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The single-step synthesis and densification of the WC–6Co cemented carbide starting
from elemental powders was obtained by the spark plasma sintering (SPS) technique.
The operating conditions that guarantee the complete conversion of the reactants to the
desired full dense material have been identified. Specifically, under the application of
800 A and a mechanical pressure of 40 MPa for about 200 s, a product with relative
density higher than 99%, hardness of 14.97 ± 0.35 GPa, and 12.5 ± 1.0 MPa m0.5

fracture toughness was obtained. A kinetic investigation of the SPS process was also
performed. It revealed that an intermediate phase, i.e., W2C, is the first carbide formed
during the carburization process. It was observed that the synthesis and sintering stages
take place simultaneously. It was also found that as the applied pulsed current intensity
was augmented, the synthesis/sintering time required decreased significantly.

I. INTRODUCTION

It is well known that WC–Co cermet materials possess
attractive mechanical properties, i.e., wear/abrasion re-
sistance, high hardness, and elastic modulus, as well as a
good fracture toughness, which make them extensively
used in several areas, in particular, as cutting and ma-
chining tools.1–3 Therefore, due to their practical impor-
tance, several studies have been conducted in the last
decades to investigate and improve their mechanical
properties.

Typically, dense cemented tungsten carbides are pro-
duced following two steps. First, powders of WC are
synthesized, and subsequently, the obtained powders are
subjected to a sintering/consolidation process after they
are mixed with the metal binder.

Several methods of synthesizing WC powders have
been proposed. Carburization of tungsten powder at high
temperature is typically used to produce tungsten car-
bide.4,5 With the goal of obtaining nanostructured

powders, other techniques including, for example, ball
milling,6–8 spray conversion process (SCP),9 and spray
thermal decomposition,5 have also been used recently.
Moreover, 99% pure WC powders with 1–2 �m particle
size were prepared from elements through the Self-
propagating high-temperature synthesis (SHS) method
in the presence of a highly exothermic mixture (Mg +
Teflon) as reaction promoter.10

Regarding the consolidation stage, besides conven-
tional sintering methods, hot pressing (HP) and hot iso-
static pressing (HIP),5,8 as well as other more recently
developed techniques—for example, spark plasma sin-
tering (SPS)9,11,12—are also used for the preparation
of dense WC–Co composites. In particular, cemented
functional gradient materials (FGM) carbide with four
gradient layers (from 6 to 20 wt% Co) was fabricated by
an automatic SPS system starting from fine (average par-
ticle size less than 0.5 �m) WC powders.12

The synthesis and consolidation by a single-step proc-
ess starting from elemental powders was obtained by
field-activated pressure assisted combustion synthesis
(FAPACS)13 and high-frequency induction heated com-
bustion synthesis (HFIHCS).14

Along these lines, in the present investigation, the si-
multaneous synthesis and densification of WC–6 wt%
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Co using the SPS apparatus was investigated when
starting from commercial elemental reactants. This
technique, which basically consists of the simultaneous
application of a pulsed electric current and a mechanical
load through the reacting sample, was demonstrated to be
very attractive for the preparation of dense bodies includ-
ing nanostructured materials.15–18

Initial powder mixtures used in previous studies,9,11,12

which took advantage of the SPS technique for the ob-
tainment of dense cemented carbides, consisted of pre-
viously synthesized tungsten carbide to be subjected to
the sintering/consolidation stage. This is not the case of
the proposed study. Moreover, the nominal composition
of the cemented composites investigated by SPS in the
cited studies, i.e., WC–10 wt% Co,9 WC–10Co–
0.8VC,11 and WC–Co FGM materials,12 is different from
the one considered in this work.

A kinetic investigation on the transformation proc-
ess of initial elemental reactants to the desired compo-
site is first performed in this work. Subsequently, the
influence of the applied electric current on the synthe-
sis process dynamics as well as product characteristics
is examined. A comparison of the mechanical proper-
ties of the synthesized materials with the analogues
available on the market, as well as those prepared using
the other techniques mentioned above, is also reported.

II. EXPERIMENTAL MATERIALS AND METHODS

The characteristics of the starting powders used in the
present investigation as well as their sources are reported
in Table I. The tungsten and graphite powders were
weighted in equiatomic ratio, and the cobalt powder was
added in an amount sufficient to obtain a concentration of
6 wt% in the final product. All powders were dry mixed
in a SPEX 8000 (Metachen, NJ) mill for 30 min. Milling
was done in a stainless steel jar using alumina balls.

