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Grain boundary plane distributions have beenmeasured forΣ2 grain boundaries (boundaries that have a 90 degree
rotation about the [10-10] axis) in undeformed and plastically deformed WC–Co cemented carbides. By virtue of
electron backscattered diffraction data coupled with the five parameter analysis method, the measurements
show that while the misorientations of the Σ2 boundaries are 20% reduced by the plastic deformation, there are
33% reduction in the orientation of the Σ2 twist grain boundary plane. A dislocation model for grain boundary
plane reorientation during plastic deformation is proposed.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

Cemented carbides,which generally comprise hard tungsten carbide
phases embedded in tough metallic binder phases, have outstanding
mechanical properties and are widely used where hardness and ero-
sion/abrasion resistance are essential. In the polycrystallinemicrostruc-
ture of WC–Co cemented carbides, the crystals are joined at internal
interfaces including WC/WC grain boundaries, Co/Co grain boundaries,
and WC/Co phase boundaries. Among these boundaries, one of the
most frequently occurring WC/WC boundaries can be described as a
90 degree rotation about the [10-10] axis and is abbreviated as 90°/
[10-10] boundary [1]. In coincidence site lattice (CSL) notation, this
boundary is referred to as Σ2 boundary, where the low Σ value repre-
sents a high reciprocal density of coinciding sites and a symmetrical
configuration of dense planes [2]. The boundary is also thought to
have a low interfacial energy and high work of separation [3]. Note
that the c/a ratio of WC is 0.976, so the Σ2 boundary is actually an
“approximate” or “near” CSL boundary.

Typical WC–Co cemented carbides usually contain 6–15 wt.% cobalt
as the binder phase and hence, the properties of thematerial are closely
related to the composition and polycrystalline structure. In characteriz-
ing the polycrystalline microstructure of cemented carbides, grain
boundary plane crystallography should not be neglected because the
mesoscale structure of the grain boundary network can influence the
performance and integrity of the material [4]. Recently, a stereological
approach named “five parameter analysis (FPA)” has been developed
to calculate grain boundary plane distributions (GBPDs) from electron
backscattered diffraction (EBSD) data [5]. Using this method, the grain
boundary distribution 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. Thus, the
FPA provides amore comprehensive description of the grain boundaries
within a polycrystal. The utility of the FPAmethod for measuring the Σ2
grain boundary population in WC–Co cemented carbides has been de-
scribed in several recent publications [6–11].

Plastic deformation is one significant process that occurs in the ap-
plication of cemented carbides. For example, it has been reported that
plastic deformation limits the performance of cemented carbide tools,
especially under high load conditions [12]; moreover, the accumulation
of plastic deformation can affect either the fragmentation behavior of
WC grains [13], or the distribution of residual stresses in themicrostruc-
ture of the material [14]. Therefore, how plastic deformation influences
the distribution of Σ2 grain boundaries is an important question that
needs more attention. Accordingly, the objective of the present work
is to compare the GBPD for Σ2 boundaries in two samples that are nom-
inally the same, except that one has been subjected to plastic deforma-
tion to represent the load conditions when cemented carbides are used
in practice. As a consequence, the results provide beneficial information
about how plastic deformation affects the population as well as the
plane distribution of Σ2 grain boundaries.
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Fig. 1. Image quality maps of typical measurement regions, with Σ2 grain boundaries
highlighted in red, (a) sample 1; (b) sample 2. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Experimental

The two cemented carbide samples used in this work have a cobalt
fraction of 8 wt.% and no intentional alloying additions. The specimens
were prepared in the same batch by sintering in a hot isostatic press
(sinter-HIP) with a 6 MPa argon atmosphere and a nominal sintering
temperature of 1500 ºCmaintained for 60min, which gives the samples
an average grain size of about 1 μm. Sample 1 (similarly hereinafter),
which was not deformed, is used as a reference. Sample 2 (similarly
hereinafter) was subjected to plastic deformation via aMTS 810materi-
al test machine. Specifically, sample 2 was deformed in a controlled
three-point bending strength measurement. The procedure was per-
formed with a test span of 14.5 ± 0.5 mm and a loading speed of
200 N/min. The measurement indicated that sample 2 had a transverse
rupture strength of 2970 MPa. From this sample, a volume of material
close to the most heavily deformed zone was extracted for further
examination.

The two samples were then treated for EBSD analysis by polishing
with a diamond abrasive and etching in Murakami's reagent (1 g
potassium + 1 g sodium + 10 ml distilled water) for no more than
5 s. This treatment yielded WC surfaces suitable for EBSD mapping.
The EBSD measurements were then performed by a high speed EBSD
detector incorporated in a Zeiss Supra 55 scanning electron microscope
(SEM). To ensure the accuracy of the measurements, the data were
recorded with a step size of 0.08 μm.

