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Abstract: By virtue of five parameter analysis (FPA) method, the grain boundary character distributions (GBCDs) were measured 

for both Σ13a and Σ2 coincidence site lattice (CSL) boundaries in WC-Co composites under plastic deformation condition. For the 

two CSL boundaries, compared to the cases in the undeformed sample, both their populations and their habit plane occurrence 

frequencies decrease in the plastically deformed sample. The interpretation about the GBCD evolution during plastic deformation is 

proposed based on the analysis of fine-sorted crystallographic plane categories. 
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WC-Co cemented carbide as a kind of refractory and hard 

material is mainly used as cutting tool material for broad 

industrial applications. It consists of fine particles of tungsten 

carbide cemented into the composite by a binder metal. 

Typical WC-Co cemented carbides contain 6 wt%~15 wt% 

cobalt as the binder phase; therefore, the properties of the 

material are closely related to the composition and poly- 

crystalline structure. There are two kinds of most-frequently- 

occurring WC/WC boundaries, the one can be described as a 

27.796° rotation about the [0001] axis (abbreviated as 

27.796°/[0001]), and the other can be described as a 90° 

rotation about the [1010] axis (abbreviated as 90°/[1010])

[1]

. 

In the coincidence site lattice (CSL) notation, the two 

boundaries are referred to as Σ13a and Σ2, respectively, and 

are thought to have symmetrical configurations with dense 

planes

[2]

, low interfacial energies and high work of 

separation

[3]

. Particularly, for the Σ2 boundary, since the c/a 

ratio of WC is 0.976, it is actually an “approximate” or “near” 

CSL boundary. 

In measuring the microstructure of polycrystals, grain 

boundary plane crystallography should not be neglected 

because the mesoscale structure of the grain boundary 

network can influence the integrity and performances of the 

material

[4]

. Recently, a stereological approach named “five 

parameter analysis (FPA)”

[5]

 has been developed to calculate 

grain boundary character distribution (GBCD) from electron 

backscatter diffraction (EBSD) data. Using this method, the 

GBCD is expressed in terms of five macroscopically 

observable parameters, that is, three Eulerian angles 

describing the lattice misorientation across the boundary and 

two spherical angles describing the orientation of the grain 

boundary plane normal. Therefore, the FPA can provide a 

more comprehensive description of the grain boundaries 

within a polycrystal since it presents the information of 

orientation texture of boundary planes. 

In addition to various cubic metals and alloys

[6-8]

, selected 

hexagonal materials, including α-titanium

[9,10]

, magnesium

[11]

 

and tungsten carbide

[12]

, have been studied via the FPA method 

and their accuracy has been proved. FPA method requires 

extensive orientation data to reliably determine the GBCD. 

Because of the need for very large data sets (on the order of 

ten times the number of distinguishable boundaries), the 

previous work has not fully examined factors that can 

influence the distribution of CSL boundary planes

[12,13]

 in 
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cemented carbides. Therefore, compared to the author’s 

previous work

[14]

, the objective of the current work is to more 

deeply compare the GBCDs for the two typical CSL 

boundaries (with lower and higher misorientations separately) 

under plastic deformation. The results would show how plastic 

deformation affects the population as well as the detailed 

GBCDs of these boundaries. To achieve this target, two 

samples that are nominally the same are needed, except that 

one should be subjected to plastic deformation to represent the 

load conditions when cemented carbides are used in practice. 

1  Experiment 

The two commercial cemented carbide sample groups used in 

this work are presented by the Xingyu Cemented Carbide 

Mould Limited Company, Zigong, China. Samples in the two 

groups are nominally the same, with a nominal cobalt content of 

11 wt% and with no intentional alloying additions. Group 1 

contains merely one specimen, namely sample 1 (similarly 

hereinafter), which is not deformed and is used as a reference. 

