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a b s t r a c t

The effect of the densification mechanism on the S2 grain boundary plane distribution was investigated
in WC–Co composites. Specimens were prepared separately by sintering in hot isostatic press (sinter-
HIP) and spark plasma sintering (SPS). It was found that the S2 twist boundary is the most common
boundary in both cases, but that the SPS material had more than three times the relative area of these
boundaries compared to the sinter-HIP material. Measurements of the WC/WC and WC/Co boundary
lengths are compared to measured mechanical properties and found to be consistent with established
stereological results, suggesting a path to link interface area measurements to the mechanical
properties of WC–Co samples.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The mesoscale grain boundary network structure influences the
integrity and performance of polycrystalline materials [1]. WC–Co
composites are important engineering materials widely used for
their hardness and abrasion resistance. Among carbide/carbide
boundaries, the S2 grain boundary occurs most frequently and
can be described as a 901 rotation around the [10–10] axis [2]. Note
that in the hexagonal WC structure, the c and a lattice parameters
differ by only 2%, so the S2 boundary can be taken as an
‘‘approximate’’ coincidence site lattice (CSL) boundary. While this
is not a true CSL boundary in the conventional sense, for consistency
with the previous literature we refer to it in this paper as a S2 grain
boundary [2].

In the present work, a stereological approach named ‘‘five
parameter analysis (FPA)’’ is deployed to measure the grain
boundary plane distributions (GBPD) from electron backscattered
diffraction (EBSD) data. The GBPD is expressed in terms of five
macroscopically observable parameters, including three Eulerian
angles to describe the lattice misorientation across the boundary,
and two spherical angles to describe the orientation of the grain
boundary plane normal. There are increasing studies about the S2
boundary distribution using EBSD [3,4] and the FPA method [5,6].
However, because of the difficulty of obtaining the very large data
sets needed to apply the FPA method to a hexagonal material, it
has not previously been possible to compare the GBPDs of WC–Co
samples prepared in different ways.

Accordingly, the objective of the current work is to use the FPA
method to calculate and compare the GBPDs from similar materi-
als that differ only in their densification mechanism. The results
will show how the densification mechanism affects the GBPD of
S2 boundaries. Moreover, the variations in the lengths of WC/WC
and WC/Co interfaces per area are compared to variations in the
measured mechanical properties of the WC–Co composites.

2. Experimental

The two cemented carbide samples were prepared from WC–
Co composite powder with a cobalt fraction of 8 wt% and with no
intentional alloying additions. Sample 1 (similarly hereinafter)
was prepared by sintering in hot isostatic press (sinter-HIP) in a
6 MPa argon atmosphere with a sintering temperature of 1500 1C,
just above the melting point of Co, was maintained for 30 min.
Sample 2 (similarly hereinafter) was prepared via spark plasma
sintering (SPS) process under an applied pressure of 50 MPa with
a sintering temperature of 1200 1C maintained for 5 min.

Samples were polished and then etched in Murakami’s reagent
for 5 s before EBSD analysis. The EBSD measurements were
performed using a high speed Hikiari camera (EDAX, Inc., USA)
incorporated in a Quanta 200 field emission environmental
scanning electron microscope (FEI Company, USA). On each
sample, more than 2!105 grain boundary traces were recorded
to achieve acceptable statistics for the GBPD calculation.

The microtexture and misorientation statistics represented by
the boundary length fraction were derived from TSL OIM Analysis
5.3 software (EDAX Inc., USA). In this analysis, all of the interfaces
in the EBSD maps are approximated by individual line segments.
The complete set of interface line segments was divided into two
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sets for separate analysis; one set contained only WC/WC grain
boundaries and the other contained WC/Co interfaces. The GBPDs
for the S2 boundaries were calculated using programs developed at
Carnegie Mellon University. The programs use a stereological
procedure described in reference [7]. Using the FPA method, the
grain boundary distribution, l(Dg,n), is defined as the relative areas
of grain boundaries with a misorientation, Dg, and boundary plane
normal, n, in units of multiples of a random distribution (MRD).

