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Abstract: Pure WC—6%Co nanosized composite powders were synthesized via a low-temperature method. The effects of carbon
source on microstructure characteristic of composite powders were investigated, and the effects of heat-treatment parameter on
carbon content of composite powders were also discussed. The results of SEM and XRD revealed that the carbon decomposing from
glucose was more active than carbon black. Therefore, WC—Co nanosized composite powders could be synthesized at 900 °C for 1 h
under a hydrogen atmosphere. The individual WC grains were bonded together into a long strip under the action of cobalt. The
results of carbon analysis revealed that the total carbon content decreased with the increase of the temperature in the range of
800—1000 °C. Moreover, the total carbon content and the compounded carbon increased with the increase of the flow rate of H, in

the range of 1.1-1.9 m*/h.
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1 Introduction

Ultrafine WC—Co cemented carbides, with an
excellent combination of good wear resistance, favorable
toughness, high hardness and strength, have been widely
used in various applications such as rock drilling tools,
cutting tools, and wear parts [1-3]. The excellent
mechanical properties of ultrafine WC—Co cemented
carbides derive from the complex structure of WC phase,
Co phase and the accuracy of composition [4,5].
Previous investigations have demonstrated that obtaining
ultrafine-grain or nanoscale WC—Co composite powders
with appropriate chemical compositions (such as carbon
content) can improve the properties of ultrafine WC—Co
cemented carbides obviously [6—8]. Conventionally,
WC—Co composite powders are obtained through the
following procedures [5]: reducing ammonium
paratungstate (APT) or tungsten oxides into pure W
powder by hydrogen; carbonizing W to form WC
powders at 1300—2000 °C; ball milling mixtures of WC
and Co powders in ethanol or acetone. However, the
impurity is hard to avoid during the conventional

processes [9]. Moreover, abnormal growth of finer WC
grain occurs inevitably during the fairly high
carbonization temperature treatment [10,11].

Due to the disadvantages of the conventional
method, a large amount of methods have been developed
to prepare ultrafine-grain or nanoscale WC—Co
composite powders [12,13], such as mechanical ball
milling, chemical vapor phase reaction synthesis and
co-precipitation. SONG et al [12] demonstrated that
WC—Co composite powders with the average particle
size of about 300 nm could be obtained by in-situ
reduction and carbonization reactions based on
carbothermal reduction of metallic oxides and carbon
black. QU et al [14] prepared WC powders with the
mean particle size of about 200 nm by low-temperature
combustion synthesis. LIN et al [15] obtained WC—Co
composite powders with the WC mean particle size of
approximately 80 nm using an in-situ reduction and
carbonization approach in vacuum at 950 °C for 1 h.
However, most of these methods were achieved in a
laboratory scale, only a few methods have been testified
to implement them in industrial applications.

In this work, a method for synthesis of pure
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nanoscale WC—6%Co composite powders was described.
The proposed rapid facile method has the characteristics
of more stable, easy-adjusting and cost-effective. The
effects of the different carbon sources on morphology of
the WC-6%Co nanosized composite powders were
investigated. The effects of heat-treatment parameters on
carbon contents of the obtained composite powders were
discussed as well.

2 Experimental

2.1 Materials and preparation

Ammonium metatungstate (AMT, W>73%), cobalt
acetate (C4H¢O4Co-4H,0), carbon black and glucose
(C¢H1,06) were used as raw materials. They were of
analytical grade and were used directly without further
purification. The WC-6%Co nanosized composite
powder was fabricated by a simple three-step process
involving spray conversion, proper calcination, in situ
reduction and carbonization (heat-treatment) processes
under a hydrogen atmosphere.

