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Abstract

The comparison of sintering behavior and mechanical properties of WC-10 wt.%Co, WC-10 wt.%Ni and WC-10 wt.%Fe hard materials
produced by high-frequency induction heated sintering (HFIHS) method was accomplished using ultra-fine powder of WC and binders (Co, Ni,
Fe). The advantage of this process allows very quick densification to near theoretical density and prohibition of grain growth in nano-structured
materials. Highly dense WC-10Co, WC-10Ni and WC-10Fe with a relative density of up to 99% could be obtained with simultaneous application
of 60 MPa pressure and induced current within 1 min without significant change in grain size. The hardness and fracture toughness of the dense
WC-10Co, WC-10Ni and WC-10Fe composites produced by HFIHS were investigated.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tungsten carbide hard materials are widely used for a variety
of machining, cutting, drilling and other applications.
Morphologically, they consist of a high volume fraction of
the “hard” hexagonal WC phase embedded within a soft and
tough Co or Ni binder phase [1]. WC—Co and WC—-Ni hard
materials can be densified by liquid phase sintering and the
mechanical properties of these materials depend on their
composition and microstructure (especially on the grain size of
the carbide phase [2]). Thus, the control of grain growth of the
carbide phase during liquid phase sintering is an important
objective. However, cobalt is not economically attractive and
the resulted cemented carbide has a low corrosion resistance
[3]. This has prompted considerable effort to find a satisfactory
alternative binder [4—6]. The focus on Ni as a binder has been
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motivated by results showing a higher corrosion and oxidation
resistance [3]. However, the mechanical properties (hardness
and toughness) for WC-Ni are relatively lower than those of
WC-Co [6]. The corrosion and oxidation resistance of Fe
binder is inferior to that of Co and Ni but is cheaper than Co and
Fe.

In general, decreasing WC particle size increases such
mechanical properties as hardness, wear resistance and
transverse rupture strength of the composites [7]. Increasing
the volume fraction of binder increases the fracture toughness at
the expense of hardness and wear resistance [8,9]. WC—cobalt
and other similar cemented carbides are used as cutting tools
because of a combination of desirable high hardness and high
fracture toughness because of the respective contributions of
the carbide and metallic phases. Densification of WC—Co has
been accomplished by conventional sintering [10,11], by
sintering in a spark plasma sintering (SPS) apparatus or plasma
pressure compaction apparatus [12,13] and by sintering by
dynamic shock compression [14]. The primary concern in all
these methods is in the grain size of the WC component,
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because it has been established that significant improvements in
the mechanical properties can be attained with finer grain size
[15,16].

Nanocrystalline materials have received much attention as
advanced engineering materials with improved physical and
mechanical properties [11,12]. As nano-materials possess high
strength, high hardness and excellent ductility and toughness,
undoubtedly, more attention has been paid for the application of
nano-materials [17,18]. In recent days, nanocrystalline WC—Co
cemented carbides have been developed by the thermochemical
and thermomechanical process named as the spray conversion
process (SCP) [19]. The advantage of SCP is that the WC particle
size can be reduced below 100 nm. However, the WC grain size
in sintered WC—Co cemented carbides becomes much larger than
that in pre-sintered powders due to a fast diffusion through liquid
phase during conventional liquid phase sintering process.
Therefore, even though the initial WC size is less than
100 nm, the grain size increases rapidly up to 500 nm or larger
during the conventional liquid phase sintering [20]. Even though
the grain growth inhibitors were added in WC—Co, the WC grains
size increases up to 300 nm during the liquid phase sintering
process [2,21,22]. So, controlling grain growth during sintering is
one of the keys to the commercial success of nano-structured
WC, WC—Co and WC-Ni composites. And recently the high-
frequency induction heated sintering (HFIHS) technique has
been shown to be effective in the sintering of nano-structured
materials in very short times (within 1 min) [23,24].

In this work, we report results on the sintering of WC—
10 wt.%Co, WC-10 wt.%Ni and WC-10 wt.%Fe by a rapid
sintering process, HFIHS, a method which combines induced

current with high-pressure application. The goal of this work is
to produce dense, ultra-fine WC-10 wt.%Co, WC-10 wt.%Ni
and WC-10 wt.%Fe hard materials in very short sintering times
(<1 min). And we investigated the effect of binder on the
sintering behavior and mechanical properties of WC hard
materials.