Group 2 contains five specimens; the reason for doing this is to 

avoid the impact of the contingency factors to the GBCDs 

during plastic deformation. For the five specimens in group 2, 

all of them were subjected to plastic deformation via a material 

test machine, MTS 810 (MTS Systems Corporation, USA) and 

were plastically deformed in a controlled three point bending 

strength test. The procedure was performed with a test span of 

14.5±0.5 mm and a loading speed of 200 N/min. From these 

specimens, volumes of materials close to the most heavily 

deformed zone were extracted for further examinations. In 

detail, for the five specimens in group 2, their EBSD data were 

joined together for further GBCD analysis. We hereby refer to 

sample 2 (similarly hereinafter) as the joint name of the five 

specimens in group 2. 

For EBSD analysis, all the six specimens were treated by 

polishing with a diamond abrasive and etching in Murakami’s 

reagent for no more than 5 s. This treatment can yield WC 

surfaces suitable for EBSD mapping and can ensure the quality 

of the diffraction patterns. The EBSD measurements were 

performed by a high speed Hikiari camera (EDAX, Inc., USA) 

incorporated in a Quanta 250 field emission environmental 

scanning electron microscope (SEM, FEI Company, USA). To 

ensure the accuracy of the measurements, the EBSD data were 

collected with a step size of 0.15 µm. On each sample, more 

than 2×10

5

 grain boundary traces were recorded to achieve an 

acceptable statistics for GBCD determining

[5]

. 

The microstructure and misorientation statistics represented 

by the boundary length fraction were derived from TSL OIM 

Analysis 6.2 software (EDAX Inc., USA). The Brandon 

criterion

[15]

 was used to determine the fraction of CSL 

boundaries. 

The GBCDs were calculated using programs developed at 

Carnegie Mellon University that contain a stereological 

procedure coupled with an automated trace analysis step, and 

the procedure for doing this is described in Ref. [5]. Using the 

FPA method, the GBCD, λ(∆g, n), is defined as the relative area 

of a grain boundary with a misorientation, ∆g, and boundary 

plane normal, n, in units of multiples of a random distribution 

(MRD). Note that in this work, two kinds of GBCD are 

measured. First, when the misorientation across the boundary 

plane is defined, the GBCD, λ(∆g, n), is the relative area of the 

boundary planes with certain misorientation, that is, the 

occurrence frequency of typical CSL boundaries with particular 

misorientation relationships. Second, when the misorientations 

across the boundary plane are averaged, the GBCD, λ(n), is the 

occurrence frequency of the habit planes. In the second case, 

filter codes developed by Carnegie Mellon University are used 

to sort the entire boundaries into Σ13a boundaries, Σ2 

boundaries and rest boundaries (that is, boundaries except Σ13a 

and Σ2). The λ(n) measurement is performed on these four 

boundary categories. Also note that in the current work, all the 

misorientation statistics are plotted via contours representing the 

distribution densities of the referred objects and are illustrated in 

units of multiples of a random distribution (abbreviated as MRD 

and similarly hereinafter). In these distributions, values greater 

than one MRD indicate the total distribution intensities 

associated with specific misorientations are larger than what 

would be expected in a random distribution, and values less 

than one MRD are associated with specific misorientations 

whose distribution intensities are less than what would be 

expected in a random distribution. 

2  Results 

The microstructure of the two samples are illustrated by the 

image quality (IQ) maps in Fig.1, with Σ13a boundaries 

highlighted in red and Σ2 boundaries highlighted in blue. Here, 

the bright gray spots are the accumulated cobalt binder phase. In 

IQ maps, the image quality is lower for diffraction patterns 

obtained near grain boundaries. Both samples exhibit 

microstructures with a continuous skeleton of prismatic WC 

grains embedded in the cobalt binder phase. 

The misorientation statistics represented by the boundary 

length fraction were measured by the following two ways. 

