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a b s t r a c t

Composites of WC–Co have been synthesized and consolidated simultaneously at the ignition temper-
ature of 794 ◦C by a field-assisted combustion synthesis method (EFACS), where the electric field was
generated by a Gleeble thermal simulation instrument. Then, with the aid of high-temperature XRD
results, the combustion synthesis process of an 88 wt% (W + C)–12 wt% Co system was studied according
to quenching at different temperatures by turning off the electric field. A four-step model describing the
process of combustion synthesis of WC–Co composites under an electric field, which is controlled by solid
diffusion among the reactant atoms, is proposed. From the preheating period to the solid diffusion period,
hemical synthesis
iffusion
canning electron microscopy
-ray diffraction

the solid diffusion among reactant atoms enhance with the increase of temperature. From the solid dif-
fusion period to the combustion period, the 2W(s) + C(s) = W2C(s) reaction may occurs at some interfaces
between W and C atoms. During combustion period, 2W(s) + C(s) = W2C(s) occurs firstly and follows the
reaction of W2C(s) + C(s) = 2WC(s). Co melts and then reacts to W, W2C in order to form WC and Co3W3C,
with that Co3W3C carbonizes to form WC and Co. After the combustion period, the remaining phases of

carbo
es fr
W2C and Co3W3C can be
of tungsten carbide chang

. Introduction

WC–Co composites which are used widely in tools for machin-
ng, cutting, drilling, and other applications are attractive for
esearchers because they are extremely hard, have an excellent
ear resistance, as well as better toughness and strength than

hose of other hard materials [1,2]. WC–Co composites are nor-
ally prepared by a powder metallurgy route, which is a procedure

onsisting of a series of long-time processes, such as synthesis
f WC powder, mixing with metal, granulation, pressing and sin-
ering [3]. Moreover, the carbonization temperature of WC is as
igh as 1400–1600 ◦C [4], and a high sintering temperature and
long holding time are usually used by conventional sintering,
hich result in loss of the fine grain structure and the associ-

ted benefits of enhanced mechanical properties of the system. An
lternative method that could synthesize and densify the WC–Co
omposites in one step at a lower reaction temperature and in a
horter time is the more energy-efficient combustion synthesis (CS)

r self-propagating high-temperature synthesis (SHS). Combustion
ynthesis has been successfully used to produce a variety of refrac-
ory materials including ceramics, ceramic–metal composites, and
ntermetallic compounds [5,6]. However, it is well known that the

∗ Corresponding author. Tel.: +86 28 85407310; fax: +86 28 85460940.
E-mail address: scutd@sina.com (L. Sun).
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nized to form WC with the increase of temperature, and the morphology
om spheroid to polyhedrons as the temperature rises.

© 2010 Elsevier B.V. All rights reserved.

tungsten carbides have low adiabatic temperatures (Tad,WC = 1400 K
and Tad,W2C = 946 K), which are considerably lower than the empir-
ically established minimum of 1800 K for normal CS [7]. Especially,
the adiabatic temperature of a W–C–Co system decreases with the
increase of cobalt as binder. Consequently, such systems cannot
be ignited without addition activation thanks to the relatively low
heat of formation.

Recently, electric field-assisted combustion synthesis (EFACS)
has been proven to be able to produce many kinds of high-quality
materials due to the promoted diffusion among the reactant atoms,
and thus it attracts more and more scientist’s attention [8,9]. Elec-
tric field can serve as the additional energy source needed for
activating and maintaining the combustion reactions that are oth-
erwise difficult to occur or may react incompletely using unassisted
combustion synthesis. As to our knowledge, no report has been
found on electric field-assisted combustion synthesis of WC–Co
composites except for Jiang et al. [7,10] and our research group
[11]. Jiang uses an external ignition equipment (tungsten coil heat-
ing element) to quickly raise the system temperature in order to
ignite the reactants in an EFACS process. The ignition source is
turned off immediately after the reaction is initiated and an elec-

tric field is imposed simultaneously so that the reaction wave is
able to propagate. In other words, the electric field only plays the
roles of maintaining and controlling the process of combustion
synthesis as a heating source. In our research, a much easier way is
to use a high electric field as an ignition source so that the external

dx.doi.org/10.1016/j.jallcom.2010.05.112
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:scutd@sina.com
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Fig. 2(a) shows the temperature and axial shrinkage profiles of
the sample during the heating process. According to the charac-
teristic of this temperature profile, the process can be described
Fig. 1. Schematic representation of the Gleeble equipment.