The obtained EBSD data sets then [1–6] underwent a phase clean
procedure and then were exported to the EDAX OIM Analysis 5.31 soft-
ware for processing. The first step in EBSD data processing was to use a
cleanup procedure to correct spurious points in the orientation map
that arise from incorrect indexing [1–6]. Grain dilationwith aminimum
grain size of 4 pixels followed by neighbor orientation correlation in the
OIM software was used as the data cleanup procedure, and such proce-
dure ensures the reliable orientation assignments for small grains. As a
consequence, the maximum fraction of pixels cleaned due to the clean-
up procedure was approximately 5% in both samples. Afterwards, the
microtexture andmisorientation statistics represented by the boundary
length fraction were derived from the OIM software. The Brandon crite-
rion was used to determine the fraction of Σ2 boundaries [15]. The ob-
servations needed for the FPA analysis are line segments that are
extracted from the orientation maps according to the misorientation
across the boundary and are associated with the crystal orientations.
The grain boundary plane distribution for the Σ2 boundaries was calcu-
lated using programs developed at CarnegieMellon University that con-
tain a stereological procedure coupledwith an automated trace analysis
step. The procedure for doing this is described in reference [5]. Using the
FPA method, the grain boundary distribution, λ(Δg,n), is defined as the
relative area of a grain boundary with a misorientation, Δg, and bound-
ary plane normal, n, in units of multiples of a random distribution
(MRD).

To make the comparison between GBPDs of the undeformed and
deformed samples convincing, several issues need to be addressed.
First, consistent with references [12,13], the diffraction patterns from
the deformed sample were observed to be of lower quality than from
the undeformed sample. Considering this, measurement regions with
relatively low deformation were preferentially selected where the
diffraction patterns were not significantly degraded. In other words, re-
gions of thedeformed samplewheremost pixelswere correctly indexed
were used. This ensures the precision of the method and makes it rea-
sonable to compare the GBPDs of the two samples [1–4]. Second, the
precision in determining the grain boundary traces for the two samples
(especially for the deformed sample) is acceptable in the present work.
Note that the average grain size is about 1 μm in both samples,while the
step size is 0.08 μm, so each grain edge is, on average, defined by
12.5 pixels, and a 0.08 micron step in themiddle of a 1 micron line seg-
ment would maximally induce a deviation angle of 4.6°, which is below
the tolerance angle of 5° to determine the grain orientations in the
current work. Third, the FPA method requires a sufficient number of
boundary traces to reliably determine the GBPD. Tungsten carbide has
a hexagonal space group (P6m2), and for this symmetry, 2 × 105 bound-
ary traces are required to determine thefive-dimensional distribution of
interfaces [5]. Also, 2 × 103 boundary traces are needed to determine the
two-dimensional distribution of habit planes if the threemisorientation
parameters are ignored. In other words, λ(Δg,n) represents the GBPD in
a five-dimensional space, and λ(n) represents GBPD in a two-
dimensional space [5]. In this work, more than 2 × 105 grain bound-
ary traces were recorded on each sample, so the GBPD is statistically
reliable.

Results

The microstructures of the two samples are illustrated by the image
quality (IQ) maps in Fig. 1, with Σ2 boundaries highlighted in red. IQ
maps are used to represent variations in the quality of EBSD patterns
in a given area. The image quality is lower for diffraction patterns ob-
tained near grain boundaries; that is to say, the quality of the diffraction
patterns is not good at boundaries and probably even worse at bound-
aries in the deformed sample where dislocations might concentrate.
Both samples exhibit microstructures with a continuous skeleton of
prismatic WC grains embedded in the cobalt binder phase [1,2]. Note
that IQ maps in Fig. 1 cannot sufficiently represent the grain size distri-
butions in each sample. Actually, both samples have an average carbide



Fig. 3.WC/WC grain boundarymisorientation distribution in axis–angle space. Three sec-
tions of the fundamental zone are taken perpendicular to the [0001] axis, with units of the
contours inMRD, (a) sample 1; (b) sample 2. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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grain size of about 1 μm, and the grain size distributions in the two
samples are quite similar [1–5]. Also note that the slight scratches in
Fig. 1(b) merely cause limited decrease of EBSD pattern quality and
such scratches therefore cannot obviously influence the indexing of
carbide grains as well as Σ2 grain boundaries.

