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Rapid sintering of ultra-fine WC-10 wt% Co

by high-frequency induction heating
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High-frequency induction-heated sintering (HFIHS) is utilized to consolidate ultra-fine grain
WC-10 wt% Co. Densification to near theoretical density in a relatively short time can be
accomplished with insignificant change in grain size. WC-10 wt.% Co with a relative density
of up to 99.5% was produced within 1 min with the simultaneous application of 60 MPa
pressure. The average grain size of the densified material was about 260 nm and the mean
free path in the cemented carbide was about 11 nm. The sintered material had fracture
toughness and hardness values of 13 MPa.m1/2 and 1886 kg/mm2, respectively. The
hardness is comparable to literature values but the fracture toughness is about two times
higher. These results are interpreted in terms of current effects on sintering and mass
transport. Higher heating rates result in higher density with smaller WC grain size, and
higher current-induced solubility of WC in Co is proposed as an explanation for the high
fracture toughness. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The refractory nature of transition element carbides
along with their high hardness and thermal and elec-
trical conductivities, make them attractive for applica-
tions in the cutting tool industry. Cemented carbides,
primarily those of WC have been commonly used in this
application and widely investigated. They are formed
by sintering of WC powders with the binder (typi-
cally Co or Ni) at temperature near the melting point
of the metal. The formation of a liquid phase during
sintering enhances the densification process and it is
the primary motivation for the addition of the binder
[1].

Recent increased focus on nanostructured materials
has been largely motivated by predicted and demon-
strated significant improvements in physical and me-
chanical properties in such materials [2–5]. Such ef-
forts have included research on cemented carbides.
For example, it was demonstrated that nanocrystalline
WC-Co cemented carbide powders (with crystallite size
of less than 100 nm) could be prepared by a spray
conversion process (SCP) [6]. However, when attempts
were made to consolidate these powders, the grain size
of WC increased significantly due to the fast diffu-
sion through the liquid phase during sintering. The WC
grains increased in size from less than 100 nm to 500 nm
or larger [6, 7]. Even with the addition of grain growth
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inhibitors, WC grains size increased up to 300 nm dur-
ing the process [6–8]. Thus the control of grain growth
during sintering remains a technical barrier and is one
of the keys to the commercial success of nanostructured
WC-Co composites.

The difficulties encountered in the sintering of
nanopowders due powder agglomeration have been
dealt with by the use of pressure. The application of
pressure to accelerate densification is a well-known ap-
proach in sintering studies [9, 10] through the use of
such methods as hot-pressing, hot-isostatic pressing,
hot extrusion, sinter-forging, and spark plasma sinter-
ing (SPS) [11]. The applied pressure lowers the vacancy
concentration at the grain boundaries (vacancy sinks)
relative to the pores (vacancy sources) and thus pore
shrinkage and densification rates increase. When high
pressure is applied, the contribution of plastic yield-
ing to densification is such that lower temperatures and
shorter times are required for the overall compaction
process.

In this paper, we report on results of sintering ob-
tained by a new process, high- frequency induction-
heating sintering (HFIHS), a method which combines
short-time high-temperature exposure with both high-
pressure application. The goal of this work is to pro-
duce dense nanostructured WC-10 wt% Co cemented
carbide.
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Figure 1 Schematic diagram of apparatus for high-frequency induction-
heated sintering.

2. Experimental materials and methods
The tungsten carbide-cobalt powder used in this re-
search was supplied by Nanotech Co. (Cheong-ju,
Korea) and was produced by a spray conversion pro-
cess [6, 12]. The average crystallite size is <200 nm ac-
cording to the specification by the vendor. The powders
were placed in a graphite die (outside diameter, 45 mm;
inside diameter, 20 mm; height, 40 mm) and then intro-
duced into the high-frequency induction-heated sinter-
ing system, shown schematically in Fig. 1. The system
was first evacuated and a uniaxial pressure of 60 MPa
was applied. An induced current (frequency of about
50 kHz) was then activated and maintained until den-
sification was observed, as indicating by the observed
shrinkage of the sample. Sample shrinkage is measured
by a linear gauge measuring the vertical displacement.
The induced current was varied from 60 to 90% output
of the total power capacity. Under these conditions the
sample temperature did not exceed the melting point
of cobalt, 1495◦C, thus avoiding loss of cobalt through
liquid phase extrusion. Temperatures were measured
by a pyrometer focused on the surface of the graphite
die. At the end of the process, the current was turned
off and the sample cooled to room temperature at a rate
of about 600◦C·min−1. The entire process of densifica-
tion using the HFIHS technique consists of four major
control stages. Typical parameters for the process are
presented in Table I. The process was carried out under
a vacuum of 4 × 10−2 torr.