gnition equipment can be omitted. In this method, the existence
f a high electric current can not only maintain and control the
rocess of combustion, but also significantly promote diffusion pro-
ess among the reactant atoms and lower the ignition temperature
f the reaction system. In this process, the whole sample com-
usts without wave propagation as in a thermal explosion mode, in
hich the ignition temperature is much lower than the synthesis

emperature currently used in the normal methods [11,12].
This paper investigates the process of the combustion synthesis

f an 88 wt% (W + C)–12 wt% Co system with Tad = 823 K under the
ction of an electric field, and proposes a model for the describing
ts behavior.

. Experimental procedures

Powders of tungsten, cobalt (both of them with a 99% purity and an average grain
ize of 3 �m), and powders of graphite with a 98% purity and an average grain size
f 75 �m, were mixed thoroughly with a composition of 88 wt% (W + C)–12 wt% Co
W/C molar ratio of 1:1), and dry milled for 6 h. The mixed powders were compressed
n a steel-mould to form a green compact with a diameter of 13.3 mm, a height of
.8 mm, and a relative density of 73%. The green compact was then placed in a Gleeble
hermal simulation instrument (Dynamic System Inc., USA) where it was heated
nd combusted to form a WC–Co composite under an electric field. Furthermore,
he mixed powders were analyzed by high-temperature XRD before the quenching
ests.

.1. High-temperature XRD inspection of W–C–Co system

The mixed powders were put into a high-temperature XRD apparatus (Bruker,
u K�/50 kV/160 mA) and heated to different temperatures from low temperature
o high temperature (450 ◦C, 650 ◦C, 850 ◦C, 1100 ◦C, 1250 ◦C) orderly at a constant
eating rate of 4 ◦C/s in vacuum. When the temperature of mixed powders was
teady, it was inspected by X-ray diffraction. After that, the mixed powders were
eated to the next higher temperature and repeated the same procedure.

.2. Combustion synthesis test

Fig. 1 shows the schematic of the experimental setup for the combustion syn-
hesis. The green compact was sandwiched in between two steel pads that were
n close contact with the two electrodes of the Gleeble thermal simulation instru-

ent, which provided a high electric current through the sample. A thermocouple
as placed on the surface of the sample to measure the sample temperature. In

rder to verify the uniformity of the sample temperature during the heating pro-
ess, a separate experiment was performed in which the temperatures at different
ositions of the sample were measured simultaneously and compared. The max-

mum temperature difference between the surface and the centre of the sample
as only 3–5 ◦C. Therefore, only the surface temperature was measured in the rest

f the experiments. Both of the actual temperature data and the axial shrinkage
ata of the compact during the experiment were recorded at a frequency of 20 Hz.
urthermore, in order to keep effective contact between the compact and Gleeble
lectrodes, a certain uniaxial low mechanical pressure was exerted on the compacts.

The combustion synthesis experiments are divided into two kinds, one kind is
o investigate the characteristic of W–C–Co system combustion synthesis as shown
n Section 2.2.1, in which the ignition temperature and the final synthesis product

an be realized, but the microstructure evolution of the system at different stages
annot be known; whereas the other is to study the intermediate process of W–C–Co
ystem combustion synthesis by quenching experiments at different temperatures,
s shown in Section 2.2.2.

After the samples were cooled to room temperature, the phases of the syn-
hesized products were analyzed by X-ray diffraction (XRD, D/Max-IIIA). The
mpounds 504 (2010) 277–283

microstructures of the sample cross-sections were examined by metalloscope and
scanning electron microscope (SEM, JSE-5900LV) equipment with an energy disper-
sive spectrometer (EDS).