The main concern of this work is the orientation texture of the
WC/WC grain boundary planes at boundaries with the Σ2 misorien-
tation. As the first step, to analyze the orientation relationship between
WC grains, themisorientation angle distributionwas calculated and the
outcome is shown in Fig. 2. In the chart, the black line represents the
misorientation distribution for an ideally random microstructure,
while the blue and red lines show the misorientation distributions for
the grain boundaries in samples 1 and 2, respectively. It can be seen
that the experimental distributions are clearly not random. Twomisori-
entation angle preferences, corresponding to the sharp peaks at 30° and
90°, were observed. Furthermore, the peak at 90° for sample 2 is 21%
lower than for sample 1. The misorientation distributions in the two
samples are nearly the same, indicating that plastic deformation does
not remarkably influence the misorientation angle preferences be-
tween WC grains.

As the next step, to examine the distribution of misorientation axes,
the data are plotted in the axis–angle space. As illustrated in Fig. 3, in
each layer of the axis–angle space, all possible axes are represented,
and the rotation angle varies along the vertical direction. Larger values
indicate relatively stronger preference of that axis and angle. Note that
at the position close to 30°, there is a peak at the [0001] rotation axis.
This could represent a relatively high coincidence CSL boundary
(27.796°/[0001] or Σ13a boundary [1]), which has high interface coinci-
dence in the twist configuration. There is an even larger deviation from
random for rotations of 90°, with a strong peak at the [10-10] rotation
axis, indicating that [10-10] is the dominant misorientation axis, and
boundaries with such misorientation occur most frequently. In this
paper, we mainly focus the analysis on the 90°/[10-10] or Σ2 boundary.
By comparing the maximum at the Σ2 position, we can estimate that
there is a 20% reduction in the number of these boundaries. The number
and length fractions ofΣ2 grain boundaries in the two samples, calculated
using a 5° tolerance, are listed in Table 1. Both results confirm that the Σ2
population is decreased as a result of plastic deformation.

Two possible configurations for the Σ2 boundary are a twist bound-
ary where the interface consists of (10-10) prismatic planes in both
grains, and a tilt boundary consisting of a (0001) basal plane in one
grain against a (10-10) prismatic plane in the other, as shown in
Fig. 4. In each chart, there are two artificially drawn hexagonal crystals
Fig. 2. The distribution of grain boundary misorientations for the two samples and the
distribution expected for randomly oriented objects, as a function of misorientation
angle. (For interpretation of the references to color in this figure, the reader is referred
to the web version of this article.)
consistent with the lattice orientations measured by the OIM software,
which are imposed on the image to indicate the orientation of the grains
across a certain Σ2 grain boundary. However, without further analysis,
conventional methods cannot distinguish between these two possibili-
ties. Nevertheless, by examining two-dimensional sections of the five
parameter GBPD, it is possible to compare the grain boundary plane dis-
tribution at specific misorientations. The misorientation distribution
(see Fig. 3) can be used as a guide for the selection of appropriate
sections. After a misorientation is chosen, the corresponding plane
area distribution for that misorientation is plotted in a stereographic
projection. For the two samples in this work, the grain boundary plane
distributions for the Σ2 boundaries are presented in Fig. 5.

In Fig. 5, the grain boundary plane distribution is the relative areas of
different grain boundary planes at the misorientation of 90° about [10-
10]. For both samples, the peak of the distribution is at the position of
the corresponding misorientation axis, [10-10], which means that the
boundary plane is perpendicular to the common rotation axis of the
grain pair; that is to say, the boundary has a pure twist configuration.
The absence of a peak along the great circle perpendicular to themisori-
entation axes indicates that tilt boundaries are not common at this
misorientation. The relative area of Σ2 twist boundaries in sample 1
(240MRD) and sample 2 (160MRD) indicates that plastic deformation
reduces the populations of these boundaries by a factor of about one
third, which is greater than the reduction when calculated by the mis-
orientation alone (about 20% using the data in Table 1). This indicates
that for some of the bicrystals, the grain boundary plane is rotated
while the misorientation is maintained.

SEM images would be helpful to visualize the effect of plastic defor-
mation, for example, to show whether there are slip line traces in the
microstructure. An example of this can be found in reference [13]. How-
ever, the change in the orientation texture of the boundary planes that
results from plastic deformation is relatively difficult to determine
from an SEM image. To complement the five-dimensional distribution
of boundary planes presented in Fig. 5, the two-dimensional distribution
of carbide/carbide boundary planes (ignoringmisorientation parameters)



Table 1
Statistics for grain boundaries in the samples.