The relative density of the sintered samples was
measured by the Archimedes method. Microstructural
information was obtained from samples after being
etched and polished. Etching was accomplished by
the use of Murakami’s reagent (10 g potassium fer-
ricyanide, 10 g NaOH, and 100 mL water) for 1–2 min
at room temperature. Compositional and microstruc-
tural analyses of the products were made through
X-ray diffraction (XRD), scanning electron microscopy
(SEM) with energy dispersive spectroscopy (EDS)
and field-emission scanning electron microscopy
(FE-SEM). Vickers hardness was measured by per-

TABLE I Processing parameters of high-frequency induction heated
sintering of WC-10 wt% Co hard materials

Parameter Applied value

Vacuum level 40 mtorr
Applied pressure 60 MPa
Induction heating:

Frequency 50 kHz
Total power capacity 15 kW
Output of total power 60–90%
Duration ∼1 min
Heating rate 950–1500◦C·min−1

Cooling rate 600◦C·min−1

forming indentations at a load of 30 kg and a dwell
time of 15 s. The structure parameters, i.e. the carbide
grain size dwc and the mean free path of the binder
phase, λ, were obtained by the linear intercept method
[13, 14].

3. Results and discussion
3.1. Densification behavior and

microstructure
The variations of shrinkage displacement and tem-
perature with heating time during sintering of WC-
10 wt%Co under 60 MPa pressure and 90% output of
total power are shown in Fig. 2. As the induced current is
applied, the shrinkage displacement increased slightly
with temperature up to about 950◦C, and then increased
abruptly as the temperature is increased from this value.
When the temperature reaches about 1140◦C, the den-
sification rate becomes nearly negligible, and as will
be seen later, and the samples had densified to 99.4%
of theoretical density in about 36 s. Further heating
to 1215◦C resulted in a small increase in density at
this power setting. The temperature pertaining to the
onset of densification is consistent with other obser-
vations on cemented carbides, reporting temperatures
in the range of 800–1000◦C [15]. The main densifica-
tion mechanism for this is carbide particle rearrange-
ment, enhanced by the diffusion and viscous flow of
the binder. The nature of the product of sintering is

Figure 2 Variations of temperature and shrinkage displacement with
heating time during high-frequency induction heated sintering of WC-
10 wt% Co hard materials (60 MPa pressure, 90% output of total power
capacity).
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Figure 3 XRD patterns of WC-10 wt% Co hard materials: (a) starting
powder and (b) sintered material.

revealed from Fig. 3, which shows the XRD patterns of
WC-10 wt%Co before and after sintering. In both cases
only peaks belonging to WC are seen, indicating that
no compositional changes took place during sintering.
Co peaks are too small to detect, but the presence of
this metal is confirmed by X-ray mapping.

FE-SEM images of unsintered and sintered materi-
als are shown in Fig. 4a and b, respectively. The latter,
shows an etched surface of a sample heated to 1215◦C
under a pressure of 60 MPa with a power level of 90%.
The WC grains of the unsintered material are round
shaped and slightly agglomerated. With sintering at
1215◦C (with a total time of induction current appli-
cation of about 44 s), the cermet exhibits WC grains
which are faceted. The average size of these grains in the
nearly fully-dense WC-10 wt% Co composite, deter-
mined by the linear intercept method, is about 260 nm.
Thus the rapid sintering by the HFIHS method had a
relatively small effect on grain size, which increased
by roughly 30%. The size of WC in the final product
obtained in this study is significantly smaller than that
obtained by a conventional liquid-phase sintering [8],
even though the initial WC grain size of the powders
was nearly the same in both cases. The microstructure
of WC-10 wt% Co consists of WC crystals embedded
in a binder phase. During the sintering process WC
crystals develop well-defined crystallographic facets, a
process which reflects differences in surface energy of
the (010) and (100) planes. Because of this anisotropy,

Figure 4 Field Emission Scanning Electron Microscope image of WC-
10 wt% Co: (a) starting powder and (b) sintered material.

