
Journal of Ceramic Processing Research. Vol. 7, No. 3, pp. 224~229 (2006)

224

J O U R N A L O F

Ceramic
Processing Research

Fabrication of ultrafine binderless WC and WC-Ni hard materials by a pulsed

current activated sintering method

Hwan-Cheol Kim, In-Jin Shon*, In-Yong Ko, Jin-Kook Yoona, Jung-Mann Doha and Gyu-Won Leeb

Department of Advanced Materials Engineering, The Research Center of Advanced Materials Development, Chonbuk National

University, Jeonbuk 560-756, Korea
aMetal Processing Research Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang, Seoul 136-791,

Korea
bDepartment of Civil Engineering, The Research Center of Industrial Technology, Engineering Research Institute, Chonbuk

National University, Jeonbuk 560-756, Korea

Using a pulsed current activated sintering (PCAS) method, the densification of binderless WC and WC-Ni hard materials were
accomplished using ultra fine powder of Ni and WC. The advantage of this process is that it allows very quick densification
to near theoretical density and the prohibition of grain growth in nano-structured materials. Nearly fully dense WC and WC-
Ni with a relative density of up to 97.6% could be obtained with the simultaneous application of 60 MPa pressure and electric
current within 2 minutes without a significant change in grain size. The average grain size of WC was about 350 nm The
hardness, fracture toughness, and the relative densities of the dense WC and WC–xwt.%Ni (x=8, 10, 12) composites produced
by PCAS were investigated.
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Introduction

Many of the transition metal carbides (e.g., WC, TaC,
and TiC) are high melting-temperature compounds with
high hardness, high thermal and electrical conductivi-
ties, and a relatively high chemical stability. They are
primarily used as cutting tool and abrasive materials in
single-phase and composite structures. In the latter
case, their use as cemented carbides (particularly WC)
involves the formation of a composite with a binder
metal, such as Co or Ni. Tungsten carbide has a high
melting point (a peritectic melting temperature of
2785oC) and high hardness (16-26 GPa Vickers) [1-3].
In addition to its use as a cutting material, it has been
considered for other uses such as a catalyst (sub-
stituting for noble metals) [4-6], as a catalyst electrode
in fuel cells, and as a coating for aerospace components
[7].

Most cemented carbides of tungsten utilize cobalt as
the binder. But the high cost of cobalt and the low
corrosion resistance of the WC-Co cermet [8] have
prompted considerable research effort aimed at finding
a satisfactory alternative binder phase [9-11]. It has
been shown that by using Ni instead of Co, the

corrosion and oxidation resistance of the resulting
cermet is improved [8] but the mechanical properties
(hardness and toughness) are somewhat lower than
those of WC-Co [9].

Additionally, property improvements can be obtained
through microstructural changes, notably by grain size
refinement [12, 13]. However, preparation and pro-
cessing of cemented carbides having a refined grain
structure can result in residual porosity attributed to
localized agglomeration of the powders [14]. Moreover,
the use of conventional methods to consolidate nano-
powders often results in grain growth [15]. Minimi-
zation of grain growth can be achieved if sintering can
be carried out at lower temperatures and for shorter
times. In this regard, the spark plasma sintering (SPS)
method has been shown to be effective in achieving
this goal [16, 17]. Also recently the high-frequency
induction-heated sintering (HFIHS) technique has been
shown to be effective in the sintering of nanostructured
materials in very short times (within 1 minute) [18, 19].
When a high pressure is applied, the contribution of
plastic yielding to densification is such that lower
temperatures and shorter times are required for the
overall compaction process.

In this paper, we report results on the sintering of
binderless WC and WC-Ni by a rapid sintering pro-
cess, pulsed current activated sintering (PCAS), a method
which combines pulsed current with high-pressure
application. The goal of this work is to produce dense,

*Corresponding author: 
Tel : +82-63-270-2381
Fax: +82-63-270-2386
E-mail: ijshon@chonbuk.ac.kr



Fabrication of ultrafine binderless WC and WC-Ni hard materials by a pulsed current activated sintering method 225

ultra-fine WC-xwt.%Ni (x=0, 8, 10, 12) hard materials
in very short time sintering times (< 2 minutes). Also
we investigated the effect of Ni binder on the
mechanical properties of WC hard materials.

Experimental Procedure

The tungsten carbide powder used in this research
was supplied by TaeguTec Ltd. (Taegu, Korea). The
powder had a grain size of 0.4 μm measured by a
Fisher sub-sieve sizer (FSSS) and was reported to be
99.5% pure. Nano-sized nickel (60~80 nm), obtained
from Inframat, (Farmington, CT, USA) was used as a
binder material. Four different compositions were investi-
gated: Binderless WC, WC-8wt.%Ni, WC-10wt.%Ni,
and WC-12wt.%Ni. Field-emission scanning electron
microscope (FE-SEM) images of the starting powders
are shown in Fig. 1. As can be seen from this figure,
the WC grains and the Ni grains are generally round
and exhibit some agglomeration. All powders were
milled in a Universal Mill with a ball-to-powder weight
ratio of 6:1. Milling was done in polyethylene bottles
using tungsten carbide balls and was performed at a
horizontal rotation velocity of 300 rpm for 48 h.

