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The average interface area aspect ratios of carbide grains in WC–Co composites are measured from basal-to-
prismatic area ratios determined by the five parameter analysis (FPA) method. Grain boundary plane distribu-
tions regardless of misorientations indicate that the (0001) basal and 1010

! "
prismatic planes are themost com-

mon habit planes, and the interface area aspect ratio is determined by the ratio of the (0001) plane area to the
1010

! "
plane area. Additionally, themeasured aspect ratios are found to varywith the densificationmechanisms

of the WC–Co composites. The work offers a new alternative to characterize the geometry of carbide grains in
WC–Co composites.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

WC–Co composites have outstanding mechanical properties and are
widely used in industrial applications. The mechanical properties of
WC–Co composites are strongly influenced by their microstructures,
which can be described as carbide grains embedded in cobalt. Such
dense polycrystalline materials consist of irregularly shaped, approxi-
mately polygonal, single carbide crystals joined at internal interfaces
referred to as grain boundaries [1]. Many studies have shown that the
geometry of the carbide grains can affect the mechanical properties of
WC–Co composites [2,3]. For example, the formation of plate-like carbide
crystals can increase the fracture toughness ofWC–Co composites [2], and
the fracture strength of tungsten carbide decreases as the length along the
c-axis increases [3].

The aspect ratio is an important parameter to characterize the geom-
etry of carbide grains. Using the conventional definition from two-
dimensional studies [4], the aspect ratio is defined as the length of the
longest axis divided by the length of the shortest axis of a certain grain,
without consideration of the crystal orientation. In other work, the aspect
ratio [5] is defined as the length of theminor axis divided by the length of
the major axis of the ellipse that fits to the grain perimeter according to
the least squares method. In addition, other aspect ratio definitions have
accounted for the three-dimensional shape of the crystal. For example,
in reference [6], two kinds of aspect ratios are used to describe the carbide
grain shape: one is the ratio between the lengths of the short and long

prismatic facets (assuming six sided trigonal prisms), and the other is
the ratio between the thickness along the b0001N direction and the
width of the basal plane. In reference [7], the aspect ratio is defined as
the ratio between the thickness along the b0001N direction and the
length of the basal facet. These definitions present various descriptions
about the geometry of carbide grains; nevertheless, using these defini-
tions, each grain should be counted separately to obtain its aspect ratio
value, and the statistical description about the geometry can merely be
realized through the cumulated frequency of aspect ratios [7].

There existmethods to determine the preferred orientation of crystal-
lites in the structure of polycrystalline materials, and moreover, it has
recently been demonstrated that the average three-dimensional crystal
habits can be determined by combining the geometric information
found in conventional micrographs with crystal orientation data [8].
This approachhas been extended to the so-called “five parameter analysis
(FPA)”method that uses stereology to estimate the relative areas of grain
boundary planes as a function of lattice misorientation (three parame-
ters) and boundary plane orientation (two parameters) [9]. In the case
where the misorientation parameters are ignored, the two-dimensional
distribution of interface area makes it possible to calculate the “interface
area aspect ratio” based on the relative areas of (0001) basal and
1010

! "
prismatic facets [10]. For crystals with hexagonal symmetry,

the FPA method requires 2 × 105 boundary traces for a complete five-
dimensional analysis and 2 × 103 boundary traces to determine the
two-dimensional distribution of interface area. Therefore, with a suffi-
cient number of carbide grain boundary traces, it is possible to determine
the interface area aspect ratio. Accordingly, themajor purpose of the cur-
rent work, which has the character of interdiscipline composed of
cemented carbide material and FPA stereological method, is to develop
themethod todetermine the average interface area aspect ratio of carbide
grains by virtue of the FPA method, and to check whether the interface
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area aspect ratio value is sensitive to the alteration of typical processing
parameters (taken densification method as an example) during WC–Co
composite preparation.

2. Experimental

Two WC-8 wt.% Co composite samples were prepared from the
WC–Co composite powder, andwere obtained by different densification
methods: sample 1 (similarly hereinafter) was prepared by sintering in
hot isostatic press (sinter-HIP) in a 6 MPa argon atmosphere with a
nominal temperature of 1500 °C maintained for 60 min, and sample 2
(similarly hereinafter) was prepared by spark plasma sintering (SPS)
under an applied pressure of 50 MPa with a nominal temperature of
1200 °Cmaintained for 10min. Related experimental detailswere intro-
duced in a previous study [11].