WC grains tends to attain a triangular prism shape, as
has been observed before [16].

The attainment of high density in a short time
(<1 min) using induction heating with pressure is
not well understood. However, similarities between
the present method and others, including the spark
plasma sintering (SPS) method [17], the electro-
discharge compaction method [18], and resistance sin-
tering method [19] are apparent. The role of the current
(resistive or inductive) in sintering and or synthesis has
been the focus of several attempts aimed at providing
an explanation to the observed enhancement of sinter-
ing and the improved characteristics of the product. An
example of the latter is the observation of clean bound-
aries in ceramics sintered by the SPS method relative to
those obtained by conventional methods [20]. The role
played by the current has been variously interpreted,
the effect being explained in terms of fast heating rate
due to Joule heating, the presence of plasma in pores
separating powder particles [21], and the intrinsic con-
tribution of the current to mass transport [22–24]. While
evidence for the intrinsic effect is clearly demonstrated,
there is no direct evidence for the presence of plasma.
Furthermore, the assumed role of pulsing the current
in the generation of the plasma and hence the enhance-
ment of densification by its surface cleansing action
has not been validated in a recent study [25]. We would
therefore suggest that the accelerated HFIHS densifica-
tion may be attributed to a combination of fast heating
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Figure 5 Variation of temperature, shrinkage displacement, and time
with output of total power during the sintering of WC-10 wt% Co.

Figure 6 The effect of the power level on the sintering time to achieve
maximum density for WC-10 wt% Co.

rates and intrinsic effects on mass transport. Concern-
ing the latter, the solubility of WC in Co is of interest
in the present context. The carbide dissolves in cobalt
to a relatively significant extent [26]. At 1200◦C, for

Figure 7 SEM images of WC-10 wt% Co samples sintered to maximum density under power outputs of: (a) 60%, (b) 70%, (c) 80% and (d) 90%.

example, the solubility is relatively low, ≤5 mol% [27]
while the solubility of Co in WC is extremely small
(≤0.5 at%) [28]. It is quite likely that the application
of a field enhances the solubility of WC in Co. Solubil-
ity enhancement by field application has been demon-
strated in a recent study, where it was attributed to a
decrease in the free energy of dissolution [29]. This ef-
fect will be further discussed in conjunction with the
measured properties.

3.2. The effect of power output
The variation of shrinkage displacement and tempera-
ture with time for different output of total power ca-
pacity during the sintering of WC-10 wt% Co is shown
Fig. 5. In all cases, the samples initially experienced a
slight shrinkage which was followed by an abrupt in-
crease in shrinkage. The time of the onset of the rapid
shrinkage depended on the power level, increasing from
about 19 to 42 s as the power level is decreased from
90 to 60%. Correspondingly, the power level had a di-
rect influence on the heating rate, which increased from
about 950 to 1500◦C · min−1 as the power level was in-
creased from 60 to 90%. While the final temperature
for a fixed heating time naturally depended on heating
rate, the current observations clearly show the effect
of heating rate on shrinkage, providing support for one
aspect of the role of the current as indicated above.

The effect of the power level on the sintering time
to achieve maximum density (from Fig. 5) and on the
relative density at that time is shown in Fig. 6. With an
increase in the power level, the required time for den-
sification decreases and the relative density increases.
Fig. 7 shows SEM (secondary electron) images of the
samples sintered at different power level (to the max-
imum density shown in Fig. 5). The images show a
dependence of the WC grain size on the power level
(and hence on the heating rate). The grain sizes, as de-
termined by the linear intercept method, were 295, 280,
273, and 260 nm, for materials sintered with power level
of 60, 70, 80, and 90%, respectively.
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3.3. Physical and mechanical properties
The Vickers hardness, measured on polished sections
using a 30 kg load and 15 s dwell time, was 1886
kg·mm−2, a value representing an average of ten mea-
surements. This value is in good agreement with the
value 2000 kg·mm−2, reported by Richter and Ruthen-
dorf as the maximum value based on literature accounts
and on their own work on what they term as “super ul-
trafine” WC-10 wt% Co (grain size 100–300 nm) [30].

