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Abstract The formation of the nanostructured WC-
10 wt% Co powder from WO;, Co30,4, and graphite is
studied. The effects of the processing parameters of high-
energy ball milling, reduction in H, atmosphere, and car-
burization in Ar/CO atmosphere are investigated. The
crystallite size of the as-synthesized WC is 30-40 and
40-50 nm for 900 and 1000 °C carburized powders,
respectively. The powder is agglomerated with the size of
the primary particles ranging from 50 to 700 nm. High-
energy ball milling of WO3;-Co3;0,~C powder mixtures
leads to finer particle and crystallite sizes with larger sur-
face area. Such milled powders can be reduced to nano-
structured W at 570 °C and carburized to form WC at
temperatures as low as 900 °C. Crystal growth has taken
place during carburization, particularly at 1000 °C, which
results in the formation of truncated triangular prisms and
nanoplates of WC at 1000 °C.

Introduction

Nanostructured materials have long been recognized to
have remarkable and technologically attractive properties
due to their fine microstructures [1]. Tungsten carbide—
cobalt (WC-Co) cermet materials are widely used for a
variety of applications, particularly in machining, cutting,
and drilling. Cemented tungsten carbide with nanocrystal-
line grain structure has the potential to dramatically
improve the mechanical properties of these materials [2].
Extensive effort has been put into the synthesis of
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nanostructured WC-Co powders in the last two decades,
including ball milling [3-5], spray conversion process
[6-10], and chemical vapor phase reaction [11-14]. A
method integrating mechanical and thermal activations of
WO3;, Cos0y4, and graphite has been reported to be effective
in synthesizing the nanostructured WC-18 wt% Co powder
[15]. The basic form of the process is to mechanically
activate reactants (usually a mixture of oxide and graphite
powder) at room temperature through high-energy ball
milling (the mechanical activation step), followed by
completing the synthesis reaction at high temperatures (the
thermal activation step) [15].

In spite of the success of the integrated mechanical and
thermal activation (IMTA) process in making WC-18 wt%
Co [15], other WC—Co compositions, particularly those
with low Co concentrations (e.g., 6, 10, and 12 wt% Co)
which have widespread industrial applications, have not
been demonstrated. Such a concern arises because it has
been shown that the reduction temperature of cobalt oxide
during the IMTA process is much lower than that of
tungsten oxide and the Co formed can, in turn, catalyzes
the reduction of tungsten oxide [16]. Thus, nanostructured
WC-Co cermets containing low Co concentrations may or
may not be effectively produced via the IMTA process
because of less Co available to catalyze the reduction of
tungsten oxide. This study is performed to address this
concern by investigating the feasibility of forming nano-
structured WC-10 wt% Co via the IMTA process. If suc-
cessful, this work will have significant technological
implications because of the widespread application of
WC—Co cermets with low Co concentrations. In addition,
we have further investigated the effects of different
reduction temperatures and carburization atmospheres that
have not been studied previously. A single-step reaction
containing both reduction and carburization has also been
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investigated. As will be shown below, the present investi-
gation has successfully demonstrated the efficacy of the
IMTA process in synthesizing WC-10 wt% Co. This is the
first study showing that the IMTA process is suitable for
synthesizing WC—Co cermets with low Co concentrations
that have widespread industrial applications.

Experimental

WO; (99.8%) and Co3z04 (99.7%) purchased from Alfa
Aesar and graphite (>99.99%) purchased from Aldrich
were used as the starting materials. Because of the large
particle sizes, the as-received graphite powder was high-
energy ball milled at room temperature for 6 h before being
mixed with WO3; and Co;0,4. These WOs3, C, and Cos04
powders were mixed in a molar ratio of 1:2.4:0.123 to form
a final product of WC + 10 wt% Co. The mixed powders
were subsequently ball milled using a modified Szegvari
attritor, which has been shown to be effective in synthe-
sizing a uniform milling product within the powder charge
[15-18]. Tungsten carbide balls (WC with 5 wt% Co) of
4.76 mm in diameter were used as the milling media and
mixed with powder at a ball-to-powder weight ratio of
60:1. The charged canister was evacuated up to 10~ torr,
flushed with argon, followed by evacuation and then being
back filled with argon of purity 99.95% at a pressure of
about 1.5 atm before the onset of milling. The canister was
cooled with circulation water (20 °C) at a flow rate of
about 770 mL/min throughout the entire process. A milling
speed of 600 rpm and milling time of 6 h were employed
for all the samples.