The samples were prepared for electron backscattered diffraction
(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 about 5 s, which yielded carbide surfaces suitable for EBSD
mapping. The EBSD measurements were performed using a high speed
Hikiari camera (EDAX, Inc., USA) incorporated in a Quanta 200 scanning
electron microscope (FEI Company, USA). Note that sample 1 was com-
pressed by uniform hydrostatic pressure during Sinter-HIP, and sample
2 was consolidated by uneven pressures where the lateral pressure is
often less than the axial one. To ensure the comparability between the
two samples, the EBSD measurements were converged on the same
direction; that is to say, the observation region for each sample is perpen-
dicular to the axial press direction for SPS. The original EBSD data was
then cleaned to correct pixels with suspicious orientations and spurious
phase information.

The interface area aspect ratio is defined as the ratio of the basal sur-
face area to the prismatic surface area and is determined by the stereolog-
ical technique described in reference [8]. The observations needed for the
stereological analysis are line segments that are extracted from the orien-
tation maps and are associated with the crystal orientations. Using the
FPA method, the grain boundary plane distribution (GBPD), λ(Δg,n), is
defined as the relative area of a grain boundary with a misorientation,
Δg, and boundary plane normal, n, in units of multiples of a random dis-
tribution (MRD) [9]. When the GBPD is averaged over all misorientation,
λ(n) presents the distribution of habit planes in the crystal frame of refer-
ence. In other words, λ(Δg,n) represents GBPD in a five-dimensional
space, andλ(n) represents GBPD in a two-dimensional space. The current
work concentrates on the two-dimensional distribution, λ(n) and such
analysis should be accurate with 2000 line segments. Actually, sample 1
and sample 2 contained 43,078 and 54,790 line segments respectively
(see details in Table 1). Therefore, the aspect ratio analysis in the current
work can be regarded as reliable. Also note that in reference [10], the
interface area aspect ratio is derived from the carbide/cobalt phase
boundary plane distributions at the (0001) basal and 1010

! "
prismatic

positions. However, in current work, most cobalt phase at the surface
was removed by etching, so we merely focus on the carbide/carbide

grain boundary planes, and calculate the interface area aspect ratio from
the line segments that correspond to the real carbide/carbide boundaries.
In otherwords, the interface area aspect ratio is calculated based upon the
intact carbide/carbide grain boundaries and defined as the relative area of
the (0001) basal facet to the relative area of the 1010

! "
prism facet. Ste-

reological programs developed at Carnegie Mellon University MRSEC are
used to sort line segments according to the misorientation across the
boundary and to calculate the average basal-to-prism aspect ratio
described above [12].

3. Results and discussion

The microstructures of the two samples are illustrated by the inverse
pole figure (IPF) maps in Fig. 1, where the grain color specifies the orien-
tation according to the coloring indicated in the key. The carbide grains in
both samples are differently oriented, and sample 2 has a finer grain size
in comparison with sample 1, showing that grain growth is effectively
inhibited during SPS process (the case for sample 2) compared with the
sinter-HIP process (the case for sample 1). Note that themeasured orien-
tation texture of carbide grains in the two samples are quite different, and
one possible origin might be the different pressing conditions for
sintering, which might cause the dissimilar preferential orientations of
carbide grains during sintering stages.

The GBPDs (λ(n)) of the two samples are plotted in Fig. 2, with inten-
sity of the distributions expressed in units of MRD. Values greater than

Table 1
Statistics of line segments.

Statistics Sample 1 Sample 2

Total line segment numbers 43,078 54,790
Average basal-to-prism aspect ratio 1.625 0.875
Number of line segments associated with Σ2 boundaries 3005 5637
Average basal-to-prism aspect ratio of Σ2 boundary planes 0.100 0.100
Number fraction of Σ2 boundaries 6% 10%
Length fraction of Σ2 boundaries 8.05% 13.24%
Number of line segments not associated with Σ2 boundaries 40,073 49,153
Average basal-to-prism aspect ratio of rest boundary planesa 2.000 1.214
Number fraction of rest boundariesa 94% 90%
Length fraction of rest boundariesa 91.95% 86.76%
a “Rest boundaries” refer to the boundaries other than the Σ2 boundaries.