Fracture toughness was calculated from cracks pro-
duced in indentations under large loads. The length of
these cracks permits an estimation of the fracture tough-
ness of the material by means of Anstis expression [31].
A typical indentation with the radial crack pattern for
WC-10 wt% Co composite is shown in Fig. 8a. Higher
magnification view of a segment of the indentation ra-
dial crack in the composite is shown in Fig. 8b. Typi-
cally, one to three additional cracks were observed to
propagate radially from the indentation. The calculated
fracture toughness value of WC-10 wt% Co compos-
ite is about 13 MPa·m1/2. As in the case of hardness
value, the toughness value is derived from the average
of ten measurements. As Fig. 8b shows, crack segments
run along the WC-Co phase boundaries. The role of
the Co binder phase has been attributed to shielding
a stress field in front of crack tip or the bridging of
the crack ligaments behind the crack tip [32, 33]. The
fracture toughness obtained in this work, 13 MPa·m1/2,

Figure 8 (a) Vickers hardness indentation and (b) radial crack propa-
gating for WC-10 wt% Co.

is more than twice the value reported in the literature
for similar materials. Richter and Ruthendorf [30] re-
ported a fracture toughness value of about 6 MPa·m1/2

for WC-10 wt% Co with a grain size of 400 nm. Fur-
thermore, for this grain size, there is only a weak cor-
relation between fracture toughness and hardness, in
contrast to corresponding observations on WC-Co ma-
terials with larger grain sizes, where fracture toughness
decreases as harness increases. For small grain size ma-
terials (<500 nm), the fracture toughness is nearly in-
dependent of Co content [30], implying the lack of an
active role by the cobalt layer in hindering the crack
propagation. It has been proposed that cobalt behaves
in a brittle fashion when the layer thickness (the mean
free path) is below a critical value [34].

In view of the observed crack path morphology, the
markedly higher fracture toughness value obtained in
this work suggests a stronger resistance to crack prop-
agation at the carbide binder interface. The fracture en-
ergy along this interface is reported to be lower than
that for transgranular fracture [35]. The proposed sol-
ubility enhancement of WC in Co, as a result of the
application of the field is believed to be responsible for
the increased toughness. The tensile strength and duc-
tility of Co is reported to increase with an increase in
the content of W and C [36].

The structure parameters, i.e. the carbide grain size
dwc and the mean free path of the binder phase λ (the av-
erage thickness of the binder phase) are obtained from
boundary intercepts with test lines on planar sections.
We determined the average number of intercepts per
unit length of test line with traces of the carbide/cobalt
interface, NWC/Co, and of carbide/carbide grain bound-
aries, NWC/WC. From these quantities, we calculated
the average carbide grain size and the mean free path
using the fallowing relationships [9]:

dWC = 2VWC/(2NWC/WC + NWC/Co) (1)

λ = 2VCo/NWC/Co (2)

where VWC is the carbide volume fraction and VCo is
the binder volume fraction. Fig. 9 shows the Vickers
hardness and fracture toughness of WC-10 wt% Co as
a function of output of total power. As expected the

Figure 9 Vickers hardness and fracture toughness as a function of power
output (%) for WC-10 wt% Co.
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fracture toughness and the hardness increased with in-
creasing output of total power. As the power output
increases, the grain size of WC decreases due to the in-
crease in heating rate and the relative density increased.
In addition, we would anticipate a higher concentration
of WC in Co with higher power. It has been shown that
within the temperature range −196 to 900◦C, the hard-
ness of WC-Co alloys decreases with increasing WC
grain size according to a Hall-Petch type relationship
[37].

4. Conclusions
Using high-frequency induction-heated sintering, the
densification of WC-10 wt% Co hard materials was
accomplished using ultra-fine powders of WC-Co. By
this method, complete densification of this material can
be achieved within 1 min. The relative density of the
composite was 99.5% for an applied pressure of 60
MPa and an induced current of 90% output of total
capacity. The WC grain size is about 260 nm and the
average thickness of the binder phase is about 11 nm.
The fracture toughness and the hardness of WC-10 wt%
Co sintered in this study are 13 MPa·m1/2 and 1886
kg/mm2, respectively. The hardness is comparable to
literature values but the fracture toughness is about two
times higher. These results are interpreted in terms of
current effects on sintering and mass transport. Higher
heating rates result in higher density with smaller WC
grain size, and higher current-induced solubility of WC
in Co is proposed as an explanation for the high fracture
toughness.
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