2.2.1. Investigation for the characteristic of W–C–Co system combustion synthesis
A green compact was firstly heated to 200 ◦C at a preset heating rate of 50 ◦C/s

and held for 2 min in vacuum (<10−3 Pa), and then heated to 1250 ◦C at the same
heating rate and held for 6 min with the use of a high electric current (up to12,300 A)
passing through it. By analyzing the temperature and axial shrinkage profiles of
the sample during the combustion synthesis process, the characteristic of W–C–Co
system combustion synthesis could be obtained.

2.2.2. The quenching experiments of W–C–Co system combustion synthesis
The aim of the quenching experiments is to investigate the evolution process of

W–C–Co system combustion synthesis at different stages. Based on these results of
high-temperature XRD and the characteristic of W–C–Co system combustion syn-
thesis, the quenching temperatures were in agreement to high-temperature XRD
spectra experiment. The same set of samples were firstly heated to 200 ◦C at a pre-
set heating rate of 50 ◦C/s via the electric current and held for 2 min in vacuum,
and then heated with the same constant heating rate up to these target tempera-
tures of 450 ◦C, 650 ◦C, 850 ◦C, 1100 ◦C, and 1250 ◦C, respectively. As soon as these
temperatures were reached, switch off immediately the electric field. Thus, the
microstructure evolution during the heating process of this system can be frozen
in the quenched samples. By analyzing the microstructures and compositions of
products at different temperatures, detailed information on the intermediate and
phase transformation process during the combustion could be obtained.

3. Results and discussion

3.1. Combustion synthesis of WC–Co composites under an electric
Fig. 2. (a) The temperature and axial shrinkage of the compact as a function of time;
(b) the temperature and heating rate of the compacts as a function of time.
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reactions can take place below 1700 K, WC is more stable than W2C,
and W2C can be carburized to form WC as much as possible. How-
ever, it is possible that � phase-Co3W3C exists in the combustion
product of W–C–Co system, and the reason why � phase form is
attributed to the diffusion rate being much slower for W than for
Fig. 3. XRD pattern of a final combustion synthesized product by EFACS.

s four periods: (I) preheating period (from the room temperature
o the end of holding at 200 ◦C); (II) solid diffusion period (from
he end of holding at 200 ◦C to the ignition temperature (Tig)); (III)
ombustion period (from the ignition temperature to the end point
f combustion); (IV) late-heating period (from the end of com-
ustion to the end of heating process). The ignition temperature

s defined as the onset temperature at the point where the tem-
erature increases rapidly, representing the start of the synthesis
eaction due to the onset of combustion and heat release from the
ystem. The end point of combustion is defined as the point where
he heating rate reduces to the same as that of the ignition tem-
erature. The ignition delay time is defined as the time from the
tart of the heating process (from the room temperature) to the
ime when the system reaches ignition temperature [13]. By tak-
ng the derivative of the temperature with time, the actual heating
ate profile was calculated as shown in Fig. 2(b), and the ignition
emperature and ignition delay time were accurately measured. It is
orth to mention that the actual heating rate of compact was lower

han the preset heating rate except for the period of combustion,
hich due to the resistance from the compact. Therefore, correla-

ion between system temperature and time is not always linear in
he whole heating process. Close to the ignition point, the actual
eating rate of compact decreased because the compacts need to
bsorb a large amount of energy in order to overcome the activation
nergy barrier of the combustion reaction.

In the preheating period (0–124 s), there is no obvious axial
hange of the sample. After the end of holding at 200 ◦C, an expan-
ion of the sample is observed, this increases with the continuation
f the heating process up to the ignition temperature. And Joule
eat provided for the system can accelerate the solid diffusion
mong the reactant atoms, thus this stage is called solid diffusion
eriod. When the system temperature reaches 749 ◦C, the energy

nput is high enough to ignite the system and thermal explosion
akes place at this ignition temperature; the heating rate is higher
han 50 ◦C/s because of the energy release from the exothermic
eaction. Accompanying with the combustion of the system within
s, a very obvious axial shrinkage of sample occurs, which indicates
assive liquid appears as a consequence of the local high temper-

ture during the period of combustion synthesis. After the end of
ombustion (1050 ◦C), the temperature rises more slowly and the
xial shrinkage almost stops.

