of jet milling in reducing agglomeration.
3.3.3 Phase composition

The XRD patterns of the untreated WC, WCB and
WCIJ powders are displayed together in Fig. 9(f). The
data suggest that no significant differences are present in
the Bragg diffraction peaks for the untreated WC (Curve
1 in Fig. 9(f)) and WCJ (Curve 2 in Fig. 9(f)), while
X-ray profiles of WCB (Curve 3 in Fig. 9(f)) are sharper
than those of the untreated WC powder (Curve 1 in
Fig. 9(f)). However, the slight increase in the crystallite
size of the jet-milled WC powder (67 nm) compared to
that of the untreated WC powder (56 nm) indicates that
jet milling process eliminates some defects and flaws in
the powder because the radical size changes of the sub-
grains result from the re-arrangement of the defects, such
as dislocation walls or small-angle grain boundaries. In
the jet milling process, particle fracture behavior is
governed largely by the pre-existing flaws and defects in
the powder, and cracks grow from these flaws and
defects during the stressing of the particles in the jet mill.
These cracks propagate and begin to interact with one
another, leading to crack coalescence and finally, particle
fracture [35]. When particles are broken along the flaws,
the particle size reduces (Table 2) and the particle flaw
density also decreases, which is partly the result of the
increase in the crystallite size of the jet-milled WC
powder.
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Fig. 9 SEM images, particle size distribution and XRD patterns of different WC powders: (a) WC powder pretreated by ball milling
(low magnification); (b) WC powder pretreated by jet milling (low magnification); (c) WC powder pretreated by ball milling (high
magnification); (d) WC powder pretreated by jet milling (high magnification); (e) Particle size distribution curves of different WC

powders; (f) XRD patterns of different WC powders

Table 2 Physical properties of different powders

Sample F/um Sper/(m>g ) w(0)/%
WC (Untreated)  0.71%0.13 2.79+0.38  0.33+0.02
WCB (Ball-milled) 0.58+0.18 3.18+0.46  0.42+0.03
WCJ (Jet-milled) ~ 0.49+0.16 3.66+0.30  0.21+0.02

During the ball milling process, although the
particles are also broken along their flaws, the particles
are simultaneously subjected to high energy collision,
which causes the formation of more particle defects and
flaws, such as dislocations, small-angle grain boundaries,
or twins [8]. Therefore, X-ray profile broadening (Fig. 7)

and a significant decrease in crystallite size are observed
for the WCB powder as shown in Fig. 8.

The weak diffraction peaks of the W,C phase of
ball-milled powder are clearly visible in Curves 1 and 2
in Fig. 9(f), illustrating that the carbon deficient phase of
the W,C cannot be easily removed by the ball milling
process. However, the diffraction peak of W,C phase
disappears after jet milling treatment (Curve 2 in
Fig. 9(f)). This result probably occurs, because W,C
particles do not enter the classifier and return to the
grinding chamber due to their higher density.

Ball-milled powders contain a greater amount of
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surface oxides than the jet-milled powders, as illustrated
in Table 2. Also, the oxygen content of the WC powder
decreases from 0.33% to 0.21% after jet milling, while
the oxygen content of the ball-milled WC increases from
0.33% to 0.42%. This is because usually no fresh oxides
are formed during the jet milling process due to the
process conditions, i.e. room temperature and short time
pulverization [36]. Furthermore, the existing surface
oxides will be peeled off and sucked away during the jet
milling process. Thus, impurities can be effectively
removed by the jet milling process, and there are no new,
additional impurities formed in the process.

3.4 Compression properties

The agglomerates present in the WC powder will
affect the powder properties, including the important
structural factors such as agglomerate shape, size,
packing structure and coordination number of primary
particles and their bonding mechanism [37,38]. One of
the simple and convenient ways to understand the effects
of agglomerates on the powder is to perform powder
compression tests [36]. Figure 10(a) shows a schematic
diagram of the device used for investigating the pressing
characteristics of a WC powder containing agglomerates.
The powder pressing is conducted using a mechanical
testing machine to automatically record the pressure and
the displacement of the beam during compression. To
reduce the friction between the powder and the mold
wall during compression, the height-to-diameter ratio of
the powder is kept to be less than 1.0. When the pressure
is P;, the relative density of WC compact is calculated
using Eq. (2) [38,39]:

m
pPi =
[chm’z (ho +1L, _lo)—,DWC’U’2 (L; -1 )J

(2)

where p; is the compact density when the pressure is P;;
pwe 1s the theoretical density of WC powder; m is the
mass of a powder compact; r is the inner radius of steel
die; Ay is the final height of the compact; L, is the final
displacement of the beam; L; is the displacement of the
beam when pressure is P;; [, is the final displacement of
the beam when pressure is P and there is no powder in
die; /; is the displacement of the beam when pressure is
P; and there is no powder in the die.