The powders were placed in a graphite die (outside
diameter, 45 mm; inside diameter, 20 mm; height, 40
mm) and then introduced into the pulsed-current
activated sintering system made by Eltek Co. in the

Republic of Korea. A schematic diagram of this method
is shown in Fig. 2. The PCAS apparatus includes an
18V, 2800A DC power supply (which provides a
pulsed current with 20 μsec on time and 10 μsec off
time through the sample and die) and a 50 kN uniaxial
press. The system was first evacuated and a uniaxial
pressure of 60 MPa was applied. A DC current was
then activated and maintained until the densification
rate was negligible, as indicating by the observed
shrinkage of the sample. Sample shrinkage was mea-
sured in real time by a linear gauge measuring the
vertical displacement. Temperatures were measured by
a pyrometer focused on the surface of the graphite die.
Depending on heating rate, the electrical and thermal
conductivities of the compact, and on its relative
density, a difference in temperature between the surface
and the center of the sample exists. The heating rates
were approximately 1400 oC/min in the process. At the
end of the process, the current was turned off and the
sample was allowed to cool to room temperature. The
entire process of densification using the PCAS techni-
que consists of four major control stages. These are
chamber evacuation, pressure application, power appli-
cation, and cool down. The four major stages in the
sintering are shown schematically in Fig. 3. The
process was carried out under a vacuum of 5.33 Pa.

The relative densities of the sintered samples were
measured by the Archimedes method. Microstructural
information was obtained from product samples, which
had been polished and etched, using Murakami’s reagent
(10 g potassium ferricyanide, 10 g sodium hydroxide,
and 100 ml water), for 1-2 minutes at room temperature.
Compositional and microstructural analyses of the pro-
ducts were made through X-ray diffraction (XRD),
scanning electron microscopy (SEM) with energy dis-
persive spectroscopy (EDS) and field-emission scann-

Fig. 1. Field Emission Scanning Electron Microscope images (a)
WC and (b) Ni raw materials.

Fig. 2. Schematic diagram of apparatus for pulsed current
activated sintering.
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ing electron microscopy (FE-SEM). Vickers hardness
was measured by performing indentations at a load of
30 kgf with a dwell time of 15 s. The carbide grain
size, dwc was obtained by the linear intercept method
[20, 21].

Results and Discussion

Densification Behavior and Microstructure

The variations of shrinkage and temperature with
heating time during the sintering of WC-xwt.%Ni by
PCAS under 60 MPa pressure and pulsed DC current
of 2800A are shown in Fig. 4. In the case of binderless
WC, initially the sample exhibits an increase in volume
due to thermal expansion. As the electric current is
applied, the shrinkage displacement increased with
temperature up to about 1200oC, and then abruptly
increased as the temperature is further increased from
this value. When the temperature reaches about 1600
oC, the densification rate becomes nearly negligible,
and as will be seen later, the samples have densified to
97.6% of theoretical density in about 110s. In the case
of WC-Ni hard materials, as the electric current is

applied, the shrinkage displacement increased directly
without thermal expansion and variation of the shrink-
age displacement with heating temperature was almost
similar. When the temperature reaches about 1350 oC,
the densification rate of WC-Ni hard materials becomes
nearly negligible, and as will be seen later, the samples
have densified to 96.5% of theoretical density in about
45s. The densification temperature of WC was reduced
remarkably by the addition of Ni. So, it is expected that
Ni would be molten during the continuation of the
sintering. The main densification mechanism for this is
carbide particle rearrangement, enhancement of the
diffusion and viscous flow of the binder [22].

The temperature distribution during the PCAS
experiment (both within the sample and in the die) is
important. Despite its crucial importance, an evaluation
of the accuracy of temperature measurement in the
PCAS has received relatively little attention. It is
common practice to measure and control the temperature
during PCAS experiments using an optical pyrometer
focused on the external surface of the die. While this
may be adequate for very slow heating rates where
thermal equilibrium can be attained, it is not satisfactory
for high heating rates, whose feasibility is one of the
most obvious advantages of the PCAS process. Further-
more, since heating is resistive, the temperatures inside
the sample and that on the surface depend on the
conductivity of the sample, as well as that of the die.
The difference in temperature between the sample and
the die surface was shown in Fig. 5. This figure shows
two temperature profiles obtained, simultaneously, one
by the pyrometer and the other by a thermocouple
positioned in contact with the WC-10wt.%Ni sample.
At low temperatures (around 600 °C, the lower limit
for our optical pyrometer), the difference between both
readings is negligible, but it becomes very significant
at higher temperatures, being about 300 °C at 1500 °C
because of the heat loss of the die surface by radiation
or convection of heat. 

Fig. 3. Schematic representation of the temperature, pressure and
shrinkage displacement profiles during PCAS.

Fig. 4. Variations of temperature and shrinkage displacement with
heating time during PCAS of WC-Ni hard materials.