A SPS 515 apparatus produced by Sumitomo Coal
Mining Co. Ltd. (Tokyo, Japan), was used to synthesize
dense WC/Co. It combines a 50 kN uniaxial press with a
direct current (dc) pulsed current generator (10 V, 1500 A,
300 Hz) to simultaneously provide a pulsed electric cur-
rent through the sample and the graphite die containing
it, together with a mechanical load through the die plung-
ers. Two cylindrical graphite blocks (diameters of 80 mm
and 30 mm, and height of 40 mm) were placed between
the upper plunger and the upper electrode, as well as the

lower plunger and the lower electrode. The die, plungers,
and blocks were all made of AT101 graphite (Atal s.r.l.
Sull’adda, Italy).

About 11 g powder mixture was first cold-compacted
inside the die (outside diameter, 30 mm; inside diameter,
15 mm; height, 30 mm). To protect the die and facilitate
the sample release after synthesis, a 99.8% pure graphite
foil (0.13 mm thick, Alfa Aesar, Karlsruhe, Germany)
was inserted between the internal surface of the die and
between the top and the bottom surface of the sample and
the graphite plungers (14.7 mm diameter, 20 mm height).
In addition, with the aim to minimize the heat loss by
thermal radiation, the die was covered with a layer of
graphite felt. The die was then placed inside the reaction
chamber of the SPS apparatus and the system was evacu-
ated (10 Pa). This step was followed by the application of
40 MPa mechanical pressure through the plungers. The
experiment is initiated with the application of a previ-
ously set constant value of the electric current for a given
time. Temperatures were measured during synthesis by a
C-type thermocouple, which was inserted inside a small
hole in one side of the graphite die. Temperature, applied
current, voltage, mechanical load, and the vertical dis-
placement (�) of the lower electrode were measured in
real time and recorded. The parameter � can be regarded
as the degree of powdered compact densification. In fact,
as a consequence of the sample shrinkage, the lower
electrode moves up because of the applied mechanical
load. However, also thermal expansion of the sample
as well as that one of both electrodes, graphite blocks,
spacers and plungers, contribute to the variations of
this parameter. Therefore, the real degree of consolida-
tion can be gained only by measuring the density of
the sample at the end of the process. For the sake of
reproducibility, each experiment was repeated at least
twice.

After the synthesis process, the sample was first al-
lowed to cool and was then removed from the die. The
relative density of the product was determined by geo-
metrical measurements and by the Archimedes method.
Phase identification was obtained using a Philips PW
1830 (Almelo, The Netherlands) x-rays diffractometer
with Cu K� radiation (� � 1.5405 Å) and Ni filter. The
microstructure of the end products was examined by
scanning electron microscopy (SEM; Hitachi S4000, To-
kyo, Japan) and local phase composition was determined
by energy dispersive x-ray spectroscopy (EDXS). Phase
content in the final product during the kinetic investiga-
tion of the process was determined from x-ray diffraction
(XRD) patterns by the Rietveld refinement procedure.19,20

An indentation method using a Zwick 3212 (Ulm, Ger-
many) tester machine was used to determine Vickers
microhardness and fracture toughness (KIC) of the SPS
material. Specifically, the Anstis formula21 was used to
evaluate the KIC values.

TABLE I. Characteristics of the starting powders used in the present
investigation.

Reactant Source Particle size Purity

Tungsten (W) Aldrich (26,751-1) 12 �m 99.9%
Graphite (C) Aldrich (28,286-3) 1–2 �m ���

Cobalt (Co) Aldrich (26,663-9) <2 �m 99.8
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III. RESULTS AND DISCUSSION

A. Kinetic study of the synthesis/
densification process

The kinetics of formation of the cemented carbide
WC–Co by SPS has been studied by simultaneously
applying a constant pulsed electric current (I) and me-
chanical pressure (P) for different predetermined time
intervals, hereafter indicated by (tI�0). Specifically, the
influence of this parameter on the composition of the
obtained SPS products was investigated in the range
of tI�0 � 30 to 240 s, for the case of I and P equal to
800 A and 40 MPa, respectively. The applied current,
voltage, temperature, and displacement time profiles
recorded during the SPS run corresponding to tI�0 �
240 s are shown in Fig. 1. Shorter time intervals during
which the pulsed electric current is applied, i.e., tI�0 �
30, 60, 90, 120, 150, and 180 s, are indicated only in
Fig. 1, which otherwise would become too confusing.

