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Using the pulsed current activated sintering method, WC-5 wt.% carbides hard materials were densified using an ultra-fine
WC-NbC, TaC, TiC and ZrC powder. The WC-carbides were nearly completely dense with a relative density of up to 99%
after the simultaneous application of 60 MPa of pressure and about 10 minutes of electric current without significant change
in the grain size. The average grain size of WC that was produced through PCAS was approximately 500 nm. The hardness
and fracture toughness of the dense WC-Carbide composites were also investigated.
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Introduction

Many of the transition metal carbides (e.g., WC,
NbC, TaC, TiC and ZrC) are high melting-temperature
compounds with high hardness, high thermal and
electrical conductivities, and a relatively high chemical
stability. They are primarily used as cutting tools and
abrasive materials in single-phase and composites. In
the latter case, their use as cemented carbides involves
the formation of a composite with a binder metal, such
as Co or Ni. Tungsten carbide has a high melting point
and high hardness [1, 2]. In addition to its use as a
cutting material, it has been considered for other uses
such as a catalyst (substituting for noble metals) [3-5],
as a catalyst electrode in fuel cells, and as a coating for
aerospace components [6].

Cemented carbides are widely used for wear parts in
various applications, i.e., face seals, tools for metal
cutting and rock drilling. Binderless carbides have been
developed as a complement to conventional cemented
carbides for use in corrosive environments where the
metal binder degrades [7]. Normally binderless
carbides have a lower abrasion resistance than metal-
rich cemented carbides, however higher than that of
common engineering ceramics. The main advantages
of the materials over other ceramics in wear
applications is its ability to withstand high pressures
and speed in sliding contact without microfracturin [8].

When conventional sintering processes are used to
sinter nano-sized powders, concomitant grain growth

leads to the destruction of the nanostructure. This
focuses attention on consolidation methods in which
grain growth can be eliminated or significantly
reduced. To accomplish this, rapid sintering methods
have been widely used to sinter nano-sized powders.
The most obvious advantage of rapid sintering is that
fast heating and cooling rates, and short dwell times
lead to bypassing low-temperature, non-densifying
mass transport (e.g., surface diffusion) [9, 10]. However,
conventional rapid heating can lead to temperature
gradients and thus differential densification (non-
uniform microstructures), low density, or specimen
cracking. To overcome these difficulties, other rapid
sintering techniques, such as the high-frequency
induction heated sintering (HFIHS) [11-13], have
been developed. 

So, controlling the grain growth during sintering is a
key component to the commercial success of
nanostructured WC-carbide composites. In this study,
WC-carbides were sintered using a rapid sintering
process that is known as pulsed current activated
sintering. This method combines a pulsed current with
the application of a high pressure. The goal of this
study was to produce dense, ultra-fine WC-5 wt.%
carbide hard materials in very short sintering times
(< 10 minutes). Additionally, the mechanical properties
of the WC hard materials were investigated. 

Experimental Procedure

In this study, 99.95% pure tungsten carbide
(0.4 ~ 0.5 µm, TaeguTec Ltd.), 99.5% pure Niobium
carbide (< 10 µm, Alfa Products), 99.5% pure
Tantalnum carbide (−325 mesh, Alfa Products), 99.5%
pure Titanium carbide (2 µm, Alfa Products), 99.5%
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pure zirconium carbide (−325 mesh, Alfa Products)
powders were used as the starting materials. Figs. 1
and 2 show the FE-SEM images and XRD patterns of
the raw materials that were used. The mixed WC and
Carbide powder with a weight ratio of 95 : 5 was
milled in a high energy ball mill (planetary mill) at
250 rpm for 10 hrs. Tungsten carbide balls (6 mm in
diameter) were used in a sealed cylindrical stainless
steel vial with alcohol. The weight ratio of the balls-to-
powder was 10 : 1, and the alcohol-to powder-was
2 : 1. The milling significantly reduced the grain size of
the powder. The grain size and the internal strain was
calculated using Stokes and Wilson’s formula [14]:

b = bd + be = kλ /(dcosθ) + 4εtanθ (1)

where, b is the full width at half-maximum (FWHM)
of the diffraction peak after the instrumental correction;
bd and be are the FWHM for a small grain size and

Fig. 1. FE-SEM images of the raw materials; (a) WC, (b) NbC, (c) TaC, (d) TiC and (e) ZrC. 

Fig. 2. XRD patterns of raw materials; (a) WC, (b) NbC, (c) TaC, (d) TiC and (e) ZrC. 