3. Results and discussion

The microstructures of two samples are depicted by the image
quality (IQ) maps in Fig. 1, with S2 boundaries highlighted in red.
IQ maps represent the quality of EBSD patterns, which is lower for
points near grain boundaries. Both samples exhibit a continuous
skeleton of prismatic WC grains embedded in the cobalt binder
phase. However, the mean grain size of WC in sample 1 (about
1 mm) are larger than in sample 2 (about 0.5 mm). The difference
in the grain size is caused by the different densification mechan-
isms. Sample 1 is prepared by the sinter-HIP process, and there is
rapid grain growth accomplished by coalescence of WC grains [8]
during both the heat up and isothermal hold at the liquid phase
sintering temperatures [4]. Sample 2 is prepared by the SPS
process, which is performed with a reduced sintering temperature
and a much shorter holding time, and grain growth is effectively

inhibited during the sintering [9]. Therefore, sample 2 has a finer
grain structure as compared with sample 1.

The FPA method is carried out by examining two dimensional
sections of the five parameter grain boundary character distribu-
tion (GBCD), and thus is possible to compare the grain boundary
plane distribution at specific misorientations. The misorientation
angle distribution was calculated to analyze the orientation
relationship between WC grains. Both samples showed two
misorientation angle preferences, corresponding to the sharp
peaks at 30 and 90 degree. Moreover, to examine the distribution
of misorientation axes, the data were plotted in axis–angle space,
to further resolve the orientation relationship between WC grains.
In both samples, there is a strong peak at the [10–10] rotation
axis, indicating that [10–10] is the dominant misorientation axis,
and boundaries with such misorientations occur most frequently.
The relative areas of grain boundary planes can be plotted on a
stereographic projection for the misorientations where maxima
occur in the distribution. For example, Fig. 2 shows the relative
areas of different grain boundary planes at the misorientation of
901 about [10–10]. For both samples, the maximum of the
distribution is at the position corresponding to the misorientation
axis [10–10], indexed as an oval, which means the boundary
plane is perpendicular to the common rotation axis of the grain
pair on the two sides; thus, it is a twist configuration. The absence
of boundaries along the great circle perpendicular to the misor-
ientation axis (that passes through the (0001) position, indexed as

Fig. 1. Image quality maps for WC–Co specimens, with S2 boundaries highlighted in red, (a) sample 1 and (b) sample 2. (For interpretation of the reference to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Grain boundary plane distributions for the S2 in WC–Co specimens, (a) sample 1 and (b) sample 2.
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a hexagon) indicates that tilt boundaries are not common at this
misorientation. Note that while the shapes of the distributions are
the same, the relative areas of S2 twist boundaries in sample 1
(260 MRD) and sample 2 (870 MRD) indicate that the SPS
processed sample has a higher S2 boundary population than
the sinter-HIP processed sample by a factor of about 3.4.

The difference in the S2 grain boundary area in the two
samples suggests that they were not in equilibrium. A recent
theory for the development of anisotropic GBPDs suggests that in
the late stages of microstructural development, the relative areas
will reach a steady state [10]. Based on the samples here, it
appears that the concentration of S2 grain boundaries decreases
with grain size. A similar conclusion was reached through
an analysis of the misorientation distributions of multiple sam-
ples [4].

The present measurements of interface length are interesting
to consider in the context of a recently developed stereological
method that quantitatively relates observations of the WC mean
grain size (dWC) and Co mean free path (LCo) to the hardness and
fracture toughness [11]. According to Ref. [11], Vickers hardness
has a positive linear relationship with dWC

#1/2 or LCo
#1/2, and fracture

toughness has an opposite trend. In the current work, we have
measurements of the WC/WC grain boundary length, which can
serve as a proxy for dWC and the WC/Co phase boundary length,
which can serve as a proxy for LCo. The prerequisites for using
these quantities are that the WC and cobalt phases are evenly
distributed (as shown in Fig. 3). However, note that when we
measure these interface lengths on a per area basis, as illustrated
schematically in Fig. 3, then an increase in the WC/WC boundary
length per area means a decrease in the WC mean grain size and
an increase in WC/Co boundary length per area decreases the Co
mean free path. This means that the hardness should increase
with WC/WC boundary length and the WC/Co interface length

and the fracture toughness should decrease. These trends are
revealed by the measurements shown in Table 1, which shows
that the sample with larger interface length per area has a greater
hardness and lower toughness.

4. Conclusions

Five parameter analysis found that WC/Co samples produced by
the SPS process have more than three times the relative area of S2
boundaries than samples produced by the sinter-HIP process and
that the S2 twist boundary is the most common boundary in both
cases. When the areal density of interfacial segments increases, the
hardness increases and fracture toughness decreases. This is con-
sistent with the results of conventional stereology and suggests that
WC/WC grain boundary area and WC/Co interface area can be used
as proxies for the WC grain size and Co mean free path to develop
structure–property relationships.
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