It may be seen that [compare Fig. 1(a)] the current was
augmented from to 0 to 800 A in about 20 s and then kept
constant to the latter value until the selected tI�0 was
reached. Correspondingly, when the current was aug-
mented from 0 to 800 A the voltage showed a very rapid

increase until it reached its maximum value, i.e., about
4.8 V. Subsequently, while the current intensity was
maintained at the set value of 800 A, the voltage gradu-
ally decreased until it dropped to zero when the applica-
tion of the current was interrupted. The voltage decrease
after its maximum value has been reached can be related
to the increase of the temperature of the reacting system
[compare Fig. 1(b)] encountered during this stage, which
is accompanied by a decrease of its electrical resistivity.

The increase of sample temperature with time is a
consequence of the heat generation by Joule effect. Al-
though the temperature of the system seems to approach
to an asymptotic value, i.e., the thermal equilibrium is
reached, this condition is not obtained within the tempo-
ral range, i.e., 0–240 s, considered in this study.

The displacement temporal profile shown in Fig. 1(b)
reveals that during the first 20 s, i.e., before the current
reaches 800 A, the system did not show any noteworthy
variation of this parameter. Then � commenced to
slightly rise for about 15–20 s up to 0.08–0.10 mm, but
no significant variation is observed in the next 45 s.
However, at this point the displacement abruptly in-
creased until it reaches its final value (about 2 mm). It is
possible to observe that the rapid sample displacement
starts to occur when the temperature is in the range 1000–
1100 °C. A further application of the current did not
result in any appreciable variation of the displacement,
while the observed increase of � when the application of
the electric current was interrupted was a direct conse-
quence of the die/plungers/sample thermal shrinkage
which accompanied the cooling of the system.

To monitor the time evolution of reacting system com-
position during the synthesis of WC–6 wt% Co by SPS,
the final samples obtained under the conditions previ-
ously examined, i.e., tI�0 � 30, 60, 90, 120, 150, and
180 s, were analyzed by XRD. The results are reported in
Fig. 2. It was found that when the current was applied for
30 and 60 s, only the reactants peaks were detected in
the XRD patterns. However, when tI�0 was increased to
90 s (compare with Fig. 2), the XRD analysis of the
corresponding end-product shows the first evidence of
the formation of the final desired product WC along with
the appearance of the sub-stoichiometric carbide W2C. A
further increase of tI�0 to 120 s resulted in a significant
augment of WC content, although W2C, graphite, and,
above all, unreacted tungsten, were still present in the
obtained product. However, the latter one strongly de-
creased when the current was applied for 150 s. In fact,
under these experimental conditions, the final product
was mainly composed of the desired carbide phase WC
with only small traces of the initial reactants, with W2C
also completely absent in the pattern. Finally, as shown
in Fig. 2, all the undesired phases disappeared from
the XRD pattern, i.e., full conversion of tungsten and
graphite to WC was obtained, when tI�0 was further

FIG. 1. Temporal profiles of SPS outputs: (a) current intensity and
voltage, (b) temperature and sample displacement (I � 800 A, P � 40
MPa); t1 � 30 s, t2 � 60 s, t3 � 90 s, t4 � 120 s, t5 � 150 s, t6 �
180 s, t7 � 210 s, t8 � 240 s.
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increased to 180 s. An additional increase of the holding
time to 240 s did not produce changes in the final prod-
uct, i.e., the complete conversion of starting reactants to
the desired phase was reached.

It is now possible to correlate the results shown in
Fig. 2 with those reported in Figs. 1(a) and 1(b). In fact,
by considering the displacement temporal profile
[Fig. 1(b)], it is apparent that the rapid increase of �
observed in the time period 90–180 s corresponds to the
most significant conversion of W and C to form the final
carbide phase WC. As a consequence, the abrupt sample
displacement can be associated with the occurrence of
the reaction formation of the desired carbide phase.

On the basis of the consideration above, the time at the
flex point in the curve showing the displacement tempo-
ral profile is defined as the reaction time tR and the
corresponding temperature reached by the system is in-
dicated by TR. Specifically, under the experimental con-
ditions considered above, i.e., I � 800 A, P � 40 MPa,
tR and TR were equal to about 120 s and 1150 °C,
respectively.