As Eq. (2) shows, the relative density of the
compact p; is inversely proportional to the displacement
of the upper punch. Figure 10(b) shows the curves of
applied stress versus the displacement of the upper punch
during the compression process, which also represents
the relationship between applied stress and compact
density. As shown, the curves show three periods:
Periods I, II and III. During Period I, the main
agglomerate rearrangement occurs as the applied stress
is increased. After the rearrangement, the main

agglomerates are broken during Period II, while the main
primary particle rearrangement starts to take place in
Period III. Since the WCJ powder contains only a few
agglomerates only a short time is required for its
agglomerate rearrangement and rupture, as shown in
Fig. 10(b). In general, Curve 3 is smooth, and the applied
stress curve is almost linear with the displacement of
upper punch after inflexion point o (Fig. 10(b)).
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Fig. 10 Schematic diagram of device for compressing WC
powders (a) and relationship between applied stress and upper
punch displacement during compression of different WC
powders (b)

In the case of the WCB powder (Curve 2 in
Fig. 10(b)), there is a longer duration for agglomerate
rearrangement and rupture than that of the WCJ, which
demonstrates that the WCB powder contains more
agglomerates. As shown, the applied stress curve is
nearly linear in the displacement of upper punch after the
inflexion point g. As illustrated by Curve 2 in Fig. 10(b),
the primary particles start to rearrange in Period III after
the curve has passed through point g.

The untreated WC powder contains a particularly
large number of agglomerates, and the compression
curve (Curve 1 in Fig. 10(b)) exhibits two inflexion
points. In the initial agglomeration rearrangement period,
the appearance of a fluctuation in the curve is probably
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the result of the sudden rupture of agglomerates, which
causes a variation in applied pressure. In Period II, many
agglomerates are simultaneously fractured so that there
are some jagged steps in the curve. These jagged steps
demonstrate the sudden changes in applied stress, which
are partly the result of continuous and rapid rupture of
the agglomerates. Also, Curve 1 appears to oscillate after
the inflexion point 7, exhibiting a widening, which may
be due to the initial rupture of some unbroken, hard
agglomerates during Period II. The sudden rupture of
hard agglomerates causes the sudden variation of
pressure, which produces the sharp jump at the end of
Curve 1, thereby forming a broadening zone at the end of
Curve 1. These results indicate that the number of
agglomerates in the powder will greatly influence the
compression characteristics of the powders, and that the
powders with the lowest amount of agglomerates have a
flatter compression curve.

3.5 Effect of powder properties on sintering

The sintering of ultrafine WC—Co cemented carbide
is a complex and still not fully understood process.
However, it is clear that the characteristics of the initial
WC powder have a great effect on the sintering process
and the properties of the final sintered cemented carbide.
3.5.1 Strain of WC phase

There is a time when it is believed that conventional
ball milling could increase the surface energy of the WC
particles and this increased strain would improve the
sintering ability of the powders. This theory has been
discounted by experimentation, which has shown that the
strain in the particles is far lower than the expected one.
Consequently, it is concluded that the increased particle
strain is not sufficient to constitute the driving force for
sintering [9]. In addition, it has been shown that the
amount of inter-lattice diffusion (mechanical alloying)
between the WC phase and Co binder has a more
significant effect on sintering [9]. It is not clear how the
low strain of the jet-milled powder affects its sintering.
However, the low strain value of the WC phase (Table 3)
in the final cemented carbide clearly illustrates the
benefit of jet milling to the plastic deformation of the
WC phase.
3.5.2 Particle size distribution and agglomerates

Even though conventional cemented carbide

sintering is based on liquid phase sintering, pronounced
densification occurs even during solid-state sintering via
solid state diffusion, transport of particles and the plastic
flow in the carbide binder areas [40,41]. SCHUBERT
et al [42] also reported that in the case of ultrafine
carbides, up to 90% of the densification occurred during
the solid sintering (below 1280 °C). In addition,
solid-state densification will increase with decreasing
particle size. Therefore, as a result of this early solid
sintering mechanism, the agglomerates in the WC
powders will influence the sintering characteristics of the
powders.