First, via a single-parameter approach (illustrating the 

misorientation angle), the misorientation angle distributions 

were calculated for the two samples and the outcomes are 

illustrated in Fig.2. In the chart, the black line represents the 

misorientation distribution for an ideally random micro- 

structure

[16]

 (which is fixed for subjects with hexagonal 

symmetries that have the same c/a ratio), while the blue and 

red lines show the misorientation distributions for the grain 

boundaries in samples 1 and 2, respectively. It can be 

observed that the experimental distributions are not random. 

Two misorientation angle preferences, corresponding to the 

sharp peaks at 27.796° and 90°, were observed. Furthermore, 

the misorientation distributions in the two samples are nearly 

the same, indicating that plastic deformation does not 
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Fig.1  Image quality maps of partial and representative regions in 

sample 1 (a) and sample 2 (b) (Σ13a boundaries are high- 

lighted in red and Σ2 boundaries are highlighted in blue. The 

bright gray spots are the accumulated cobalt binder phase) 

 

remarkably influence the misorientation angle preferences 

between WC grain pairs. 

Second, via a three-parameter approach (examining the 

distribution of misorientation axes), the EBSD data of the two 

samples are plotted into axis-angle space and the results are 

illustrated in Fig.3. In the figure, 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. As a result, for the 

two samples, peaks at the position of 27.796° with [0001] 

rotation axis can be observed, corresponding to the Σ13a 

misorientation relationship that should have high interface 

coincidence in the twist configuration. For the two samples, 

there are even larger deviations from random for 90° rotation 

angle at the [1010] rotation axis, corresponding to the Σ2 

misorientation relationship which is the dominant 

misorientation. By comparing the maximum at the Σ13a and Σ2 

positions, it can be estimated that there are about 20% reduction 

in the number of Σ13a and Σ2 boundaries. Therefore, it can be 

confirmed that the CSL populations are decreased as a result of 

plastic deformation. 

The misorientation distributions in Fig.2 and Fig.3 can be 

used as the guide in selecting the appropriate sections for FPA 

analysis, that is, after a misorientation is chosen, the character 

distribution for that misorientation can then be plotted via a 

stereographic projection. As the term suggests, the FPA analysis 

is a five parameter case and therefore can provide more  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Grain boundary population of WC crystals and random 

objects as a function of misorientation angle in the two 

samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  WC/WC grain boundary misorientation distribution in axis 

angle space for sample 1 (a) and sample 2 (b) (the sections of 

the fundamental zone are taken perpendicular to the [0001] 

axis) 

 

comprehensive description of boundary plane distributions. For 

the two samples in this work, λ(∆g, n) for Σ13a boundaries, 

λ(∆g, n) for Σ2 boundaries, λ(n) for entire boundaries, λ(n) for 

Σ13a boundaries, λ(n) for Σ2 boundaries, and λ(n) for rest 

boundaries, are illustrated in Fig.4 and Fig.5. 

In Fig.4 and Fig.5, each λ(∆g, n) is the relative area of grain 

boundary planes at the chosen misorientation. For each sample, 

about the λ(∆g, n) for Σ13a boundaries (see Fig.4a and Fig.5a), 

the peak is at the position of the corresponding [0001] misorien- 
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Fig.4  Grain boundary character distributions in sample 1: (a) λ(∆g, n) for Σ13a boundaries, (b) λ(∆g, n) for Σ2 boundaries, (c) λ(n) for entire 

boundaries, (d) λ(n) for Σ13a boundaries, (e) λ(n) for Σ2 boundaries, and (f) λ(n) for rest boundaries (the stereological approach is plotting 

along the [0001] direction; planes with [0001] as normal are indicated by hexagons, and planes with [1010] as normal are indicated by 

ovals; contours are in units of MRD) 

 

tation axis, meaning the boundary plane is perpendicular to the 

common rotation axis of the grain pair and thus is a pure twist 

configuration. About the λ(∆g, n) for Σ2 boundaries (see Fig.4b 

and Fig.5b), the peak is at the position of the corresponding 

[1010] misorientation axis, meaning the boundary plane is also 

perpendicular to the common rotation axis of the grain pair and 

thus is also a pure twist configuration. MRD values in the above 

figures indicate that plastic deformation has reduced the 

populations of both Σ13a and Σ2 boundaries. 