Fig. 3. FE-SEM images of milled WC-5 wt.% carbide powders;
(a) NbC, (b) TaC, (c) TiC and (d) ZrC.
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internal strain, respectively; k is a constant (with a
value of 0.9); λ is the wavelength of the X-ray
radiation; d and ε are the grain size and the internal
strain, respectively; and θ is the Bragg angle. The
parameters b and bs follow Cauchy’s form with the
relationship: B0 = b + bs, where B0 and bs are the
FWHM of the broadened Bragg peaks and a standard
sample’s Bragg peaks, respectively. Figs. 3 and 4
shows the FE-SEM and XRD patterns of the milled
WC-5 wt.% Carbides powder mixture. The FWHM of
the milled powder was greater than the raw powders
due to the increase in the internal strain and the
refinement of the grain size. The average grain sizes of
the milled WC and NbC, TaC, TiC, ZrC powders were
284 and 210, 167, 195, 173 nm, respectively. After
milling, the mixed powders were placed in a graphite
die (outside diameter, 30 mm; inside diameter, 10 mm;
height, 40 mm), and then placed into a rapid sintering
system that was made by Sumitomo Coal Mining in
Japan. A schematic diagram of this method is shown in
Fig. 5. The PCAS apparatus included a 25 V, 1000 A
DC power supply (which provided a pulsed current for
12 ms with an off time of 2 ms through the sample and
die) and a 10 ton uniaxial press. First, the system was
evacuated, and a uniaxial pressure of 60 MPa was
applied. Then, a DC current was activated and
maintained until the densification rate was negligible,
as indicated by the observed shrinkage of the sample.
The sample shrinkage was measured in real time using
a linear gauge for the vertical displacement. The
temperature was measured using a pyrometer that was
focused on the surface of the graphite die. Depending
on the heating rate, the electrical and thermal
conductivities of the compact, and its relative density,
the temperature on the surface and in the center of
the sample could differ. The heating rate was
approximately 100 Kminute−1 during this process. After

the process was complete, the current was turned off,
and the sample was allowed to cool to room
temperature. The entire densification process using the
PCAS technique consisted of four major control stages,
including the chamber evacuation, pressure application,
power application, and cool down. The four major
sintering stages are schematically shown in Fig. 6. This
process was carried out under a vacuum of 6 Pa. The
relative densities of the sintered samples were
measured using the Archimedes method. Microstructural
information was obtained from the product samples,
which were polished and etched using a Murakami’s
reagent (5 g Fe3(CN)6, 5 g NaOH, and 50 ml distilled
water), for 60 to 150 sec at room temperature. The
compositional and microstructural analyses of the
products were carried out through X-ray diffraction
(XRD) and field-emission scanning electron microscopy
(FE-SEM).

The Vickers hardness was measured by performing
indentation tests at a load of 30 kg and a dwell time

Fig. 4. XRD patterns of milled WC-5 wt.% carbide powders; (a) NbC, (b) TaC, (c) TiC and (d) ZrC.

Fig. 5. Schematic diagram of apparatus for PCAS. 
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of 15 sec. The carbide grain size, dwc, was obtained
using the linear intercept method [15, 16]. 

Results and Discussion

The variations of shrinkage displacement and
temperature with heating time during the sintering of
WC-5 wt.% carbide hard materials using PCAS under
a pressure of 60 MPa pressure are shown in Fig. 7.
As the electric current is applied, the shrinkage
displacement was nearly constant up to 600 oC, but
then abruptly increased above this temperature. Fig. 8
shows the FE-SEM images of the WC-5 wt.% carbide
samples that were heated to 1000 oC. The carbides
were distributed homogeneously. Fig. 9 shows the
XRD patterns of WC-5 wt.% carbide hard materials
after sintering by PCAS in this work. For the WC-
5 wt.% carbide hard materials, only carbide peaks were
observed.

Two different methods were used to calculate the
grain size (Stokes and Wilson’s formula [14] and the
linear intercept method). By the first expression, which
was proposed by Stokes and Wilson’s formula, the
average grain sizes of WC were about 450, 483, 660,
and 720 nm for the sintered WC-5 wt.% TaC, TiC,
NbC and ZrC hard materials.

In the second expression, which was proposed by the
linear intercept method, the sample surface preparation
for the FE-SEM investigations was performed in
accordance with the ASTM Method B657 for the
metallographic determination of the microstructure in
cemented carbides. Accordingly, the surface was
polished in three steps. First, the samples were hand-
ground on a 120 pm grade diamond grinder in order to
remove at least 100 pm of the material. Then, a 6 pm
grade grinder was used. Finally, the samples were
polished using a 1 µm grade diamond paste. The
surface was etched using Murakami’s reagent for 60 to
150 sec at room temperature, then rinsed with alcohol
and dried with acetone through ultra-sonication in

order to identify the WC phase. Fig. 8 shows the FE-
SEM images of the etched surfaces for the sample that
was heated to 1000 oC at a pressure of 60 MPa. The
structural parameters, i.e. the carbide grain size dwc and
the mean free path of the binder phase k (the average
thickness of the binder phase), were obtained from the
boundary intercepts with test lines on planar sections.
The average number of intercepts per unit length of the
test line was determined using the traces of the WC/
carbide interface, NWC/Carbide, and the carbide/carbide
grain boundaries, NWC/WC. From these quantities, the
average carbide grain size and the mean free path were
calculated using the following relationships [14, 15]:

dWC = 2VWC/(2NWC/WC + NWC/carbide)  (3)

where, VWC is the carbide volume fraction, and VCarbide

Fig. 6. Schematic representation of the temperature, pressure and
shrinkage displacement profile during PCAS. 