The ball milled powders were then subjected to reduc-
tion and carburization in a tube furnace to form nano-
structured WC—Co powders. The reduction reaction was
carried out by heating the milled powder at 570, 620, or
670 °C for 2 h in a mixture of H, (Py, = 0.5 atm) and Ar
(Par = 0.5 atm). After reduction, the powder was carbu-
rized at 1000 °C in either Ar (P, = 1.0 atm) or CO
(Pco = 1 atm) atmosphere for 1 h. A single-step reaction
combining both reduction and carburization was also
investigated. In this case the powder was heated to 900 °C
in CO (Pco =1 atm) for 2 h to form WC-Co powder
directly. In order to identify the reaction pathways of
reduction and carburization, the effluent gas from the tube
furnace was constantly monitored using a quadrupole
residual gas analyzer (RGA) equipped with a mass spec-
trometer (Model ppt-c300-F2Y). The gaseous species
monitored by the RGA included H,, N,, O,, H;O, CHy,
CO,, CO, and Ar.

The morphology of the as-milled and reacted powders
and their sizes were characterized with the aid of a field-
emission scanning electron microscope (FESEM, JEOL,
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JSM 6335F). Observations using a transmission electron
microscope (TEM, JEOL, JSM 1230) were also performed.
Phase identification was carried out by employing X-ray
diffraction (XRD) with Cu Ko radiation (Bruker Axs
D5005D X-ray Diffractometer). The average grain sizes of
the powder were estimated based on XRD peak broadening
using the Scherrer formula [19-22]. The carbon content
in the WC—Co powder was determined using a combus-
tion analyzer, Elementar (Elementar Analysensysteme,
Germany).

Results and discussion

Figure 1 shows SEM images of graphite before and after
high-energy ball milling alone for 6 h. Graphite before ball
milling has a flake morphology with a dimension of
approximately 1 x 10 x 10 pm3 . After 6 h of ball milling,
graphite particles become round and their average sizes
have been reduced to approximately 1-5 um in diameter.
The ball milled graphite with reduced sizes can be mixed
with WO3 and Coz04 more uniformly. Figure 2 shows
XRD patterns of graphite before and after ball milling, the
pattern clearly revealed the graphite becomes amorphous
or nanocrystalline after 6 h of ball milling. Figure 3 shows
XRD patterns of the as-received WO5; and Co504 powder
as well as the WO;—-Co304—C powder mixtures after 2 and
6 h of ball milling. It can be seen that the starting WO3 and
Co30, powders are crystalline. The intensities of WO;5
peaks decrease with increasing the milling time. The sub-
stantial peak broadening induced by ball milling suggests
the reduced crystallite size and/or the introduction of the
internal strain. The crystallite size of WO5; becomes 27 and
22 nm after 2 and 6 h of ball milling, respectively, based
on the Scherrer formula. The absence of CozO,4 peaks in
the mixture is most likely caused by a small amount of
Co30,4 because a previous study [16] has revealed that even
with 12 h of ball milling there is no formation of solid
solutions between tungsten and cobalt oxides. Figure 4
shows the SEM images for WO3—Co3;0,4—C after 2 and 6 h
of ball milling. A comparison between Figs. 1 and 4
reveals that graphite particles have been further refined to
around 2-3 pm after additional 2 h of ball milling. How-
ever, there is little change in the graphite particle size
beyond this 2 h of ball milling, as shown in Fig. 4. It is also
worth noting that the oxide particle size becomes submi-
cron after ball milling, i.e., 30-200 nm after 2 h of milling
and 20-150 nm after 6 h of milling. The XRD and SEM
data clearly shows that the powder mixture after high-
energy ball milling has ultrafine particle sizes with nano-
crystallites and large specific areas. These features will
significantly enhance the reaction kinetics via the increased
reaction area and possibly the improved diffusivity.
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Fig. 1 SEM images of graphite: a before and b after ball milling
alone for 6 h
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Fig. 2 XRD patterns of graphite: (a) before and (b) after ball milling
alone for 6 h

