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Abstract

The field-activated pressure-assisted combustion synthesis (FAPACS) process, which combines the simultaneous synthesis and
densification of materials, was utilized to produce tungsten carbides material from tungsten and carbon powders with different mole
ratio between them, i.e. W+ 1.0C, W+ 1.1C, W+ 1.2C, W+ 1.3C and W + 1.4C. The percentages of the total shrinkage occurring
before and during the synthesis reaction were measured. The effects of the temperature, the reactants composition, different carbon
sources on the products composition, densities and microhardness were investigated. The end-product relative densities ranged
from 81.1 to 89.9%. Vickers microhardness measurements (at 1 kg force) on the dense samples gave values ranging from 731 to 423

kg mm~2.
© 2003 Elsevier Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Cemented carbides have grown in stature to find
extensive use in a variety of applications that demand
wear resistance and high temperature capability. Many
methods have been used to synthesize these materials.
In the first part of the paper, ficld-activated combustion
synthesis of tungsten carbides have been investigated.
Owing to low reaction rate between solid tungsten and
carbon, it is difficult to attain single-phase tungsten
carbide, WC. Thus, it needs long-time application of an
electric field on the sample and more carbon added in
the reactants. However, unexpected phenomena take
place. More application time causes the sample to
change shape or even crash. The influence of the applied
electric field on the propagation wave velocity for the
synthesis of WC from the elements, shown in Fig. 2 in
the first part of the work, gives us some revelation to
solve the sample-distortion problem. At very high cur-
rent, no ignition source is required and the phenomena
are referred to as simultaneous or volume combustion
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with the implication that the reaction takes place over
the entire sample with no wave propagation. Therefore,
the Field-Activated Pressure-Assisted Combustion
Synthesis (FAPACS) process [1-6], which is based on
the idea of the simultaneous (volume) combustion
synthesis of FACS and material densification, was
chosen to synthesize single carbide because it can ensure
that no sample-crash phenomena take place and the
combustion reaction has enough time to complete.

In addition, as we know, most of the processing tech-
niques used to synthesize cemented carbides, by a com-
bination of multi-step process, such as the synthesis of
product powder, powder grinding and consolidation,
lead to the formation of relatively dense material.
However, this high-temperature treatment to densify
materials can lead to significant grain coarsening
(Ostwald ripening), which results in a loss of the fine
grain structure and the associated benefits of enhanced
mechanical properties. It is essential to minimize grain
growth through careful control of consolidation para-
meters, particularly temperature and time. An alter-
native route to enhance densification and avoid
excessive grain growth is the so-called fast firing
method. FAPACS is also one kind of such methods.
Through utilizing field activation and pressure,
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FAPACS method has been successfully employed to
simultaneously synthesize and densify materials in one
step. The method has been demonstrated to be an effi-
cient field-activated sintering technique that can success-
fully consolidate ceramic, metallic and even intermetallic
powders to near theoretical density [1-6] and recently
been modified to prepare dense nanomaterials [7-11].
The imposition of a field during synthesis reactions has
been shown to have a marked influence on the dynamics
of the reaction (e.g. reaction rate and reaction mechan-
ism), and on the nature of the product (e.g. the phase
composition in composites and the elemental distribu-
tion in solid solutions), which is attributed to a variety of
phenomena, including Joule heating, enhanced mass
transport by electromigration, and the creation of a
plasma with its concomitant influence on reactivity [8].

Furthermore, tungsten carbide exists in different
phases and most important are WC and W,C [12].
Although the W,C phase is unstable below 1300 °C [13],
normally a mixture of both WC and W,C was found in
most of tungsten carbide powders. Thus, it is essential
to do the detailed research on the synthesis of single
carbides from elemental reactants.

In the second part of our work we report on the fab-
rication of dense WC by the FAPACS method, present
the results of the effects of various processing para-
meters on FAPACS of tungsten carbides and examine
the influence of processing parameters, such as tem-
perature, the ratio of C/W in reactants’ mixtures and
different carbon sources on product composition,
densities and microhardness of bulk tungsten carbide
samples. No previous results on the study of FAPACS
of tungsten carbides have been reported.