Quantitative insights on the evolution of the reaction
synthesis during SPS can be gained by examining the
results shown in Fig. 3, where the relative amount of each

phase involved in the process is reported as a function of
the time interval during which the pulsed electric current
is applied. These results, which are obtained from the
XRD analyses as described in the experimental section,
still clearly demonstrate that as the conditions where the
significant sample displacement is observed, the quantity
of W rapidly decreases while WC increases correspond-
ingly. It is interesting to note that the amount of the
sub-stoichiometric carbide W2C in the product first in-
creases then disappears as the holding time is augmented.
This can be then considered as an intermediate product in
the synthesis reaction to form WC from elemental pow-
ders by SPS. This consideration is supported by the re-
sults obtained by investigating the carburization process
of tungsten powders with carbon.22 In fact, it was found
that ditungsten carbide, W2C, is formed first, and it is
only subsequently converted to WC.

Regarding the microstructure characterization of the
obtained SPS products, Figs. 4(a) and 4(b) show two
SEM micrographs of the samples obtained by applying
the pulsed electric current for 120 and 180 s, respec-
tively. In particular, Fig. 4(a) refers to conditions right
before the rapid sample displacement occurs [Fig. 1(b)].
From the micrograph shown in Fig. 4(a), it clearly ap-
pears that the examined sample is characterized by a very
high degree of porosity. In addition, energy dispersive
spectroscopy (EDS) analysis revealed that the lighter
areas correspond to tungsten while the darker ones are re-
lated to cobalt. Graphite cannot be seen due its low mo-
lecular weight. It was also inferred that the dark gray re-
gions correspond to the carbide phase at its early stage of
formation. In addition, small traces of cobalt were found in
the outer areas of the tungsten regions as a consequence
of solid diffusion of cobalt into tungsten grains. As a
consequence, it clearly appears that the examined sample
corresponds to the early stage of the reacting process.

FIG. 2. XRD patterns of SPS products obtained at different values of
the time interval during which the pulsed electric current is applied
(I� 800 A, P � 40 MPa).

FIG. 3. Relative amount of the different phases detected in the SPS
products as a function of the time interval during which the pulsed
electric current is applied (I � 800 A, P � 40 MPa).
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The micrograph shown in Fig. 4(b) is, on the other
hand, related to a sample obtained by SPS when inter-
rupting the application of the current after the completion
of the rapid displacement (tI�0 � 180 s), as shown in
Fig. 1(b). SEM and EDS results are consistent with XRD
analysis (Fig. 2); the sample is characterized by full con-
version and relatively high density. The microstructure of
the obtained WC/Co composite revealed that it consists
of WC grains embedded in the binder phase, even if the
latter is not clearly visible due to its low content in the
final product.

So far, attention has been mainly focused on the reac-
tion synthesis. However, since the objective of the work
is also to obtain a dense material, the consolidation proc-
ess represents an important issue to be investigated. The
evolution of densification phenomena during the synthe-
sis of WC–Co by SPS can be deduced from Fig. 5, in

which the end-products density has been plotted as a
function of the time intervals during which the current is
applied, tI�0. It is seen that the samples obtained when
tI�0 is relatively short (less than 150 s) show a very high
degree of porosity as a consequence of the incomplete
sintering process. However, if the time is increased up
to 180 s, products characterized by high density, about
15.2 g/cm3, i.e., 100% of the theoretical density, are
achieved. A further increase of tI�0 up to 240 s did not
result in significant changes of samples density.

Again, it is important to note that the marked increase
in product density takes place when the current is applied
for a duration approaching to the previously defined re-
action time tR. This fact allows us to conclude that the
synthesis and sintering stages of the WC–6% Co com-
posite by SPS starting from elemental powders take place
simultaneously.

In addition, it can be assessed that the synthesis and
sintering stages can be considered complete when the
displacement–time curve approaches to its asymptotic
value, i.e., which required a time interval during which
the electric current is applied of 180–200 s [Fig. 1(b)] for
the case of the current level, i.e., I � 800 A, considered
in this study.

B. Effect of the applied current intensity

The effect of the pulsed electric current intensity (I) on
the simultaneous synthesis and densification of the com-
posite WC/Co was investigated in the range 600–900 A
while the mechanical pressure was maintained constant
and equal to 40 MPa for all cases. The application of the
electric current was interrupted when the displacement
reached its stationary value (plateau). In fact, as dis-
cussed in the previous paragraph, under the latter condi-
tions the synthesis and sintering phenomena can be con-
sidered complete.