The XRD pattern of a final combustion synthesized product by
FACS is shown in Fig. 3, the product contains WC, a small amount

f W2C and Co, without the reactants W and C, which is consis-
ent with the reported results [10,14]. As cited in Ref. [15], the C/W

olar ratio of 1:1 resulted in an incompletely carburized phase
C1−x. More carbon was needed to obtain the stoichiometric WC.
mpounds 504 (2010) 277–283 279

Therefore, the presence of W2C along with WC in this product is
unavoidable.

Fig. 4 shows the micrograph of the product. Fig. 4(a) indicates
that a consolidation process occurs during the combustion synthe-
sis of W–C–Co system. In fact, the relative density changes from
73% for green compact to 88.7% for the final compact. Furthermore,
as shown in Fig. 4(b), many polygonal particles have been formed
in the combustion product, which were identified as tungsten car-
bide by EDS. However, these sizes of particles are not quite uniform,
which change from 1 �m to 2.5 �m.

Since the highest temperature of this heating process is less than
the melting points of W (3407 ◦C), C (3527 ◦C), Co (1493 ◦C), WC
(2800 ◦C) and W2C (2785 ◦C), as well as the eutectic temperatures
of the W–C system (2710 ◦C) and the melting point temperature of
WC–Co system (1340 ◦C), then a solid–solid mechanism is the only
likely process during the combustion synthesis of the carbide phase
thereoretically.

Fig. 5 and the following equations describe the free energy
changes of the reactions of W–C system [16].

W(s) + C(s) = WC(s) �G0
WC = −42260 + 4.98T (J/mol) (1)

2W(s) + C(s) = W2C(s) �G0
W2C = −30540 − 2.34T (J/mol) (2)

Both of the �G values to form WC and W2C are negative below
1700 K, but the �G◦ value for reaction (1) is smaller than that for
reaction (2). It reveals thermodynamically that the two chemical
Fig. 4. The micrographs of combustion synthesized product: (a) metalloscope
micrograph; (b) SEM micrographs.
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ig. 5. The Gibbs free energy (�G0) of WC and W2C as a function of temperature.

in Co [17]. But as the heating process continues, the � phase
an decompose to form Co and WC with the diffusion of carbon
18,19].

.2. Evolution of W–C–Co system in the heating process

In the process of the high-temperature XRD test, the sample was
eated under a simplex thermal field by thermal radiation, which
eant that electric field was not imposed on the samples directly.

ig. 6 shows the high-temperature XRD spectra of the W–C–Co sys-
em, there is no new phase formation except the reactants W, C and
o phases until the system was heated to 650 ◦C, no reactions occurs
t this stage; but there is a small quantity of W2C phase appearing
n the heating period of 650–850 ◦C, as indicated the weak XRD
eak of W2C; however, the WC phase was formed only at 1100 ◦C,
nd a large amount of WC and a small amount of W2C were formed
t 1250 ◦C. Especially the reactions to synthesize the tungsten car-
ides are incomplete; there is still a large amount of W remaining

n the final product at 1250 ◦C.
Different from the high-temperature XRD test, an electric cur-

ent passed through the samples directly in the EFACS, which

rovided Joule heating for the compacts by thermal conduction.
nd this co-effect of an electric field and self-generated thermal
eld enhanced mass transport of solid and liquid by electromigra-
ion, and markedly influenced the dynamics of reaction and the
ature of product. A series of the XRD results and corresponding

ig. 6. High-temperature X-ray diffraction patterns of a W–C–Co system at various
emperatures.
Fig. 7. X-ray diffraction patterns of stage products synthesized at different temper-
atures by EFACS.