2. Experimental procedures

Mixtures of tungsten and carbon with several differ-
ent mole ratios of W/C, 1:1, 1:1.1, 1:1.2, 1:1.3 and 1:1.4,
were used to synthesize tungsten carbides. Two kinds of
carbon powders (both with a reported purity of 99.9%,
one activated carbon with an average particle size of 20
pm (Kojondo Chemical Co.) and another carbon black
with an average particle size of 20 nm (Korea Carbon
Black Co., Ltd) were chosen as carbon sources. Either
of them was dry-mixed in an alumina ball mill with
99.9% pure tungsten (an average particle size of 0.6 pum,
Korea Tungsten Co.). Taking equiatomic mixtures as
examples, SEM images of reactants mixtures for acti-
vated carbon and carbon black are shown in Fig. 1(a)
and (b), respectively. Tungsten uniformly distributed in
the reactants’ mixtures, as seen from the analysis result
of Electronic Probe Mass Analysis of tungsten in start-
ing powders (Fig. 2). To form a sample, the appropriate
quantity of mixed powder was weighed out and poured
into a graphite die (outside diameter, 45 mm; inside

(b)

Fig. 1. SEM image of W+ C mixtures for different carbon sources
(a) activated carbon (b) carbon black.

diameter, 20 mm; height, 40 mm) lined with graphite
foil and then cold pressed at 4 MPa for 2 min. After
packing, the samples were introduced into the FAPACS
apparatus, which consists of a uniaxial 60 MPa press
combined with a 27 V, 3000 A DC power supply, to
simultaneously provide current and pressure to a con-
ductive die sample. A schematic of the experimental
setup is shown in Fig. 3. The system was evacuated
(stage 1) and a uniaxial pressure of 60 MPa was applied
(stage 2). A high DC current was then applied to the
two punches on the die, Joule heating of the die and the
sample, continued until the maximum operating tem-
perature is reached, which is measured by a pyrometer
focused on the surface of the graphite die. The applied
pressure densified the sample at the same time and
maintained until densification was attained, as indicated
by a linear gauge measuring the sample shrinkage (stage
3). At the end of the process, the sample was cooled to
room temperature at a fixed rate of 600 °C/min (stage
4). Typical parameters for the FAPACS process, which
was carried out under a vacuum of 2x10~2 Torr, are
presented in Table 1.

After the reactions, the samples were removed from
the dies and lightly ground to remove the graphite foil.
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Fig. 2. Electronic probe mass analysis of tungsten for reactants mixtures.
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Fig. 3. Schematic diagram of field-activated and pressure-assisted
combustion synthesis and densification (I): pressure application (2):
graphite block @): graphite punch (@): graphite die &): reactants §):
power supply.
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Samples were polished on SiC paper and further diamond
for microscopic examination. The density of the combus-
tion products was measured by the Archimedes method.
Compositional and microstructural analyses of the pro-
ducts were made through X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and electronic probe,
respectively.  Vickers microhardness measurements

Table 1
Processing parameters for field-activated and pressure-assisted com-
bustion synthesis of WC

Parameter Applied value
Vacuum level 2x1072 Torr
Applied pressure 60 MPa
Resistance heating
Voltage 18V
Current 3000 A
Duration 3 min
Heating rate 1200 °C/min
Maximum temperature 1250 °C
Cooling rate 600 °C/min
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Fig. 4. Variation of shrinkage displacement and temperature with
heating time during synthesis (pre-established temperature: 1200 °C):
(a) W+1.0Cp (b) WH1.1CA (c) W+1.2Cp (d) W+1.3C4 and (e)
W+ 1.4C,.

(under a 1 and 10 kg load with a dwell time of 15 s) were
made on the synthesized samples.

3. Results and discussion

The variations of shrinkage displacement and tem-
perature of the die surface with heating time during the
processing of these reactants’ mixtures with the starting
compositions of W+ 1.1C4, W+ 1.2C, W+ 1.3C4 and
W +1.4C4 are shown in Fig. 4. In this and the other
following figures and their captions, the patterns labeled
A and B represent activated carbon and carbon black,
respectively. The shrinkage displacement increased gra-
dually with temperature up to about 850 °C and then
abruptly at about this temperature. When a stoichio-
metric W+ 1.0C, mixture was heated under 60 MPa
pressure to 850 °C, no reaction took place and no sig-
nificant displacement was observed. X-ray diffraction
result, shown in Fig. 5, exhibits only peaks pertaining to
the reactants, which confirmed that a reaction between W
and C did not take place under these conditions. How-
ever, when the temperature was raised to 1200 °C, the
starting powders reacted to form two kinds of carbides,
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Fig. 5. XRD patterns of the W + C system heated to 850 °C.