FIG. 4. SEM backscattered micrographs of two SPS end-products
corresponding to (a) tI�0 � 120 s and (b) tI�0 � 180 s (I � 800 A,
P � 40 MPa).

FIG. 5. Densities of end-products obtained by SPS as a function of the
time interval during which the pulsed electric current is applied (I �
800 A, P � 40 MPa).
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The obtained current, voltage, temperature, and dis-
placement time profiles are shown in Figs. 6(a)–6(d). It is
seen that similar profiles from the qualitatively point of
view are found under the different current levels consid-
ered. However [Fig. 6(a)], it is apparent that to obtain
the complete conversion and densification of the SPS
product lower tI�0 values, i.e., the electric power be-
ing interrupted earlier, are required as the current level
increases.

XRD analyses of the SPS product showed that under
the different current levels considered, regardless of the
current level applied, a complete conversion of the initial
reactants in the final desired carbide phase, WC, was
achieved. A close full dense material, i.e., relative den-
sity higher than 99%, was also obtained under the entire
range of current level investigated.

In addition, voltage increases as the applied current is
augmented [Fig. 6(b)] as a consequence of the ohmic
behavior of system. The temperature profiles shown in
Fig. 6(c) were significantly affected by the level of the
applied electric current. Specifically, the heating rate,
i.e., the slope of the temperature–time curves, increased
as the current level was augmented. This aspect is di-
rectly connected to the corresponding relatively higher
heat generation by the Joule effect. This result can be
also associated with the recorded displacement temporal
profiles reported in Fig. 6(d). In fact, it is clearly seen
that as the current is augmented, the position of the
curves where the rapid sample displacement takes place
is anticipated while its slope increases. This means that,

as the heating rate is increased, the onset of the transfor-
mation of the elemental reactants to the desired carbide
product occurs earlier and the reaction itself becomes
faster. These results are summarized in Fig. 7, where the
effect of the applied current on the previously defined tR
and TR values is shown. It is apparent that, while TR

seems not to be appreciably affected by current level, tR
markedly decreases as I increases, being this dependence
stronger at lower current levels.

The value of TR is very close to the minimum
temperature of 1050 °C required to obtain full dense
WC–10Co by SPS when starting from conventional WC
and Co powders.9 In fact, the use of temperature lower
than the limit above produced only relatively porous
product. This behavior was justified by the fact that a
complete densification of WC–Co composites was pos-
sible only through a mechanism of liquid phase sintering.
Consistently, the latter also seems to play a major role in
the densification stage in the SPS process investigated in
this work.

Regarding this aspect, during sintering of WC-Co,
considerable shrinkage was observed to occur at tem-
perature slightly higher than 1200 °C, i.e., not only be-
fore the melting point of cobalt (T � 1495 °C) is
reached, but also before the eutectic liquid WC–Co is
formed (T � 1350 °C).3,23 Although the TR value is
lower than 1200 °C, it is worth noting that, as reported in
the Sec. II, temperature measurements were performed in
the graphite die using a thermocouple inserted inside a
small hole. Therefore, it is likely that the temperature in

FIG. 6. Temporal profiles of SPS outputs obtained at different levels (600–900 A) of the applied current: (a) current intensity, (b) voltage,
(c) temperature, and (d) sample displacement (P � 40 MPa).
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the reacting sample is higher and can locally reach the
value above.

Vickers microhardness measurements were performed
on polished SPS composites samples using a 294.3 N
(30 kg) indentation load and 15 s dwell time. The cor-
responding hardness value, as a result of ten measure-
ments, was found to be equal to 14.97 ± 0.35 GPa. In
particular, this result refers to products obtained when
I � 800 A and tI�0 � 240 s. The estimation of fracture
toughness of the SPS material was determined using the
Anstis formula21 as follows

KIC = 0.016 �E

H�0.5 P

L1.5 ,

where KIC is the fracture toughness of the material, E is
the Young’s modulus, H is the hardness, P is the applied
load, and L is the length of the crack measured from the
center of the indentation. The average of ten measure-
ments provides a calculated fracture toughness equal to
12.5 MPa m0.5 and an uncertainty of ±1.0 MPa m0.5.