Firstly, AMT, C4HsO4Co-4H,0 and C¢H 1,04 were
dissolved in distilled water to form aqueous solution in a
special ratio according to the composition of WC—6%Co.
The temperature of intake air and exhaust air were about
240 °C and 100—120 °C respectively. The centrifugal
speed was 12000 r/min. Then, the spray dried powders
were decomposed during subsequently calcination
process at 550 °C for 20 min under a nitrogen
atmosphere in tube furnace. The heating rate of the
calcination process was 5 °C/min. The transformation
from spray dried powders to oxide powders was
attributed to the following two reactions [2]:

(NHy)s (HaW12040)- XH,O—
12WOH(X+4)H,0 1 +6NH 1 )
3Co(CH;CO0),4H,0—
C0304+3(CHs), 1 +4CO 1 +2CO, t +12H,0 1 (2)

Lastly, the reduction and carbonization processes
were carried out in tube furnace under a hydrogen
atmosphere to obtain the WC—Co nanosized composite
powders. To reduce the processing time and improve the
production efficiency, the reduction and carbonization
processes were combined in a one-step operation at
800—1000 °C.

To investigate the effects of carbon sources on the
morphology of obtained powders, two groups of
composite powders using different raw materials
(glucose or carbon black) as carbon source were
prepared respectively. The powders were defined as
CP-G and CP-C, respectively. The heat-treatment
temperature and flow rate of H, were set to 900 °C and
1.3 m’/h, respectively. Other parameters, such as intake
air temperature and centrifugal speed, were the same as
those mentioned above.

In order to investigate the effects of heat-treatment
temperature and flow rate of H, on the carbon contents
of WC—Co composite powders in the stage of reduction
and carbonization process, the heat-treatment
temperatures were set to 800, 850, 900, 950 and 1000 °C,
respectively. Furthermore, five gas flow rates for H, of
1.1, 1.3, 1.5, 1.7 and 1.9 m*/h were selected, respectively.

2.2 Characterization

The morphologies of powders were observed by
SEM equipped with an EDS attachment (Brand: FEI,
Model: MLAG650F). The phases of powders were
detected by XRD with Cu K, (4=0.15406 nm) at a
scanning step size of 0.026° in the scan range of 20°—80°
(Brand: PANalytical, Model: Empyrean). The total
carbon content in the powder was analyzed with a
carbon—sulfur  analyzer (LECO CS-744). The
compounded carbon content was analyzed by a chemical
analysis method.

3 Results and discussion

3.1 Microstructure characteristic of obtained powders

The morphology of powders obtained after spray
conversion depicted a hollow spherical structure, and the
sphericity of the powders was good, as shown in
Fig. 1(a). The mixed solution was dispersed into tiny
droplets from the rotating nozzle and dropped down
during the spray conversion process. Due to the effect of
surface tension, the tiny droplets shrank into spherical
shape gradually [16]. This spherical structure feature
could be maintained in the following processes
(calcination, in situ reduction-carbonization), which
illustrated that the calcination, in situ reduction-
carbonization processes did not change the morphology
of the powders.

It can be seen that the surfaces of powders obtained
after spray conversion were smooth from Fig. 1(a). But
the surface of powders obtained after calcination process
at 550 °C for 20 min became rough (Fig. 1(b)) and even
more rough (Fig. 1(c)) obtained after in situ reduction-
carbonization process at 900 °C for 60 min. It could be
explained as follows. During the calcination and heat-
treatment processes, the mixed gas (CO, CO, and H,)
produced by the decomposition reactions of AMT and
cobalt acetate, and the gas produced by the reduction of
oxide powders escaped from the powder spheres.
Therefore, a large number of micro holes were
left [17,18], and the surfaces of the powder spheres
became rough and even more rough. Moreover, the
diameters of as-prepared powders had a decreasing trend
after each processing step. The decreasing in the
diameter associated with the formation of the new phases
and the evaporation of gases.
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Fig. 1 Morphology of as-prepared powders obtained after spray

conversion (a), proper calcination (b) and in situ

reduction-carbonization process (c)

The microstructure of WC—Co composite powders
could be observed in Fig. 2. The individual grains were
bonded together into a strip under the action of cobalt, as
illustrated in Fig. 2(a). Figure 2(b) shows the
microstructure of WC grain obtained by dissolving Co
from the WC—Co composite powder using H3;PO, and
H,0, mixed solution. It had been indicated that the
average grain size of WC was about 0.2 um. EDS
analysis of the selected spectrum 1 in Fig. 2(a) confirmed
the formation of WC—Co composite powder, as show in
Fig. 2(c).