WC and W,C, which was determined from an XRD
analysis (Fig. 6).

In addition, the displacement in Fig. 4 for the reac-
tants of W+1.4C, was initially gradual and then
became sudden after 83 s while about 60 s for the reac-
tants with other composition, W+ 1.0C,, W+ 1.1C4,
W+1.2C4s, W+1.3CA. Under the condition of more
activated carbon in the mixtures, on one side, the com-
bustion temperature is lower owing to relatively less
reactants in the mixtures; on the other side, it is dis-
advantageous to densify the material because of big-
particle size of activated carbon. The corresponding
XRD results of the reacted products are shown in Fig. 5.
No appreciable difference in phase composition was
observed, regardless of the ratio between carbon and
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Fig. 6. X-ray powder patterns for the FAPACS reaction products
heated to 1200 °C corresponding to the composition of reactants
(a) W+1.0Cp (b) WH1.ICy (c) W+1.2C, (d) W+1.3C, and
(e) W+ 1.4C,.

tungsten in the reactants. For all cases, under low com-
bustion temperature (1200 °C), W,C is present in the
combustion products. Although there were small differ-
ences in the relative amounts of the phases for different
reactants’ compositions, two kinds of carbides exist in
the combustion products together, as can be seen in
Fig. 6.

In order to eliminate W,C from the combustion pro-
ducts, the temperature was set up in advance again and
increased from 1200 to about 1250 °C. For the reactant
mixtures, W+ 1.1C,, W+ 1.2C5 and W +1.3C,4, their
variations of shrinkage displacement and temperature
of the die surface with heating time during the process
are shown in Fig. 7. For W+ 1.1C and W +1.2C,, the
displacement was initially gradual and then became
sudden after about 5s. As compared with the case of
1200 °C, higher current causes the earlier occurrence of
the reaction. Unlike the above cases, the displacement
for W+ 1.3C4 was gradual and sudden change is not
evident which is due to more carbon in the mixture.
Table 2 shows values of the density, sample volume, and
volume change at different stages in the synthesis and
densification of WC. These results show that 2.85% of
the total volume shrinkage occurred prior to ignition
and 97.15% occurred during the synthesis stage for
W+ 1.1Cy, 2.76% and 97.24% for W+ 1.2C4, 2.97%
and 97.03% for W+ 1.3C,, respectively. The corre-
sponding relative densities of the synthesized samples
were determined as 84.2, 84.1 and 81.1% of theoretical,
respectively. With the increase of ratio between tungsten
and carbon in the reactants, the densities of synthesized
products decrease. It is probably associated with the
remained big-particle carbon in the synthesized pro-
ducts, which is disadvantageous to densify the samples.
The corresponding XRD analysis results are shown in
Fig. 8. In contrast to the above condition, i.e. 1200 °C, a
clear variation in the product composition between
W+1.3C5, and W+ 1.1C,, was observed. When the
high combustion temperature (1250 °C) is enacted and
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Fig. 7. Variation of shrinkage displacement and temperature with
heating time during synthesis (preestablished temperature: 1250 °C):
(a) W+ 1.1Cp (b) W+ 1.2C4 and (¢c) W+ 1.3C4.
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Table 2

Density, volume and volume change during field-activated and pres-
sure-assisted combustion synthesis of W+ (1+x)C (0.1<x<0.3)
(activated carbon)

C/W Initial Before Reactant Product
sample ignition (Theo.) ——
Expt. Theo.

1:1.1 Density (g cm™3) 9.454 9.192  13.526  12.378 15.236
Sample volume (cm?) 1.54  1.59 1.08 1.18  0.96

Pore volume (cm?®)  0.46  0.51 0 022 0
Volume change (%) 0 2.85 30.11 23.63 37.95
Incremental volume 0 2.85 27.26 6.48 14.32
(%)

1:1.2 Density (g cm™3) 9.494 9.239 13.194 12.011 14.804
Sample volume (cm?) 1.71  1.76 1.23 1.35  1.10
Pore volume (cm®)  0.48  0.53 0 025 0
Volume change (%) 0 2.76 28.04 20.96 35.87
Incremental volume 0 2.76 25.28 7.09 1491
(%)