In Fig.4 and Fig.5, each λ(n) is the relative area of habit 

planes within a certain boundary category. For each sample, 

about the λ(n) for entire boundaries (see Fig.4c and Fig.5c), the 

distributions of boundary plane normal have clear preferences 

for the (0001) and (1010) orientations, illustrating that the 

(0001) and (1010) habit planes are the most common planes; 

moreover, MRD values in Fig.4c and Fig.5c indicate that the 

plastic deformation has altered the occurring frequencies of 

these habit planes. About the λ(n) for Σ13a boundaries (see 

Fig.4d and Fig.5d), both samples present obvious preference of 

(0001) planes, that is to say, the (0001) planes are predominant 

among Σ13a boundaries; meantime, the plastic deformation 

does not alter the twist configuration of Σ13a boundaries; 

moreover, MRD values in Fig.4d and Fig.5d again indicate that 

plastic deformation has reduced the populations of Σ13a 

boundaries. About the λ(n) for Σ2 boundaries (see Fig.4e and 

Fig.5e), both samples present obvious preference of the (1010) 

planes, that is to say, the (1010) planes are predominant among 

Σ2 boundaries; meantime, the plastic deformation does not alter 

the twist configuration of Σ2 boundaries; moreover, MRD 

values in Fig.4e and Fig.5e also indicate that plastic 

deformation has reduced the populations of Σ2 boundaries. 

About the λ(n) for rest boundaries (see Fig.4f and Fig.5f), it can 

be observed that when the CSL boundaries and their prevalent 

habit planes are excluded from the entire boundary population, 

the (0001) and (1010) planes still are the most common planes. 

Since the CSL boundary populations decrease after the 

deformation, the relative occurrence frequency of the rest 

common planes increases, which can be observed from the 

MRD values. 

3  Discussion 

Considering the crystallographic structure of WC, tungsten 

and carbon layers are alternately arranged in an ABAB packing 

sequence, and the layer of small carbon atoms leads to the low 

c/a ratio (0.976). As the result, plastic deformation mechanisms 

for tungsten carbide might have specific features. In the current 

work, when calculated by the misorientation alone, the 

procedure of plastic deformation reduces the population of the 

Σ13a and the Σ2 boundaries by a factor of 1.3 (see MRD values 

in Fig.3). Moreover, the FPA analysis outcomes indicate that the 

plastic deformation has reduced the population of the Σ13a and 

the Σ2 boundaries by a factor of 1.8 (see MRD values in Fig.4a 
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Fig.5  Grain boundary character distribution in sample 2: (a) λ(∆g, n) for Σ13a boundaries, (b) λ(∆g, n) for Σ2 boundaries, (c) λ(n) for entire 

boundaries, (d) λ(n) for Σ13a boundaries, (e) λ(n) for Σ2 boundaries, and (f) λ(n) for rest boundaries (the stereological approach is plotting 

along the [0001] direction; planes with [0001] as normal are indicated by hexagons, and planes with [101 0] as normal are indicated by 

ovals; contours are in units of MRD) 

 

and Fig.5a for Σ13a boundaries, and MRD values in Fig.4b 

and Fig.5b for Σ2 boundaries). The above results remind us 

that slip systems (including basal, prismatic and pyramidal 

approaches) should be mainly concerned in analyzing the 

GBCDs in this work. Meantime, certain details should also be 

focused; most importantly, for partial WC/WC grain pairs, their 

grain boundary planes are rotated while their misorientations are 

maintained. 