3.2 Effects of carbon source on morphology and
phase constitution
Morphology, phase constitutions of WC—-6%Co
composite powders fabricated with different carbon
sources were characterized by SEM and XRD. Figure 3
shows the morphology of CP-C and CP-G precursor

Spectrum 1

E/keV
Fig. 2 SEM images of WC—Co composite powders (a) and WC
grains (b), and EDS analysis of spectrum 1 (c)

powders obtained after spray conversion. It can be seen
that the surface of CP-G was smoother than that of CP-C.
During the spray process, the glucose was decomposed
into crystalline water and carbon-containing compounds.
The smoother surface was due to the attachment of
crystalline water.

Figure 4 illustrates the morphology of CP-C and
CP-G composite powders obtained after in situ heat-
treatment. As seen, particles gathered together to form
aggregates in all of the two WC—Co composite powders.
However, the surface of CP-G composite powders was
more rough and porous than that of CP-C, as shown in
Figs. 4(a) and (b), respectively. This was probably due to
the evaporation of water and the diffusion of CO, CO,
and other gases.
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Fig. 3 SEM images of CP-C (a) and CP-G (b) precursor
powders

Fig. 4 SEM images of CP-C (a) and CP-G (b) composite
powders

Figure 5 shows the phase constitution of CP-C and
CP-G. It can be seen that the phase constitution of CP-G
was pure WC and Co. Meanwhile, the intermediate
carbides phases (CogW¢C, CCo,W,) and W phase were

observed in the CP-C powders, which illustrated that the
carbonization of CP-C was not completed under the
same conditions. It could be concluded that the carbon
decomposed from glucose had a higher activity than
carbon black.

= —WC
[ e —Co
[ ] A —W
XY= C06W6C
+ —CCo,W,
CP-G
[] - - [ ]
| ] ] }L; L.LL
CP-C
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Fig. 5 XRD patterns of CP-C and CP-G

3.3 Effects of heat-treatment parameters on carbon

content
3.3.1 Heat-treatment temperature

According to the W—C—Co ternary phase diagram
shown in Fig. 6, the carbon content width of the
two-phase zone of WC and Co has a narrow range [19].
The stoichiometric carbon content in the WC—6%Co
composite powder is about 5.765%. Previous
investigations have demonstrated that a precise control of
carbon content is very important for mechanical
properties. The existence of the free carbon or
intermediate phase (; phase) reduces the properties of
the cemented carbides obviously [20].

x(Co)/%
Fig. 6 Isothermal section of W—C—Co phase diagram at
1200 °C

According to the phase constitution results
mentioned above (see Fig. 5), it was found that the in situ
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reduction-carbonization reaction could occur in a
relatively low temperature range. Therefore, a series of
experiments on heat-treatment temperature were carried
out in this work. The relationship between reduction-
carbonization temperature in the range of 800—1000 °C
and the carbon content is shown in Fig. 7. When the
heat-treatment temperature increased to 800 °C or
850 °C, the total carbon contents in formed powders
were about 6.161% and 6.077%, respectively, which are
larger than the theoretical value (5.765%). Increasing the
heat-treatment temperature reduced the total carbon
content, but also increased the compounded carbon
content in all of the five samples, as indicated in Fig. 7.
However, the 7 phase (CCo,W,) and W phase existed in
the powders obtained at 850 °C, as shown in Fig. 8(a).
This indicated that the compounded carbon was low,
while the free carbon was higher than the allowed
value. This result was consistent with the measurement
results of the compounded carbon as shown in Fig. 7. It
was difficult to properly identify carbon which may
be because carbon is amorphous in Fig. 8(a).