SEM micrographs of the products synthesized at different heat-
ing temperatures which stand for different stages of EPACS, are
shown in Figs. 7 and 8, respectively. As the same results as the high-
temperature XRD test, the samples heated to 450 ◦C and 650 ◦C
just only contain the reactant phases W, C and Co. Although no
reaction occurs in the samples heated to 450 ◦C and 650 ◦C, the
microstructures of the system have been changed to some degree.
The diffusion phenomenon among reactant particles of the compact
heated to 650 ◦C is more obvious than that of the compact heated to
450 ◦C. However, the reactant phases W, C and Co along with new
phases W2C, WC, and Co3W3C are present in the heating period
of 650–850 ◦C. As mentioned above, the reactions of W–C–Co sys-
tem occur at 749 ◦C, which is in the range of 650–850 ◦C. As the
temperature increasing to 1100 ◦C, the diffraction peaks of WC
phase intensify but those of W weaken; especially, all diffraction
peaks of W and some diffraction peaks of W2C have disappeared
when the sample was heated to 1250 ◦C, which is different from
the high-temperature XRD test. In other words, the phases of W2C
and Co3W3C can be carbonized to WC with the increase of tem-
perature. The amount of polygonal particles, which are grey in
the SEM micrographs and identified as tungsten carbide by EDS,
increases as the temperature raise. And the average size of WC par-
ticles becomes bigger when the temperature increases. Compare
with Fig. 4(b), the average size of WC particles in Fig. 8(e) is smaller
because of the lack of 6 min holding time at 1250 ◦C. It is worth
to mention that the pores in a compact decrease as the temper-
ature rise, which accompanies with the densification of compact.
Moreover, the reaction degree of W–C–Co system under an elec-
tric field is far more complete than that under a simplex thermal
field.

3.3. Model of combustion synthesis process

Under this current activated combustion synthesis, the temper-
ature and current are not independent parameters and thus the
thermal effect of the current (Joule heat) cannot unambiguously be
separated from the intrinsic role of the current. The influence of an
electric field on diffusion can be attributed to one or more of the

several intrinsic effects including electromigration, an increase in
point defect concentration, and a reduction in mobility activation
energy for diffusion [20]. An electric field has a pronounced effect on
mass transport, which can be evaluated from the electromigration



K. Feng et al. / Journal of Alloys and Compounds 504 (2010) 277–283 281

) 450

t

J

w
s
F
s

e
v
c
s
I
t
i

Fig. 8. SEM micrographs of samples synthesized at (a

heory [21]:

i = −DiCi

RT

[
RT∂ ln Ci

∂x
+ Fz∗E

]
(3)

here Ji is the flux of the diffusing into species, Di is the diffu-
ive coefficient of the species, Ci is the concentration of the species,
is Faraday’s constant, z∗ is the effective charge on the diffusing

pecies, E is the field, R is the gas constant, and T is temperature.
The roles of electric field not only due to lowers the activations

nergy for diffusion and the activations energy for formation of the
arious phases in the system, but also increases the diffusive coeffi-

ient of the system. The effect of an electric field is dependent on its
trength and the value of the effective charge of the diffusing atoms.
n this EPACS experiment, the output electric current increases with
he increase of the preset heating rate, and the preset heating rate
s as high as 50 ◦C/s (corresponding to 12,300 A), which can signifi-
◦C, (b) 650 ◦C, (c) 850 ◦C, (d) 1100 ◦C, and (e) 1250 ◦C.

cantly enhance the solid diffusion of reactant atoms. As a result, the
ignition temperature of the system can be significantly decreased.

On the basis of above experimental results, the process model of
the combustion synthesis of a WC–Co composite under the action
of an electric field is proposed, as described in Fig. 9.

(1) From the preheating period to the solid diffusion period, due
to the electric resistance and thermal resistance of compact
decrease after holding at 200 ◦C, the current increases greatly
and accelerates the solid diffusion among reactant atoms. Both
C atoms and Co atoms diffuse into W particles, but the diffu-

sion of C atoms into W atoms is faster than that of Co atoms
into W atoms. However, the diffusive velocity and heating rate
increase with the increase of temperature.

(2) From the solid diffusion period to the combustion period,
the 2W(s) + C(s) = W2C(s) reaction may occur at some interfaces
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(

to WC and Co3W3C. Finally, Co3W3C carbonize with the diffusion
Fig. 9. The process of combustion synthesis of WC–Co composites.

between W and C atoms due to local high temperature in
micro-zone of sample under the action of an electric field, in
which C atoms diffuse into W2C lattice by passing through the
generated W2C so as to continue this reaction. According to
the “shell–core” model, the diffusion of C atoms is the rate-
controlling step in this reaction.