The synthesis of WC—Co powder from the milled WO3—
Co050,~C mixture consists of two major steps: the reduc-
tion of WO5 to W and the carburization of the reduced
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Fig. 3 XRD patterns: (a) the as-received WO;, (b) the as-received
Co030y, (¢) the as-milled WO3—C030,4—C for 2 h, and (d) the as-milled
WO3—C0304—C for 6 h

powder. It has been reported that WO;5 can be reduced by
H, [15, 16] and graphite [23]. Figure 5 shows the XRD
patterns for the WO3;—-Co3;04—C mixture after 2 or 6 h of
milling and reduction in a Hp/Ar mixture at different
temperatures. The XRD patterns indicate that WOj3 has
been reduced to W at the considered temperatures (570,
620, and 670 °C), which are lower than the reduction
temperature for making coarse-grained WC [24] and
nanostructured WC [15, 16, 23]. In particular, the reduction
temperatures achieved in this study are substantially lower
than 900 °C used to reduce WO; when the reduction relies
only on the carbon in the powder mixture even with 20 h of
ball milling time [23]. Low reduction temperatures are
highly desired because the average crystallite size of W
increases with the reduction temperature, as shown in
Fig. 6. The average crystallite size of W also decreases
with increasing the milling time (Fig. 6). These trends are
ascribed to grain growth during reduction and finer starting
oxide particles, respectively. The average crystallite sizes
estimated from XRD peak broadening have been corrob-
orated by bright-field and dark-field TEM images of the 6 h
milled WO3;-Co0304,~C mixture after being reduced at
670 °C (Fig. 7). The average grain sizes measured from
TEM are around 15-20 nm, consistent with the XRD
analysis (Fig. 6).

Another interesting finding from the XRD analysis
(Fig. 5) is that CosW has been formed in the reduction
stage at 570 °C, and co-exists with CogW¢C at higher
temperatures (620 and 670 °C), which is in agreement with
the finding of Ban and Shaw [16]. It can also be seen that as
the CogWeC peak becomes stronger, the Co;W peak
becomes weaker, suggesting the carburization of CosW to
form CogW¢C as temperature increases. Furthermore, the
powder mixtures with 6 h of ball milling exhibit more

@ Springer



6326

J Mater Sci (2011) 46:6323-6331

50KV H40,000 WL jmm  100nm

Fig. 4 SEM images of WO; + Co3;04 + C powder mixtures: a, b ball milled for 2 h, and ¢, d ball milled for 6 h
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Fig. 5 XRD patterns of ball milled WO3; + Co3;04 + C mixtures
after reduction in an Ar/H, atmosphere with the ball milling time and
reduction temperature as: (a) 2 h milling, 570 °C; (b) 6 h milling,
570 °C; (¢) 2 h milling, 620 °C; (d) 6 h milling, 620 °C; (e) 2 h
milling, 670 °C; and (f) 6 h milling, 670 °C

Cos;W and CogW¢C formation than the counterparts with
2 h of ball milling, indicating that the reaction kinetics
have been enhanced by ball milling. The Co peaks, how-
ever, are not observed at these temperatures. Since cobalt
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Fig. 6 Average crystallite sizes for W after reduction reactions

oxides can be reduced to Co at 450 °C [16], the absence of
the Co peaks is likely due to the fast reaction of Co with W
to form Coz;W.

Figure 8 shows the SEM images of the WO3;-Co030,—C
mixture with different milling times and after reduction at
different temperatures. The particle sizes display the same
trend as the crystallite sizes, i.e., increasing with the
reduction temperature and decreasing with the milling
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Fig. 7 a Bright-field and b dark-field TEM images for the WO3; + Co3;04 + C powder mixture after 6 h of milling and reduced at 670 °C

for 2 h

time. The powder appears to be agglomerated, while the
primary particles forming these agglomerates have sizes
ranging from 30 to 50 nm. These nanostructured W, CozW,
and CogWgC powder mixtures with particle sizes of
30-50 nm and grain sizes in the range of 15-20 nm are the
starting materials for the carburization stage.

To further identify the reaction pathways during the
reduction stage, analysis of the effluent gas from the tube
furnace based on mass spectrometry has been performed.
Several interesting features can be identified from the gas
profile shown in Fig. 9. First, the dramatic change in most
of the gases takes place in the first half an hour of the
reduction at 670 °C, indicating that most reactions occur at
this time period. Second, the intensities of CO, CO,, H,O,
and CH, increase substantially when the furnace reaches
the reaction temperature of 670 °C. Third, the intensity of
H, decreases continuously in the reduction stage. These
phenomena suggest that the oxide particles are reduced by
both graphite and H,. Furthermore, H, also reacts with
graphite to form CH, during the reduction stage. Reactions
(1) to (9) listed all the reactions in the reduction stage at
670 °C based on the RGA and XRD analyses.