Fig. 1. Inverse pole figure (IPF) maps of the two samples, (a) sample 1, (b) sample 2, with
grain orientations determined by the orientation legend for hexagonal crystallographic
system. For interpretation of the color in this figure legend, the reader is referred to the
web version of this article.
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one indicate the relative area associated with a specific type of plane is
larger than the area that would be expected in a random distribution,
and values less than one are associated with specific planes whose rela-
tive areas are less than the area that would be expected in a random dis-
tribution. For both samples, the distributions of boundary plane normals
have clear preferences for the (0001) basal orientation (located at the
center and marked by a hexagon) and the 1010

! "
prismatic orientation

(located on the periphery and marked by an oval), illustrating that the
(0001) plane and 1010

! "
plane are the most common habit planes.

However, the intensities at the (0001) and 1010
! "

positions differ. For
sample 1, habit planes with the (0001) orientation are observed 2.34
times more frequently than would be expected in a random distribution,
and those with the 1010

! "
orientation are observed 1.44 timesmore fre-

quently than would be expected in a random distribution. For sample 2
however, the (0001) orientation and 1010

! "
orientation occur 1.4 and

1.6 times as frequently as expected in a randomdistribution, respectively.
The results in Fig. 2 illustrate that although the samples underwent

different densification procedures, the carbide crystals have consistent

Fig. 2.Distribution of carbide/carbide boundary planes in sample 1 (a) and sample 2 (b). Peaks at the positions of the (0001) basal and 1010
! "

prismatic planes are indicated by hexagons
and ovals, with units of the contours inMRD. Idealizedpolygons are shownbelow the stereograms. For interpretation of the references to color in thisfigure legend, the reader is referred to
the web version of this article.

Fig. 3. Distribution of Σ2 grain boundary planes in sample 1 (a) and sample 2 (b). Peaks at the positions of the (0001) basal and 1010
! "

prismatic planes are indicated by hexagons and
ovals, with units of the contours in MRD. 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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commonhabit planes. However, different grain sizeswere obtained in the
two kinds of densification processes, which can be seen in Fig. 1. In this
work, idealized polygons are utilized to represent the average shape of
the carbide grains, and the approach to draw such a polygon is plotting
a triangular prism, the side length of the equilateral triangle basal equals
to the basal MRD valuemultiplied by a constant of 2

ffiffiffi
3

p
, and the height of

the triangular prism equals to the prismatic MRD value; therefore, the
interface area aspect ratio equals to the ratio of the total basal area to
the total prism area of the polygon; furthermore, the average grain size
can be represented by the volume of the polygon. The idealized polygons
are shown below the stereograms in Fig. 2, and the polygon of sample 1 is
used as an example to explain the drawing geometry of polygons. For
sample 1, the interface area aspect ratio is 1.625, and the idealized poly-
gon is less equal-axied and has a larger volume, and particularly, the rel-
atively larger basal areamakes the polygonmore plate-like. For sample 2,
the interface area aspect ratio is 0.875, and the idealized polygon is more
equal-axied; in the meantime, the polygon has a smaller volume and has
a relatively larger prismatic area fraction.

On theother hand, Fig. 2 overall illustrates that the average size aswell
as the interface area aspect ratio of carbide grains vary with densification
methods. In the currentwork, the sinter-HIP and the SPSwere respective-
ly taken as the representative methods of liquid-state sintering and rapid
sintering technologies; therefore, differences in both average grain size
and shape factor might result from the intrinsic features of the selected
sintering technologies. According to an earlier study [13] focused on the
microstructures that result from the sinter-HIP and SPS methods, carbide
grains grow more adequately during sinter-HIP process than during the
rapid SPS process. Meanwhile, a recent theory for the development of
anisotropic GBPDs [14] argues that in the late stages of microstructural
development, the relative areas should reach a steady state. Considering
this, one can imagine that during the sinter-HIP process, the carbide
grains averagely have larger size as a consequence of full development
of carbide grains; on the other hand, the fully developed shape anisotropy

during this procedure makes the carbide grains less equal-axied. As a
comparison, the carbide grains averagely have smaller size due to insuffi-
cient grain growth during SPS process, and the inadequate shape anisot-
ropy development makes the carbide grains more equal-axied. The
results presented in Fig. 2 are consistent with the above cognitions: as
to the average grain size, if the MRD units are neglected, the idealized
polygon in Fig. 2(a) has a dimensionless volume of 41, and the idealized
polygon in Fig. 2(b) has a dimensionless volume of 16; as to the shape
anisotropy, if the basal MRD is taken as the reference, the prismatic
MRD is 38% higher than the basal MRD in sample 1, and the prismatic
MRD is 14% lower than the basal MRD in sample 2. It is, therefore, con-
cluded that the computational characterization results in Fig. 2 have
their materials preparation initiations.