Fig. 5. Difference of temperature between specimen and die
surface of WC-10wt.%Ni in PCAS.
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Figure 6 shows the X-ray diffraction patterns of the
raw materials used and Fig. 7 shows the XRD patterns
of WC and WC-Ni composites after sintering by the
PCAS method, respectively. In both cases, only Ni and
WC peaks are detected; the intensity of the former
slightly increases as its content in the composite increased.
No peaks for the sub-carbide W2C or any impurity
phase are present. SEM images of etched surfaces of
samples heated to about 1350 oC for the case of WC-Ni
and heated to about 1600 oC for the case of binderless
WC under a pressure of 60 MPa using the PCAS
method are shown in Fig. 8. The initially relatively
round WC grains have become faceted during sinter-
ing. The faceting reflects the difference in surface
energy of the (010) and (100) planes. Because of this
anisotropy, WC grains tend to attain a triangular prism
shape, as has been observed before [23]. The average
size of these grains in all the nearly fully dense WC-
xwt.%Ni composites, determined by the linear intercept
method, is about 350 nm. Thus the fine structure can
be obtained without grain growth during the sintering
by the PCAS method. 

The dependence of WC grain size and relative den-
sity of the WC-Ni cermets on Ni content for samples
produced by the PCAS is shown in Fig. 9. The grain

sizes of WC for all cases of WC-xwt.%Ni(x=0, 8, 10,
12) are similar. The relative densities of binderless
WC, WC-8wt.%Ni, WC-10wt.%Ni and WC-12wt.%Ni
hard materials were about 97.6%, 96.5% 96.0% and
96.1%, respectively. The attainment of a higher density
and a finer structure in a short time using electric heat-
ing with a pressure is not well understood. However,
we would suggest that the accelerated PCAS densifi-
cation may be attributed to a combination of electrical
discharge, resistance heating, and pressure application
effects. When the electric current is applied, energy
emission may be concentrated at particle contacts that
attain high temperatures. These concentrated heat effects
at particle surfaces may cause surface melting and oxide
breakdown, similar to surface effects in the electrodis-
charge machining (EDM) process [24].

Physical and Mechanical Properties
Vickers hardness measurements were made on polished

sections of the binderless WC and WC-Ni composites
using a 30 kgf load and a 15 s dwell time. Indentations

Fig. 6. XRD patterns of raw materials (a) WC and (b) Ni.

Fig. 7. XRD patterns of WC-Ni hard materials produced by
PCAS.

Fig. 8. Scanning Electron Microscope images of WC and WC-Ni
hard materials produced by PCAS (a) WC, (b) WC-8wt.%Ni, (c)
WC-10wt.%Ni (d) WC-12wt.%Ni.

Fig. 9. Relative density and grain size as a function of Ni content in
WC-Ni hard materials.
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with large enough loads produced radial cracks emanat-
ing form the corners of the indent. The length of these
cracks permits an estimation of the fracture toughness
of the material by means of the Anstis expression [25].

KIC = 0.016(E/H)1/2 P/C3/2 (1)

where E is Young’s modulus, H the indentation hard-
ness, P the indentation load, and C the trace length of
the crack measured from the center of the indentation.
Typically, one to three additional cracks were observed
to propagate radially from the indentation. As in the
case of hardness values, the toughness values are
derived from the average of ten measurements. The
calculated hardness value and fracture toughness value
of binderless WC and WC-Ni composites are shown in
Fig. 10 as a function of Ni content for samples
produced PCAS. As expected, the Vickers hardness
decreased and the fracture toughness increased with
increasing Ni content. 

In Table 1, we provide a comparison of the hardness
and fracture toughness values obtained in this work
with those reported by others [9, 18]. In one of the
reported studies [9], WC-Co and WC-Ni were sintered
at 1380 and 1420 oC by conventional methods. The
mechanical properties of WC-Co composite are higher
than those of the WC-Ni composite. Referring to Table
1, it is seen that refinement of the WC grain size
significantly improves the hardness of cemented WC

without decreasing the fracture toughness. The hard-
ness of the binderless WC samples made in this study
is the highest. Also comparing this investigation (WC-
10Ni) with a study of WC-10 Co [18], there is a little
difference in hardness due to the decrease of relative
density with the same fracture toughness.

Summary

Using pulsed current activated sintering, the rapid
consolidation of binderless WC and WC-Ni hard
materials were accomplished using ultra fine powder of
Ni and WC. Nearly fully dense WC and WC-Ni could
be obtained within 2 minutes. The densification temper-
ature of WC was reduced remarkably by the addition
of Ni. The grain size of WC was about 350 nm. The
fracture toughness and hardness values of WC, WC-
8Ni, WC-10Ni, and WC-12Ni made by PCAS were 6.6
MPa·m1/2 and 2480 kg/mm2, 12.2 MPa·m1/2 and 1796
kg/mm2, 12.9 MPa·m1/2 and 1725 kg/mm2, 13.6 MPa·m1/2

and 1597 kg/mm2, respectively for 60 MPa and a puls-
ed DC current of 2800A. The mechanical properties of
WC-Ni obtained by PCAS were higher than those
obtained by a conventional method. 
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