1:1.3 Density (g cm™3) 8.924 8.666 12.881  11.037 14.401
Sample volume (cm?®) 1.69 1.74 1.17 1.37  1.05
Pore volume (cm®)  0.52  0.57 0 032 0
Volume change (%) 0 2.97 30.72 19.14 38.03
Incremental volume 0 2.97 27.74 11.57 18.89
(%)
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Fig. 8. X-ray powder patterns for the FAPACS reaction products
heated to 1250 °C corresponding to the composition of reactants
(a) W+ 1.1C4 (b) W+ 1.2C4 and (¢) W+ 1.3C4.

applied, the W+ 1.3C4 and W + 1.2C, mixtures reacted
completely and the W,C phase could not detected in the
combustion products, while for W+ 1.1C, WC phase is
the major component and much W,C phase also exists
in the combustion products.

Furthermore, different kinds of carbon sources also
influenced the composition of synthesized products. For
the reactant mixtures with carbon black as carbon
source, W+1.1Cg, W+1.2Ci, and W+ 1.3Cg, their
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Fig. 9. Variation of shrinkage displacement and temperature with
heating time during synthesis (preestablished temperature: 1250 °C):
(a) W+ 1.1Cp (b) W+ 1.2Cg and (c) W+ 1.3Cg.

Table 3

Density, volume and volume change during field-activated and
pressure-assisted combustion synthesis of W+ (1+x)C (0.1<x<0.3)
(carbon black)

C/W Initial Before Reactant Product
sample ignition (Theo.) ——
Expt. Theo.
1:1.1 Density (g cm™3) 12.025 11.549 13.526  13.521 15.236
Sample volume (cm?) 1.45 1.51 1.29 1.29 1.14
Pore volume (cm?) 0.16  0.22 0 0.14 0
Volume change (%) 0 4.12  11.10 11.06 21.07
Incremental volume 0 4.12 6.98 0.04 10.01
(%)
1:1.2 Density (g cm™3) 11.706 11.128 13.194  13.132 14.804
Sample volume (cm?) 1.45 1.53 1.29 1.30 1.15
Pore volume (cm?) 0.16 0.24 0 0.16 0
Volume change (%) 0 5.19  11.27 10.17 20.92
Incremental volume 0 5.19 6.08 1.10 10.75
(%)
1:1.3 Density (g cm™3) 10.887 10.317 12.881  12.845 14.401
Sample volume (cm?) 1.59 1.68 1.35 1.38  1.20
Pore volume (cm?) 0.25 0.33 0 0.18 0
Volume change (%) 0 5.52 1548 13.21 24.40
Incremental volume 0 5.52 9.95 226 11.18
(%)

variations of shrinkage displacement and temperature
of the die surface with heating time during the process
are shown in Fig. 9. Unlike the case of activated carbon,
the displacement after the ignition is gradual in all cases.
This is associated with smaller particle size of carbon for
which it is easy to obtain raw sample with high density.
What is more, there is more carbon in the combustion
products owing to high reactivity of carbon black and
less carbon is needed to obtain WC. Table 3 shows
values of the density, sample volume, and volume
change at different stages in the synthesis and densifica-
tion of WC. The results show that 4.12% of the total
volume shrinkage occurred prior to the ignition of the
reaction, with the remaining 95.88% occurring during
and subsequent to synthesis for W+ 1.1Cp, 5.19 and
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94.81% for W+ 1.2Cg, 5.52 and 94.48% for W + 1.3Cg,
respectively. The corresponding relative density of the
combustion products was determined as 89.9, 89.3 and
88.6% of theoretical, respectively. The trend of the
product densities with the ratio between tungsten and
carbon in the reactants is the same as that with activated
carbon as carbon source. X-ray analysis results for the
combustion products from the reactant mixtures,
W+1.1Cz, W+1.2Cp, and W+1.3Cg, are shown in
Fig. 10. With the increase of carbon amount in reac-
tants, the final state of reaction increases. In all cases the
carbide in the product was nearly a pure single phase.
The composition of W+ 1.3Cg and W + 1.2Cjy resulted
in the formation of WC and only for the W+ 1.1Cy very
trace W,C exists in the combustion products.
Compared with the synthesized products of the same
composition for activated carbon and carbon black in
the reactants, the shrinkage displacements for carbon
black as carbon source prior to ignition for all cases are
bigger. This is due to more gas adsorbed on the surface
of carbon black and released during the reaction, which
partly counteracts the compaction pressures. The rela-
tive densities of the combustion products are also bigger
than those for activated carbon as carbon source. This
is explained by the smaller particle size of carbon black
[Fig. 1(b)] and the concomitant relatively higher reac-
tivity and more diffusivity of carbon in tungsten particle
than those of activated carbon, which is confirmed by
X-ray analysis results of the synthesized products from
the same reactant mixtures. Taking the reactant with the
composition of W+ 1.1C as an example, very trace W,C
is found in the combustion products for carbon black
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Fig. 10. X-ray powder patterns for the FAPACS reaction products
heated to 1250 °C corresponding to the composition of reactants
(a) W+ 1.1Cp (b) W+ 1.2Cg and (c) W+ 1.3Cp.