6.2

e — Total carbon
= — Compounded carbon
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Temperature/°C

Fig. 7 Relationship between heat-treatment temperature and
carbon content
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Fig. 8 XRD patterns of as-prepared powders: (a) 850 °C;
(b) 900 °C; (c) 950 °C

The XRD patterns of powders obtained at 900 °C or
950 °C are presented in Figs. 8(b) and (c). They were the
same, and there were only WC and Co phases. Moreover,
the heat treatment temperature used in our experiments
was much lower than the traditional carbonization
temperature (about 1300 °C). During the one-step
process, some effects of Co on the formation of WC
were found in previous studies [21,22]. Firstly, the
reaction sequence becomes more complicated with the
addition of Co. Secondly, it is found that Co would help
the formation of WC, and it is most likely to be related to
the catalytic behavior of Co. Thirdly, the presence of Co
can decrease the heat-treatment temperature and holding
time obviously.

With the increase of the heat treatment temperature,
carbon atoms were more likely to diffuse into W. Thus,
WC phase was more likely to generate. When the
compounded carbon tended to the stoichiometric value,
the free carbon reacted with hydrogen to produce
methane (CH4) which could be taken away by the
hydrogen. The content of the compounded carbon in the
powder was almost unchanged when the temperature
reached 900 °C.

According to the phase constitution results as
indicated in Fig. 8, it was convincing that the in situ
reduction-carbonization temperature of 900 °C was
suitable for synthesizing the pure WC and Co phases.
The heat-treatment temperature was much lower than the
traditional carbonization temperature (about 1300 °C)
due to the catalytic effect of cobalt [21,22].

3.3.2 Flow rate of H,

The relationship between the flow rate of H, in the
range of 1.1-1.9 m*/h and the carbon content is shown in
Fig. 9. It can be seen that the total and compounded
carbon contents increased with the increase of the flow
rate within the experimental range. The compounded
carbon remained unchanged when the flow rate of H,
was larger than 1.3 m’/h. However, the total carbon
content increased from 5.81% with the flow rate of

5.92
590+
5.88F
5.86F
5.84¢
582t
5801
5.78 ¢
576
574+

5.72 : : ' :
11 1.3 15 1.7 1.9

Flow rate of H,/(m3+h™!)
Fig. 9 Relationship between flow rate of H, and carbon content
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1.3 m’h to 5.909% with the flow rate of 1.9 m’h.
Therefore, it could be concluded that the increased
carbon content was mainly free of carbon.

Tungsten oxide was reduced by H, during the
heat-treatment process, and the reaction products were W
and water vapor. When the temperature reached about
700 °C, the water vapor generated from the reduction
reaction could react with the carbon element to form CO
according to reaction (3). Moreover, the CO gas would
be taken away by the hydrogen. Thus, the carbon content
decreased with the presence of reaction (3). However, the
water vapor would be taken away by hydrogen gas more
easily with the increase of the flow rate of H,, which
would inhibit reaction (3), so that the total carbon
content increased with the increase of the flow rate of H,
in our experiments [23].

C+H,0 1 —CO 1 H, ¢ 3)
4 Conclusions

1) A pure, nanoscale WC—6%Co composite powder
without excess carbon or intermediate phase was
successfully obtained via a low-temperature method due
to the catalytic effect of Co on the formation of WC. The
proposed rapid facile method has more stable,
easy-adjusting and cost-effective characteristics.

2) The morphology of the obtained powders was
spherical, and the individual WC grains were bonded
together into a strip under the action of cobalt.

3) The total carbon content decreased with the
increase of the heat-treatment temperature in the range of
800—1000 °C. The total and compounded carbon
contents increased with the increase of the flow rate of
H, in the range of 1.1-1.9 m’/h.
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