As to the λ(∆g, n) for Σ13a boundaries (see Fig.4a and 

Fig.5a), the alteration of GBCD most likely origins from the 

(0001) grain boundary sliding: sliding parallel to the basal plane 

would reduce the total area of Σ13a boundaries by reducing the 

total area of contact. Nevertheless, it should be noted that 

although the (0001) basal plane has a high packing density, the 

basal slip relatively less occurs since strong bond forces 

between carbon and tungsten atoms across the ABAB layers 

prevent shearing along directions in the basal plane

[17]

. 

As to the λ(∆g, n) for Σ2 boundaries (see Fig.4b and Fig.5b), 

since the twist configuration of Σ2 boundaries is maintained 

during plastic deformation, the alteration of GBCD can thus be 

mainly attributed to the grain boundary sliding that parallel to 

the (10 1 0) grain boundary plane, and such mechanism is 

thought to be an important deformation approach in cemented 

carbides

[18,19]

; moreover, such sliding mechanism could be 

facilitated when the WC skeleton breaks up and grain 

boundaries are infiltrated by the Co binder phase

[3]

. However, 

the lower interface energy of Σ2 twist boundary

[20]

 means that 

the Σ2 twist boundary is relatively difficult to be separated and 

then be infiltrated by the binder. For the grain pairs with rotated 

boundary plane and maintained misorientation, a mechanism 

considering grain shape changes associated with dislocation 

motion has been proposed in the author’s previous work

[14]

, 

which suggests the possible cross slip of screw dislocations 

along {10 1 0} planes based on the <0001>{10 1 0} slip 

system

[19]

. 

The alteration of the GBCDs of typical CSL boundaries can 

reduce the contact area of both (0001) and (1010) planes, and 

can also lead to the reorientation of boundary planes to some 

extent. Therefore, the λ(n) studies of various boundary 

categories provide an alternative to check the distribution 

features of habit planes during plastic deformation. As to the λ(n) 

for entire boundaries (see Fig.4c and Fig.5c), the (0001) basal 

and (10 1 0) prismatic planes remain as the most prevalent 

crystallographic planes after plastic deformation, and the 

population of such habit planes is not significantly changed by 

the plastic deformation. As to the λ(n) for Σ13a boundaries (see 

Fig.4d and Fig.5d), the twist structure of Σ13a boundaries can 

be proved, that is, the (0001) basal planes occupy predominant 

fractions among the Σ13a boundary planes, and the twist 

boundary (consists of (0001) planes on the two sides) is the 

most common configuration. Meantime, lower MRD value of 

(0001) planes after plastic deformation can help to suggest the 
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(0001) grain boundary sliding mechanism. As to the λ(n) for Σ2 

boundaries (see Fig.4e and Fig.5e), the twist feature of Σ2 

boundaries can be proved, and the (10 1 0) prismatic planes (as 

predominant planes) consist the crystallographic planes on the 

two sides of the Σ2 twist boundaries. Moreover, lower MRD 

value of (10 1 0) planes after plastic deformation might be 

attributed to the (10 1 0) prismatic sliding mechanism; it might 

also be attributed to the cross slip of dislocations through the 

interface plane. As to the λ(n) for rest boundaries (see Fig.4f and 

Fig.5f), the (0001) and (10 1 0) planes keep as the representative 

habit planes among common boundaries, and since the 

population of CSL boundaries decreases after plastic 

deformation, the population of these common boundaries 

increases accordingly. 

4  Conclusions 

Comparisons of GBCDs in the un-deformed and plastically 

deformed WC-Co samples via the FPA method lead to the 

following conclusions: for the Σ13a and Σ2 CSL boundaries, 

their population decreases while their twist configurations are 

remained during plastic deformation. The deformation 

procedure does not significantly change the fraction of CSL 

misorientations; however, it alters the fraction of twist CSL 

boundaries more obviously. The phenomena can mainly be 

attributed to the basal and prismatic slip system, and to some 

extent, can be attributed to the reorientation of carbide grains 

via the cross slip of dislocations. 
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