2. 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 pwm measured by FSSS and was reported to be
99.5% pure. Cobalt (~3 pm, 99.7% pure, Sigma—Aldrich),
nickel (<2 pwm, 99.8% pure, Sigma—Aldrich) and iron (<10 m,
99.9% pure, Alfa) were used as binder materials. Three
different compositions were investigated: WC-10 wt.%Co,
WC-10 wt.%Ni and WC-10 wt.%Fe. Scanning electron micro-
scope (SEM) images of the starting powders are shown in Fig. 1.
Three different compositions with WC-10 wt.%Co, WC-
10 wt.%Ni and WC-10 wt.%Fe were investigated. As can be
seen from Fig. 1, all the powder grains are generally round and
WC exhibit some agglomeration. Tungsten carbide and binder
powders (Co, Ni, Fe) were milled in a Universal Mill with a ball-
to-powder weight ratio of 6:1. Milling was done in polyethylene
bottles using zirconia balls and was performed at a horizontal
rotation velocity of 300 rpm for 24 h.

The mixed powders were placed in a graphite die (outside
diameter, 45 mm; inside diameter, 20 mm; height, 40 mm) and
then introduced into the high-frequency induction heated
sintering system made by Eltek Co. in Republic of Korea.

Fig. 1. Scanning electron microscope images of raw materials: (a) tungsten carbide powder, (b) cobalt powder, (c) nickel powder and (d) iron powder.
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Schematic diagram of this method is shown in Fig. 2. 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 the densification
rate was negligible, as indicating by the observed shrinkage
of the sample. Sample shrinkage is measured in real time by
a linear gauge measuring the vertical displacement. The
induced current was 90% output of the total power capacity.
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 2000 °C/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 HFIHS technique consists of four major control
stages. These are chamber evacuation, pressure application,
power application and cool down. The process was carried out
under a vacuum of 4 x 102 Torr.

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 ferricya-
nide, 10 g sodium hydroxide and 100 ml water), for 1-2 min at
room temperature. Compositional and microstructural 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
performing indentations at a load of 30 kgf and a dwell time of
15 s. The carbide grain size, dy. was obtained by the linear
intercept method [25,26].
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Fig. 2. Schematic diagram of apparatus for high-frequency induction heated
sintering.

3. Results and discussion
3.1. Densification behavior and microstructure

The variations of shrinkage and temperature with heating
time during the sintering of WC—-10 wt.%Co, WC-10 wt.%Ni
and WC-10 wt.%Fe by HFIHS under 60 MPa pressure and
90% output of total power capacity are shown in Fig. 3. As the
induced current is applied, the shrinkage displacement
increased with temperature up to about 950 °C for all cases
of WC-10Co, WC-10Ni and WC-10Fe, and then abruptly
increased as the temperature is further increased from these
values. When the temperature reaches about 1200 °C for the
case of WC—-Co, WC-Ni and WC-Fe, the densification rate
becomes nearly negligible, and as will be seen later, the
samples have densified to 98.2%, 99.1% and 99.7% of
theoretical density in about 40 s, respectively. In the case of
binderless WC hard materials, densification was obtained at
about 1600 °C [27]. The densification temperature of WC was
reduced remarkably by the addition of Ni, Co and Fe. So it is
expected that Co, Ni or Fe would have been molten during the
continuation of the sintering. The main densification mechan-
ism for this is carbide particle rearrangement, enhancement of
the diffusion and viscous flow of the binder [28]. The nature of
the product of sintering is revealed from Fig. 4, which show the
XRD patterns of WC-10 wt.%Co, WC-10 wt.%Ni and WC-
10 wt.%Fe after sintering. In all cases only peaks belonging to
WC are seen, indicating that no compositional changes took
place during sintering. Using X-ray mapping, we confirmed the
presence of the Co, Ni and Fe.

SEM images of an etched surface of the samples heated to
about 1200 °C for the case of WC—Co, WC-Ni and WC-Fe
under pressure of 60 MPa in the HFIHS method are shown in
Fig. 5. The initially relatively round WC grains became faceted
during sintering. 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
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Fig. 3. Variations of temperature and shrinkage displacement with heating time
during the sintering of WC-10 wt.%binder hard materials by HFIHS.
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Fig. 4. XRD patterns of (a) WC-10 wt.%Co, (b) WC-10 wt.%Ni and (c) WC—
10 wt.%Fe hard materials produced by HFIHS.

has been observed before [29]. The relative densities of WC—
10 wt.%Co, WC-10 wt.%Ni and WC-10 wt.%Fe hard materi-
als were about 98.2%, 99.1% and 99.7%, respectively. The
attainment of higher density and finer structure in a short time
using induction heating with pressure is not well understood.
However, we would suggest that the accelerated HFIHS
densification 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 surface may cause
surface melting and oxide breakdown, similar to surface effects
in the electrodischarge machining (EDM) process [30]. The
average sizes of these grains in the nearly fully dense WC-
10 wt.%Co, WC-10 wt.%Ni and WC-10 wt.%Fe composites,
determined by the linear intercept method, were about 450, 490
and 450 nm, respectively. Thus the fine structure can be
obtained without grain growth during the sintering by the
HFIHS method.