WO; +3C = W + 3CO (1)
2WO; 4 3C = 2W + 3CO, (2)
WO; + 3H, = W + 3H,0 (3)
Co304 + 4C = 3Co + 4CO (4)
Co0304 4 2C = 3Co 4 2CO, (3)
Co304 + 4H, = 3Co + 4H,0 (6)
C +2H, = CH, (7)
3Co + W = CosW (8)

2Co3W 4+ 4W + C = CogW¢C (9)

The total carbon amount for the 6 h milled WO3;—C0304—
C before and after reduction at different temperatures was
measured using the Elementar instrument. The loss of carbon
amount in the sample after reduction at 570, 620, and 670 °C
is shown in Fig. 10. Reduction at 570 °C has the smallest
carbon loss (~30%) because of the slow kinetics of forming
CH,. However, reduction at 620 °C leads to more carbon
loss (~45%) than at 670 °C (~40%) because of the higher
thermodynamic driving force at 620 °C [25]. Based on the
analyses above, it is concluded that a large amount of
CogW¢C is formed with a relatively low loss of carbon at
670 °C for the 6 h milled powder mixture. Since the
presence of CogWC and C can expedite the formation of
WC in the carburization stage [16], reduction at 670 °C for
the 6 h milled powder mixture is further studied for the
carburization reaction.

The as-reduced powder is held at 1000 °C for 1 h in a
pure Ar (P, = 1 atm) or CO (Pco = 1 atm) atmosphere.
The XRD patterns for the powder mixture after holding at
1000 °C for 1 h in Ar and CO, respectively, are shown in
Fig. 11a and b. A single-step reaction combining simulta-
neous reduction and carburization is also studied. In this
case the as-milled powder mixture is directly heated up to
900 °C and held at that temperature for 2 h in a CO
atmosphere (Pco = 1 atm). Figure 11c shows the XRD
pattern for the 6 h milled powder mixture after the single-
step reaction. Several distinctive features are noted for
these XRD patterns. First, the patterns clearly show that
WC and Co have formed during the carburization reactions
for all the samples. The formation of WC at 900 °C
is substantially lower than the temperatures reported
previously in forming WC. The typical carburization

@ Springer



6328

J Mater Sci (2011) 46:6323-6331

¥T0000 WD 63mm  100nm

UCONN

Fig. 8 SEM images of WO; + Co30,4 + C powder mixtures after
ball milling and reduction in an Ar/H, atmosphere with the milling
time and reduction temperature as: a 2 h milling, 570 °C; b 6 h

temperature in the conventional process for making coarse-
grained WC-Co is in the range of 1400-1600 °C [26].
Second, CoC, peaks are found in patterns (a) and (c). Note
that CoC, is a metastable phase and has only been reported
as a product of spray coating or laser sintering of WC—Co
[27-29]. The CoC, found in this study is believed to be
formed by the diffusion of the nanoscale carbon into the Co
phase during the carburization reaction. The over-saturated
Co phase due to the capillary effect of the nanoscale carbon
particles retains sufficient carbon during the cooling pro-
cess and forms the metastable CoC, phase at room tem-
perature. Third, the CoC,/Co peaks in the pattern of the
single-step reaction product are much stronger compared
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milling, 570 °C; ¢ 2 h milling, 620 °C; d 6 h milling, 620 °C; e 2 h
milling, 670 °C; and f 6 h milling, 670 °C

with the two-step reactions. In the two-step reaction Co
reacts with W to form CosW which is subsequently car-
bonized to form CogWeC during the reduction stage. The
CogWeC eventually becomes WC at the carburization
stage, rejecting Co from the carbide phase. In the single-
step reaction, the reduction of WOs3 and the carburization
of W can take place sequentially without engaging the
formation of CosW. As such, Co does not go through
dissolution and rejection processes and thus WC particles
are likely mixed with Co/CoC, particles physically. The
different pathways in forming Co/CoC, phases in the sin-
gle- and two-step reactions are presumably the sources for
different intensities of Co/CoC, peaks in different samples.
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Fig. 9 The composition profile of the effluent gas from the tube
furnace during reduction. The sample was held inside the furnace at
room temperature for 50 min with flowing argon (P, = 0.5 atm) and
hydrogen (Py, = 0.5atm) before the onset of heating. The furnace
was heated to 670 °C in about 10 min and held at that temperature
for 2 h
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Fig. 10 Carbon weight loss for the 6 h ball milled WO;3; +
Co304 + C mixture after reduction at different temperatures (570,
620, and 670 °C) for 2 h. Each reduction experiment has been
repeated once to ensure the accuracy of the trend

However, the precise mechanism remains to be
investigated.