One of the most frequently occurring carbide/carbide boundaries
has the misorientation of 90° about the [10-10] axis, abbreviated as
the 90°/[10-10] boundary, or Σ2 boundary in coincidence site lattice
(CSL) notation [15]. In a previous study [11], analysis concentrated on
GBPDs (λ(Δg,n)) for this boundary and found that the SPSed sample
hadmore than three times the relative area of Σ2 boundaries compared
to the sinter-HIPed sample. This means that in the SPSed sample, the
total prismatic area should be larger compared to the total basal area,
and this is consistent with the current findings (see Fig. 2b). Therefore,
it is instructive to compare theGBPDswithΣ2misorientations excluded
or not.

For the two samples, line segments associated with Σ2 grain bound-
aries are sorted out, and their GBPDs (λ(n)) are plotted in Fig. 3, where
both samples present obvious preference for the 1010

! "
planes; in

other words, the 1010
! "

prismatic planes occupy predominant fractions
among the Σ2 boundary planes, which is consistent with the observed
high frequency of Σ2 twist boundaries in previous work [11], where the
Σ2 twist boundary that consists of 1010

! "
prismatic planes on the two

sides appears as the most common configuration in both sinter-HIP and
SPS cases.

Fig. 4. Distribution of carbide/carbide boundary planes that not include Σ2 boundaries planes in sample 1 (a) and sample 2 (b). Peaks at the positions of the (0001) basal and 1010
! "

prismatic planes are indicated by hexagons and ovals, with units of the contours in MRD. Idealized polygons are shown below the stereograms. 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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Subsequently, the line segments for grain boundaries other than Σ2
were used to calculate GBPDs (λ(n)), which are plotted in Fig. 4, with
the idealized polygons shown below the stereograms. When the Σ2
boundaries and their prevalent 1010

! "
prismatic planes are excluded

from the boundary population, the average basal-to-prism aspect ratio
associated with the rest boundaries increase in both samples. The aver-
age basal-to-prism aspect ratios turn to 2 for sample 1 and 1.214 for
sample 2. As an illustration, the idealized polygons present more flat
shapes due to the relative higher percentage of (0001) basal plane
areas in both samples.

During sintering, the growth and shrinkage of carbide grains lead to
a steady state distribution of grain sizes and shapes. The low-energy Σ2
boundaries are thought to play an important role during this procedure,
based on the rationale that rapid grain growth is attributed to coales-
cence of grains along the Σ2 boundary planes [16]. Therefore, besides
characterizing the approximative geometry of carbide grains (see the
polygons in Fig. 2), the interface area aspect ratio measurement can
also help to describe the grain development during sintering. For exam-
ple, by comparing the polygons in Fig. 2a and b, it could be surmised
that compared with sinter-HIP process, SPS process has a relatively
weak grain boundary development on (0001) basal planes. In a similar
way, polygon configurations corresponding to different sintering stages
can be used to estimate the elimination degree of Σ2 twist boundaries
during sintering process, and one can imagine that the grain coales-
cence along the Σ2 twist boundary planes decrease the relative area of
1010

! "
prismatic planes, which in turn make the idealized polygon

more plate-like. Also note that the interface area aspect ratio in this
work is defined from the relative areas of carbide habit planes, and
hence, such aspect ratio measurement can be applied to other tungsten
carbide-based composites.

4. Conclusions

Five parameter analysismethod has been used tomeasure the inter-
face area aspect ratios of carbide grains inWC–Co composites. Measure-
ments of grain boundary plane distributions that averaged over all
misorientations indicate that the (0001) basal and 1010

! "
prismatic

planes are themost common habit planes of carbide grains, and the av-
erage basal-to-prism aspect ratios are then determined by the ratio of
the relative (0001) plane area to the relative 1010

! "
plane area. Chang-

es in the measured interface area aspect ratios are found to be depen-
dent upon the densification methods. The work offers a new
opportunity to describe the geometrical shapes of carbide grains in
tungsten carbide-based composites.
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