3.2. Physical and mechanical properties

Vickers hardness measurements were made on polished
sections of WC—Co, WC-Ni and WC-Fe composites using a
30 kgf load and 15 s dwell time. Indentations with large enough
loads produced radial cracks emanating form the corners of
the indent. Fracture toughness was calculated from cracks
produced in indentations under large loads. The length of these
cracks permits an estimation of the fracture toughness of the
material by means of Anstis expression [31].

EN'/ P
ch:o.om(ﬁ) " (1)

where E is Young’s modulus, H the indentation hardness, P the
indentation load and C the trace length of the crack measured
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Fig. 5. Scanning electron microscope images of WC-binder hard materials
produced by HFIHS: (a) WC-10 wt.%Co, (b) WC-10 wt.%Ni and (c) WC-—
10 wt.%Fe.

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 10 measurements. The
calculated hardness value and fracture toughness value of
WC-10Co, WC-10Ni and WC-10Fe made by HFIHS were
10.6 MPa m"? and 1776 kg/mm?, 11.1 MPa m"? and 1750 kg/
mm?, 10.4 MPam'? and 1814 kg/mm?, respectively for
60 MPa and induced current for 90% output of total power
capacity. The Vickers hardness and fracture toughness in all
WC-based hard materials are similar.
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Table 1

Comparison of mechanical properties of WC-10Co, WC-10Ni and WC-10Fe sintered in this study with previously reported values

Reference Binder content (wt.%) Relative density (%) Grain size (pum) Hv (kg/mmz) Kic (MPa m”z)
4 10Co 99.5 1.9 1333 13.5
4 9.6Ni-0.4Co 99.5 1.8 1180 12.5
This work 10Co 98.2 450 1776 10.6
10Ni 99.1 490 1750 11.1
10Fe 99.7 450 1814 10.4
Table 1 shows the relative density, grain size, hardness and References

fracture toughness values obtained in this work and those of
comparable cemented carbides reported by others [4]. In the
reported study [4], WC-10Co and WC-9.6Ni-0.4Co samples
were sintered at 1380 and 1420 °C by conventional methods.
The resulting samples had similar grain sizes of approximately
2 pm, which is roughly four times larger than the grain size
obtained in this work. Also comparing this investigation
(WC-10Co, WC-10Ni and WC-10Fe) with a study of WC-
10Co and WC-9.6Ni-0.4Co [4], there is a little difference in
fracture toughness, however, a significant difference is seen in
hardness values. The hardness of the fine grain WC-10Ni of
this study is as much as 50% higher than those of WC-10Co
and WC-9.6Ni-0.4Co [4]. These comparisons serve to
demonstrate the effect of the grain size. Refinement of the
WC grain size improves significantly the hardness of the
cemented carbide without decreasing its fracture toughness.

In Table 1, we also compare the mechanical properties
between WC-10Co and WC-10Ni hard materials. In both
cases, the cermets had WC grains which are about the same in
size. As can be seen from Table 1, the use of Ni instead of Co
does not suffer from any reduction in mechanical properties.
Given the advantage of higher oxidation and corrosion
resistance and lower cost for the WC-Ni case, the results
are significant for potential applications.

4. Summary

Using high-frequency induction heated sintering, the rapid
consolidation of WC—Co, WC-Ni and WC—-Fe hard materials
were accomplished using ultra-fine powder of WC and binders
(Co, Ni, Fe). Nearly fully dense WC-Co, WC-Ni and WC-Fe
with a relative density of up to 99% could be obtained with
simultaneous application of 60 MPa pressure and induced
current within 1 min without significant change in grain size.
The grain size of WC in WC—Co, WC-Ni and WC-Fe hard
materials were about 450, 490 and 450 nm, respectively. The
densification temperature of WC was reduced remarkably by
addition of Co, Ni and Fe. The Vickers hardness and fracture
toughness of WC-10 wt.%Co, WC-10 wt.%Ni and WC-
10 wt.%Fe hard materials are similar.
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