Fig. 7. Variations of temperature and shrinkage displacement with
sintering time during PCAS of WC-5 wt.% carbide hard materials.

Fig. 8. FE-SEM images of etched surfaces of WC-5 wt.% carbides
sintered by PCAS; (a) NbC, (b) TaC, (c) TiC and (d) ZrC.
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is the binder volume fraction. Fig. 10 shows the
average grain size of various carbides (NbC, TiC, TaC
and ZrC) in WC-5 wt.% carbide hard materials by
PCAS. The grain sizes of TaC, TiC, NbC and ZrC were
approximately 430, 460, 600, and 630 nm, respectively.
However, the average grain size of WC in sintered
WC-5 wt.% carbides was almost 500 nm and a fine
structure was obtained without any grain growth during
sintering using the PCAS method. Fig. 11 shows the
relative density of WC-5 wt.% carbides. The WC-

5 wt.% carbides were almost completely dense with a
relative density of up to 99%. Kim et al. [17] has
reported that binderless WC was consolidated at
1500 oC by high-frequency induction heated sintering
and the sintering temperature of WC was decreased
with the addition of TiC. In this study, the WC-5 wt.%
carbides were consolidated at 1000 oC lower than
1500 oC. It was thought that various carbides (NbC,
TiC, TaC and ZrC) were used as a carbide binder
because they form the WC-carbide solid solution
phase [18]. 

The Vickers hardness measurements were taken on
the polished sections of WC-5 wt.% carbide hard
materials using a 30 kgf load at a dwell time of 15 sec.
At large enough loads, the indentations produced
median cracks that emanated from the corners of the
indent. The calculated Vickers hardness value of WC-
5 wt.% carbide hard materials was shown in Fig. 12.
The calculated Vickers hardness values of WC-5 wt.%
TaC was the highest as 2200 kg/mm2 among the WC-
5 wt.% carbides.

The fracture toughness was calculated from the
cracks that were produced from the indentations under

Fig. 9. XRD patterns of sintered WC-5 wt.% carbides: ; (a) NbC, (b) TaC, (c) TiC and (d) ZrC.

Fig. 10. Grain sizes of NbC, TiC, TaC and ZrC in WC-5 wt.%
carbide hard materials produced by PCAS.

Fig. 11. Relative density of various WC-5 wt.% carbide hard
materials produced by PCAS.

Fig. 12. Vickers hardness of various WC-5 wt.% carbide hard
materials produced by PCAS.
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large loads. The length of these cracks permits an
estimation of the fracture toughness for the fracture
toughness of the materials by mean of the expression
[19]:

KIC = 0.204(c/a)−3/ 2 Hv a
1/2 (4)

where, c is trace length of the crack measured from the
center of the indentation, a is half of the average length
of two indent diagonals, and Hv is the hardness. As
with the hardness values, the toughness values were
derived from the average of five measurements. The
calculated fracture toughness values of WC-5 wt.%
carbide hard materials were shown in Fig. 13. The
calculated maximum fracture toughness values of WC-
5 wt.% TiC was the highest as 8.2 MPa.m1/2 among the
WC-5 wt.% carbides. Table 1 presents the calculated
structural characteristics of the WC-binder composites,
including the hardness and fracture toughness values,
from the above formulas, based on the planar section
measurements. In one of the reported studies [20], the
WC-10Co sample was sintered at 1380 by the
conventional method and in other reported studies
[12, 13, 21], WC-9Co, 6Mo2C, and 10Ni samples were
sintered at 1180, 1500 and 1340 by the high-frequency
induction heated sintering method. 

Summary

The WC-5 wt.% carbide hard materials were rapidly

consolidated using the pulsed current activated
sintering method with WC and NbC, TiC, TaC, ZrC
powders. Almost fully dense WC-5wt.% carbides
were obtained within 10 minutes. The densification
temperature of WC was remarkably reduced through
the addition of carbide. The grain sizes of NbC,
TaC, TiC, and ZrC in WC-5 wt% carbides were
approximately 600, 400, 500, and 630 nm, respectively,
and the nano-structure was obtained without great grain
growth during sintering using the PCAS method.
The Vickers hardness values and fracture toughness
values of WC-5 wt.% NbC, WC-5 wt.% TaC, WC-
5 wt.% TiC and WC-5 wt.% ZrC were about 1890,
2200, 2120 and 2180 kg/mm2 and 7.43, 7.68, 8.21 and
8.12 MPa • m1/2, respectively.
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