(Fig. 10) while there are much W,C in the case of acti-
vated carbon (Fig. 8).

The experimental result that only WC together with
carbon was found in the combustion products also
proves WC is the final product of the reaction between
tungsten and carbon, which confirms the reaction
mechanism of tungsten carbide under the electric field,
depicted in the first part of our work.

Finally, Vickers microhardness measurements were
made on the polished products using a 1 kg load. The
microhardness values of synthesized products with dif-
ferent compositions and carbon sources in the reactants
are shown in Table 4. These values represent averages of
measurements on at least 15 indentations. The micro-
hardness for W+ 1.1C is the highest as compared with
that of W+ 1.2C and W + 1.3C no matter which carbon
sources are used. As we know, the microhardness of
W,C (3000 kg mm~—2) is higher than that of WC (2400
kg mm—2), and the microhardness of carbon black or
activated carbon is much lower than that of tungsten
carbides. For the former case, the final state of the
reaction between tungsten and carbon is relatively lower
and there are much W,C in the combustion product. As
for the latter case, there is too much carbon in the
reactants, leading to lower microhardness. Comparing
the microhardness of products fabricated from different
carbon sources with the same composition, the hardness
is lower for all cases when carbon black is used as car-
bon source. This is probably associated with the amount
of remained carbon in the products, which has just been
discussed above. In fact, even though only WC can be
obtained in very short time of FAPACS through adding
more carbon in the reactants, however, there is also
large amount of remained carbon in the combustion
products. Compared with conventionally synthesized
method by heating a mixture of metallic tungsten pow-
der and carbon black in a graphite furnace under a
flowing hydrogen atmosphere [14], the ratio between
tungsten and carbon is far from 1:1.

In typical hardness indentations for fabricated pro-
ducts from the reactants of W+ 1.3Cg, shown in Fig. 11,
cracks were observed at the micro-indentation corners
of the sample. The brittleness of WC at room tempera-
ture is a serious drawback for this material. One
approach to improve toughness in this brittle carbide is
to make composites with a more ductile phase, for

Table 4
Vickers microhardness of FAPACS products of W+ (1+x)C
((0.1<x<0.3)

Sample W+ W+ W+ W+ W+ W+
1.1CA 1.2Ca 1.3Co  1.ICp 1.2Cg  1.3Cp

Hardness 731 575 498 672 459 423
(kg/mm?)

Note: A, B represent activated carbon and carbon black, respectively.
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Fig. 11. Vickers microhardness indentations in W+1.3Cg (10 kg
load).

instance metallic cobalt or nickel. This is known as
ductile phase toughening. The study of simultaneous
synthesizing and densification of WC—Co and WC-Ni
composites by using FAPACS method have been done
and the results will be reported in other places.

4. Summary and conclusions

The one-step synthesis and densification of tungsten
carbides was achieved through the use of the field-acti-
vated pressure-assisted method from the reactants with
different ratio between tungsten and carbon. Below 850 °C
(on the surface of graphite die), the reaction between
tungsten and carbon cannot take place. For little richer
amount of carbon in the reactants, shrinkage displace-
ment during the processing of W+ C increased gradu-
ally with heating temperature up to the ignition
temperature and then abruptly increased. However,
gradual shrinkage displacement after the ignition can be
observed for some systems. The sudden shrinkage is not
evident during the processing and consolidation of
W + C for much richer amount of activated carbon and
carbon black. With the increase of carbon in the reac-
tants, the relative density of synthesized products
decreases. Vickers microhardness measurements were
made on all hyper-stoichiometric samples. With differ-

ent composition and carbon sources, microhardness are
different.
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