The crystallite size of WC along different crystallo-
graphic directions based on the XRD peak broadening and
Scherrer formula is shown in Table 1. The crystallite sizes
are 40-50 nm for the two-step reactions, whereas they are
in the range of 30—40 nm for the single-step reaction. The
difference is likely due to the temperature effect with the
two-step reaction at 1000 °C and the single-step reaction at
900 °C. It is also noted that the crystallite sizes along
different crystallographic directions are similar for all the

powders synthesized in this work, suggesting that WC

Fig. 11 XRD patterns of (a) the 6 h ball milled mixture after
reduction at 670 °C and carburization at 1000 °C for 1 h in Ar, (b) the
6 h ball milled mixture after reduction at 670 °C and carburization at
1000 °C for 1 h in CO, and (c) the 6 h ball milled mixture after
reduction and carburization at 900 °C for 2 h in CO

Table 1 Estimated crystallite sizes along (0001), (1010), and (1011)
of WC particles synthesized by different methods

(0001) (1010) (1011)
Reduction at 670 °C in H,/Ar 46 nm 48 nm 41 nm
Carburization at 1000 °C in Ar
Reduction at 670 °C in H,/Ar 47 nm 58 nm 46 nm
Carburization at 1000 °C in CO
Reduction and carburization 38 nm 32 nm 40 nm

at 900 °C in CO

grains are equiaxied. The morphologies of the WC-Co
powders obtained are shown in Fig. 12. Agglomeration is
clearly visible, and the sizes of the primary particles
forming the agglomerates range from 50 nm to as large as
700 nm for all the powders. However, the particles car-
burized at 1000 °C exhibit facets, while the particles car-
burized at 900 °C show little faceting. The absence of
facets in the 900 °C processed sample indicates that pow-
der particles have not grown anisotropically at 900 °C. In
contrast, the powder particles carburized at 1000 °C have
undergone some anisotropic crystal growth in preferred
directions. These observations are consistent with the trend
shown by the estimation of the WC crystallite sizes
(Table 1).

Finally, it is interesting to note that the faceted particles
display several morphologies including truncated triangular
prisms and nanoplates. It is established that WC has a HCP
crystal structure with two sets of three equivalent (1010)
planes rather than six equivalent (1010) planes [30].
Because of this unique nature of the crystal structure, WC
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Fig. 12 SEM images of 6 h ball milled WO3 + Co0304 + C mixtures
after reduction at 670 °C for 2 h and then carburization at 1000 °C for
1 hin a Ar, b CO, and c after single-step reduction and carburization
at 900 °C for 2 h

crystals grown from liquid metal solutions assume the
morphology of truncated triangular prisms [31, 32]. Such a
prismatic shape has also been observed in fully sintered
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WC—-Co cermets [30]. Thus, the formation of faceted
particles is consistent with the crystal structure of WC.
However, this study reports the lowest temperature in
forming truncated triangular prisms and nanoplates of WC
in comparison with the data in the open literature [30-32].

Concluding remarks

A systematic study has been conducted on the synthesis of
nanostructured WC—Co particles from WOj3;, Coz04, and
graphite. The feasibility of using the IMTA process to
synthesize nanostructured WC-Co powder with low Co
concentrations, such as WC-10 wt% Co, has been dem-
onstrated for the first time. The crystallite size of the
as-synthesized WC is 30-40 and 40-50 nm for 900 and
1000 °C carburized powders, respectively. The powder is
agglomerated with the size of the primary particles ranging
from 50 to 700 nm. High-energy ball milling of WO3-
Co30,—C powder mixtures leads to finer particle and
crystallite sizes with larger surface area. Such milled
powders can be reduced to nanostructured W at 570 °C and
carburized to form WC at temperatures as low as 900 °C.
The crystallite size of W (15-20 nm) is found to increase
with the reduction temperature and decreases with
increasing the milling time. The formation of WC proceeds
with the formation of intermediates, CosW and CogW¢C.
Grain growth has taken place during the carburization
stage, as indicated by the crystallite size of W (15-20 nm)
becoming 30-40 or 40-50 nm for the crystallite size of
WC carburized at 900 and 1000 °C, respectively. Crystal
growth at 1000 °C is particularly obvious with the forma-
tion of truncated triangular prisms and nanoplates of WC,
whereas only limited crystal growth occurs at 900 °C with
WC particles showing no clear facets.
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