3) When the system’s energy obtained from an electric field is
large enough to surmount the activations energy for reactions at
749 ◦C, the system can be ignited in the form of thermal explo-
sion. At the same time, although the temperature is lower than
the melting temperature in W–C–Co system, the exothermic
energy from the synthesis of tungsten carbide can induce local
heating and cobalt melting. Once the liquid is formed, its further
formation and spreading over the tungsten carbide particles are
fast, due to surface energy. As a result, a large amount of liquid
phase is formed, this can be evidenced by the appearance of
an obvious axial shrinkage in the sample at the ignition tem-

perature. And the melting Co can promote solid diffusion of
the system as a consequence of the increase of interconnection
between reactant particles. During the combustion period, the
process of synthesis WC is shown as follow, which is consonant
mpounds 504 (2010) 277–283

with the previous report [22].

2W(s) + C(s) = W2C(s)

W2C(s) + C(s) = 2WC(s) (4)

W2C(s) + W(s) + 3Co(l) = Co3W3C(s) (5)

2W2C(s) + 3Co(l) = WC(s) + Co3W3C(s) (6)

Co3W3C(s) + 2C(s) = 3WC(s) + 3Co(l) (7)

The reaction between W and C to form W2C occurs firstly in
the initial stage, and follows reaction (4). And then Co melts,
reacts to W, W2C and change to WC and Co3W3C. Finally,
Co3W3C carbonize with the diffusion of carbon to form WC and
Co, which means Co3W3C is a non-equilibrium transition phase
of the non-equilibrium process-CS. However, it is difficult for
W–C–Co system to react completely because of the short time
of combustion period (7 s). Therefore, there are a few remain-
ing phases of W2C and Co3W3C in the sample at the end of
combustion period.

(4) After the combustion period, the remaining phases of W2C and
Co3W3C can be carbonized to WC with the increase of tem-
perature. Finally, Co3W3C can be carbonized to WC completely
whereas W2C cannot. Nevertheless, there is no or just little liq-
uid phase in the compact because there are no more obvious
exothermic reactions providing the high energy needed. As the
temperature rises, the morphology of tungsten carbide changes
from spheroid to polyhedrons with distinguishing edges and
corners because of the effect of Co [23], and Co spreads around
WC grains to form WC–Co composites. The WC particles can
be continuously formed by nucleation and crystal growth; the
synthesized products consist of a large amount of WC particles
and a small amount of W2C.

The whole four-step synthesis process is controlled by solid dif-
fusion among the reactant atoms. Since the electric field with high
current can promote the solid diffusion at a lower temperature, the
ignition temperature can be lowered greatly.

4. Conclusions

Due to the co-effect of electric and thermal field imposed on
W–C–Co system, the combustion synthesis reaction of the system
occurs at 749 ◦C in synchronism with the shrinkage of the compact
under an electric field, and the synthesized products contain WC,
a small amount of W2C and Co. In other words, the simultaneous
synthesis and densification of WC–Co composites is accomplished
at lower temperature by electric field induction combustion syn-
thesis.

The process of combustion synthesis of the WC–Co composites
under the action of an electric field can be described as a four-step
process: (I) from the preheating period to the solid diffusion period,
the solid diffusion among reactant atoms enhance with the increase
of temperature; (II) from the solid diffusion period to the combus-
tion period, the exothermic reaction 2W(s) + C(s) = W2C(s) reaction
may occur in some interfaces; (III) during the combustion period,
the 2W(s) + C(s) = W2C(s) reaction occurs firstly in the initial stage,
and follows the reaction of W2C(s) + C(s) = 2WC(s). The exothermic
energy released from the two reactions can induce local heating and
cobalt melting. And then melting Co react to W, W2C, and change
of carbon to form WC and Co; (IV) after the combustion period,
the remaining phases of W2C and Co3W3C can be carbonized to
WC with the increase of temperature. There is no or just little liq-
uid phase in the compact. As the temperature rises, Co spreads
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ver, the whole four-step synthesis process is controlled by solid
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