On the other hand, in the case of Ostwald ripening,
free energy change (AGy) is considered to be the driving
force for liquid sintering. The parameter AG, is defined
as the difference in the capillary pressure (or the
chemical potential) between different sized WC
grains [43]. Based on the Waulff theorem, KANG
et al [43] proposed a simplified equation, as expressed in
Eq. (3) to calculate AGy.

86, =274 25 G)
where AG, is the driving force to coarsen the grain;
is the surface energy of solid/liquid for a given facet of
WC grain; R is the critical grain size, which does not
grow and dissolve at a given instant; R is the grain size
defined by the distance from the center of the
equilibrium shape to the given facet.

The size of the largest particles in the WC raw
powders can be correlated with the driving force for
coarsening as shown in Eq. (3). The various physical
properties of the cemented carbides fabricated from the
different WC powders are presented in Table 3. As
shown, the cemented carbide made by the WCJ
powders, with the smallest average grain size (0.43 pum)
of the three cemented carbides, exhibits superior
comprehensive properties. The main reason for this
may have been the tighter particle size distribution of the
jet-milled WC powders. This result agrees with the data
for the WCJ powder cemented carbide that has the
highest coercive force value, with the highest transverse
rupture strength of 4260 MPa.

TAN and HUANG [44] proposed an equation to
analyze the abnormal growth of the WC particles, which

Table 3 Properties for cemented carbides made from different powders

Sample Densit};/ Hardness TRS/ Coercivj?y/ dwc/ Porosity Strain of
(grem™) (HRA) MPa (kA'm") pm WC phase/%
Untreated WC 14.36+0.03 92.6+0.1 2690+196 26.5+0.6 0.51+0.22  A04B02 0.415+0.005
Ball-milled WC 14.38+0.05 92.8+0.2 3012+138 32.740.8 0.48+0.18  A02B02 0.620+0.005
Jet-milled WC 14.42+0.03 93.0£0.2 4260+121 36.4+0.6 0.43+0.16  A02B02 0.312+0.006




Ya-li SUN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2128-2140

is expressed in Eq. (4):

20d
AF, = ef 11 4)
p R 7

C

where AF; is the change in the value of the free energy
on the surface of the solid particles, which varies with
the size of WC particles; o is the stress; p is the density
of the WC phase; d, is the amount of the fine WC
particles produced by solution—reprecipitation; R, is the
radius of the coarse WC grains in the cemented carbide;
ry is the radius of fine grains in the cemented carbide.
Equation (4) provides a relationship between the particle
size difference in the powder and the change in the free
energy: the larger the AF;is, the more likelihood the
abnormal powder growth is. The WCJ powder has the
tightest particle size distribution and contains fewer
agglomerates, so that the tendency of abnormal grain
growth is reduced. This more uniform grain
microstructure is obtained by using jet-milled powder,
and the cemented carbide made by jet-milled powder
commonly displays higher comprehensive mechanical
properties, such as higher strength and hardness.

4 Conclusions

(1) The results of XRD and SEM analysis indicate
that the agglomerates in ultrafine WC powders obtained
from the reduction of WO,;, can be effectively
eliminated by the jet milling, and that jet-milled ultrafine
WC powders have a low lattice strain of 0.1% and a tight
particle size distribution.

(2) Jet-milled ultrafine WC powders exhibit a good
compression behavior in the uniaxial compression test,
and the compression curve is flatter and lacks any jagged
step in the curve.

(3) Cemented carbide made by jet-milled WC
powders exhibit higher comprehensive mechanical
properties with a transverse rupture strength of
4260 MPa and an average grain size of cemented carbide
is 0.43 pm. In addition, jet milling of ultrafine powders
is a viable and effective technique for processing
ultrafine WC powder.
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