Sample 1
(undeformed)

Sample 2
(deformed)

Number fraction of Σ2 grain boundary (%) 7.0 6.6
Length fraction of Σ2 grain boundary (%) 12.7 10.6
Number of WC/WC grain boundary segments
per micron square

2.93 4.79

Number of WC/Co phase boundary segments
per micron square

3.98 7.37

Number of triple junctions (of boundary segments)
per micron square

6.25 8.42
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of the two samples is also provided in Fig. 6. The figures show that the
(0001) basal plane and (10-10) prismatic planes at carbide/carbide
grain boundaries occur with different frequencies (measured in units of
MRD) in the two samples; moreover, the decrease in the population
of (10-10) prismatic planes (1.40 MRD for sample 1 and 1.30 MRD
for sample 2) is consistent with the decrease of the relative area of
Σ2 twist boundaries after plastic deformation (see Fig. 5). Therefore, it
can be concluded that the grain boundary plane distribution is altered
by plastic deformation.
Fig. 4. Structures of the Σ2 twist (a) and tilt (b) boundaries. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Grain boundary plane distributions of Σ2 boundaries. The locations corresponding
to the (0001) and (10-10) orientations are indicated by hexagons and ovals, respectively,
and the units of the contours are MRD, (a) sample 1; (b) sample 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
Discussion

The change in the grain boundary plane distribution that results
from plastic deformation could have several possible origins: grain
boundary sliding [16], grain boundaries being separated and infiltrated
with binder [3], grain rotations resulting from dislocation accumulation
[17], and grain shape changes associated with dislocationmotion. Grain
boundary sliding parallel to the grain boundary plane would reduce the
total area of Σ2 boundaries by reducing the total area of contact. This
could account for the change in the misorientation distribution, as
shown in Table 1, but it would not result in the reorientation of the
grain boundary plane. To determinewhether the opening of the bound-
ary and infiltration of the grain boundary plane is plausible, one can
consider the energy of the interface. In reference [12], ab initio calcula-
tionswere used to determine the energy ofΣ2 grain boundaries; the re-
sults indicate that the interface energy of the Σ2 twist boundary is two
orders of magnitude lower than the energy of the Σ2 tilt boundary.
This is consistent with the fact that Σ2 twist boundaries are the most
common and that there are very few Σ2 tilt boundaries. However, it
also means that the Σ2 twist boundary is unlikely to separate and be
infiltrated by the binder. Even if separation were occurring, it would
decrease the total fraction of Σ2 boundaries rather than cause the reori-
entation of the grain boundary planes at the samemisorientation. Grain
orientations can also rotate during deformation, either by dislocation



Fig. 6. Grain boundary plane distributions of carbide/carbide boundary planes. The loca-
tions corresponding to the (0001) and (10-10) orientations are indicated by hexagons
and ovals, respectively, and the units of the contours are MRD, (a) sample 1; (b) sample
2. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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accumulation or coupled rigid bodymotions. While these processes can
change the number of Σ2 boundaries, it would affect themisorientation
and the boundary plane orientation equally. Therefore, to provide a
plausible explanation for how the Σ2 grain boundary plane orientations
are altered more than the misorientation, we turn to a consideration of
grain shape changes associated with dislocation motion.

When dislocations pass through a crystal, both steps and residual
dislocation content might be generated in the boundary [17]. In the
context of this work, the consequence of steps generated by dislocation
motion is that it changes the external shape of a crystal, without chang-
ing its crystallographic orientationwith respect to an external reference
frame. However, the shape change amounts to an alteration of the ori-
entations of the external surfaces with respect to the crystal reference
frame. One can imagine a similar process occurring in a bicrystal, as
long as the dislocation can pass out of one crystal, through the grain
boundary, and then through the second crystal. Thiswill result in the re-
orientation of the grain boundary plane. In WC, plastic deformation
might occur via the glide of dislocations by various slip systems [12,
16,18]. In this work, we focus the b0001N{10-10} slip system reported
in reference [16]. For a Σ2 twist grain boundary, there are no parallel
slip planes, so direct dislocation transmission cannot occur. However,
three {10-10} planes intersect in this boundary along a line in the
(0001) plane of the second crystal (another slip system), so that the
cross slip of dislocations across the boundary is possible.
We should note that the same phenomenon is not expected to occur
at general boundaries. In lower symmetry boundaries, there is a much
smaller probability that slip planes will intersect and permit cross slip.
In this case, dislocations are expected to pile up at the interface, and
eventually, the accumulation of dislocations by this mechanism will
lead to lattice curvature and rotation. This is consistent with the findings
in reference [13], which reported that in deformed WC, EBSD patterns
were degraded and the orientation rotated compared to the undeformed
region. Similar rotations and reorientations should have occurred in the
sample studied here. Preliminary evidence for this is the increase in the
number of various interfaces per unit area of the plane sections; see
the statistical results in Table 1.

Conclusions

In summary, the FPA method has been used to compare the grain
boundary plane distributions for the Σ2 grain boundary in undeformed
and plastically deformedWC–Co samples. While the plastic deformation
made a 20% reduction on the fractional population of grain boundaries
with the Σ2 misorientation, the fraction of Σ2 twist type boundaries
was one third lower. The reorientation of the grain boundary plane
could be caused by the cross slip of dislocation through the interface
plane.
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