The obtained values are very similar to, sometimes
better than, the best results reported in the literature for
WC–Co dense products based on the same nominal com-
position, particularly when considering fracture tough-
ness characteristics.3,13 Specifically, while the hardness
of the synthesized SPS material is a little lower than the
value of 15.5 GPa reported by Upadhyaya3 for commer-
cial dense WC–6 wt%Co products, the calculated frac-
ture toughness observed in this work is greater than the
corresponding reported value of 9.6 MPa m0.5.3 This
characteristic is still in evidence when the comparison is
extended to the WC–Co composite materials with the
same or very close nominal composition, i.e., the cobalt
content is in the range 5.9–6.0 wt%, obtained from al-
ternative conventional and innovative techniques, for in-
stance one-step FAPACS.13 First, it is reported that the

WC–5.9 wt% Co products obtained using the FAPACS
method, which is similar to the technique considered in
this work, appear to be superior in terms of microhard-
ness (18.6 GPa) to those ones produced by conventional
techniques.13 This is also true when the comparison
includes the SPS products obtained in this work. How-
ever, regarding fracture toughness, a much higher
value (12.5 MPa m0.5) was obtained in our case, since
it was found to be 8.6 MPa m0.5 for the case of WC–
5.9 wt% Co samples produced by FAPACS, and values
up to 10.0 MPa m0.5 were reported for WC–6 wt% Co
using conventional techniques.13

In addition, Park et al.13 showed that an augment of
the Co content in the composite up to 12.5 wt% Co
produced only a slight increase of the fracture toughness
up to 9.4 MPa m0.5, while the corresponding hardness
decreased more significantly to 16.4 GPa.

The observed difference of structural characteristics of
products obtained using FAPACS or SPS may be ex-
plained on the basis of different products density, i.e.,
higher than 99% theoretical value for SPS product and in
the range 97–98% for the similar one (5 vol% Co content
equivalent to 5.9 wt% Co), prepared using FAPACS.13

This result is related to different operating conditions
encountered during the two synthesis/densification proc-
esses. Firstly, a direct current is used in the FAPACS
apparatus while the SPS technique is based on the use of
a pulsed current, which could play an important role in
the synthesis/densification process.12,15 In addition, a
current intensity of 3000 A (which corresponds to a cur-
rent density, calculated by considering the die or the
plunger cross sections, of about 2400 or 9550 kA/m2,
respectively) and a mechanical pressure of 60 MPa, are
adopted during the FAPACS process. On the other hand,
lower current, i.e., 800 A (corresponding to a current
density, calculated by considering the die or the plunger
cross sections, of about 1130 or 4530 kA/m2, respec-
tively), as well as smaller mechanical pressure (40 MPa)
levels are used during the SPS procedure. Moreover, as
described in the experimental section, the use of graphite
felt in the SPS process to cover the graphite die with the
aim of minimizing heat losses by thermal radiation, can
also affect the temperature distribution inside the sample
and consequently the final product microstructure.

IV. CONCLUDING REMARKS

The synthesis and consolidation of the WC–6Co ce-
mented carbide starting from elemental W, C, and Co,
powders was obtained in a single-step process by taking
advantage of the SPS technology.

The application of an electric pulsed current of 800 A
and a mechanical pressure of 40 MPa for about 200 s,
allows for the obtainment of a pure dense product (rela-
tive density higher than 99%). The latter one displayed a

FIG. 7. Dependence of tR and TR on the applied current level.
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Vickers microhardness and fracture toughness values of
14.97 ± 0.35 GPa, and 12.5 ± 1.0 MPa m0.5, respectively.

A kinetic study of the synthesis process has been first
performed. This investigation was based on the monitor-
ing of product composition and density as the time in-
terval during which the pulsed electric current is applied
was gradually increased. The conditions for obtaining the
complete conversion of the starting reactants to the de-
sired full dense material have been identified. In particu-
lar, the synthesis and sintering stages, which are ob-
served to occur simultaneously, can be considered com-
pleted when the displacement–time curve approaches an
asymptotic value. In addition, by examining product
compositional changes in parallel with sample displace-
ment, it was found that the observed relatively rapid
sample shrinkage, corresponded to a significant decrease
of W and WC increase. However, the first carbide
formed appeared to be the intermediate phase W2C,
which, as the SPS holding time was augmented, was
gradually converted to WC.

The dependence of process dynamics on the electric
current level was then examined systematically. As the
applied current intensity was augmented, the time where
the maximum densification rate was observed to occur,
considerably decreased, being this effect more significant
when operating at low current levels. In addition, the
corresponding temperature did not chance appreciably as
the current was varied. This fact was associated to a
liquid phase sintering mechanism which is governing the
densification process.
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