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A novel approach to index site-specific grain boundary plane 
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A B S T R A C T   

A novel approach using focused ion beam (FIB) and electron backscatter diffraction (EBSD) or transmission 
Kikuchi diffraction (TKD) was developed to characterize all five parameters of the individual grain boundary. 
With this approach, the grain orientations and the grain boundary trace angles on two perpendicular surfaces can 
be measured. Then the grain boundary plane normal in the sample coordinate system can be determined and 
transformed to plane indices in the two crystal coordinate systems. FIB-TKD is a viable alternative to FIB-EBSD 
when EBSD measurement can’t be conducted on the sample surface which is degraded by oxidation or corrosion. 
This approach was verified on a coherent twin boundary in alloy 690. The accuracy of the present FIB-EBSD 
method is better than 3◦. This approach provides a convenient and efficient solution for measuring all five pa-
rameters of a site-specific grain boundary during FIB sample preparation.   

1. Introduction 

Grain boundary (GB) is a key structure element in polycrystalline 
material and has critical influence on the performance of the material. 
Grain boundary engineering [1] has been proposed to improve the 
overall intergranular properties of material (such as resistance to 
intergranular stress corrosion cracking) by increasing the proportion of 
“special boundary” (Σ ≤ 29 coincidence site lattice (CSL) boundary) and 
optimizing its distribution. The special CSL grain boundary is defined 
not only by the misorientation between the two neighboring grains, but 
also by the indices of grain boundary planes. Increasing evidences 
indicate that not all “special boundaries” defined by grain misorienta-
tion show excellent intergranular degradation resistance. Grain bound-
aries with the same misorientation but different grain boundary plane 
combinations exhibit different properties, such as coherent and inco-
herent twin boundaries [2–4]. The correlation between the grain 
boundary structure and the intergranular property is still not well un-
derstood. Recent results show that the index of grain boundary plane, 
rather than the misorientation, plays a dominant role in grain boundary 
migration [5–8], intergranular corrosion [9], diffusion [3], adsorption 
[10, 11], segregation and fracture [12–14]. A concept of grain boundary 
plane engineering (GBPE) has been proposed to improve the perfor-
mance of polycrystalline material by maximizing the proportion of grain 
boundary with low index planes [15]. This concept has attracted 
increasing attention in recent years as it is considered to be a more 

effective grain boundary engineering strategy [15–17]. Thus, in order to 
further establish the linkage between the grain boundary structure and 
its properties, it is imperative to develop an efficient approach to fully 
characterize the geometric configuration of grain boundary, especially 
the grain boundary plane index. 

Grain boundary structure can be fully characterized by five geo-
metric degrees of freedom. Three independent parameters are used to 
describe the relative misorientation between the adjacent grains. The 
other two describe the orientation of the grain boundary plane. Among 
the five geometric grain boundary parameters, the misorientation can be 
directly measured by EBSD. Compared with misorientation, GB plane 
normal vectors is usually harder to acquire. Several approaches have 
been tried to determine the index of GB plane. Randle and Dingley first 
proposed “two surface sectioning methods” to measure the GB plane 
[18]. Based on this method, Baik et al. [19] investigated the relationship 
between grain boundary structure and segregation behavior of nickel- 
base stainless alloy. Recently, a high-throughput technique termed 
electron diffraction optical reflectance (EDOR) was developed for 
determining grain boundary character [20]. Similar to the two surface 
sectioning methods, the EDOR was based on measuring GB misorien-
tation via EBSD and GB plane normal vector via optical reflectance 
micrograph. The EDOR enables cost- and time-effective assembly of 
crystallography–property databases for thousands of individual GBs. 
However, this technique can only be applied on samples with through- 
thickness grains. EBSD pattern method was also proposed to 
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characterize the GB plane [21]. It can non-destructively determine grain 
boundary plane normal inclination angle by comparing simulated grain 
boundary curve library and experimental curve, with a maximum error 
of 11◦. This technique relies on intensive computer modelling and 
simulation and can’t directly calculate the indices of grain boundary 
planes. Yu et al. [14] has employed the Kikuchi pattern method and the 
two-dimensional lattice imaging method to identify the normal of 
boundary plane. The former method required that the boundary was 
tilted to edge-on condition with one grain aligned to a known zone axis. 
Then the grain boundary plane indices can be identified by matching the 
boundary trace and the parallel Kikuchi bands. If the parallel Kikuchi 
band doesn’t appear, it is necessary to tilting the grain boundary slightly 
off the edge-on condition. Hence, the error can go up to 8◦. Different 
from EBSD pattern method, the Kikuchi pattern method allows indexing 
grain boundary planes directly. Hu et al. [11] also indexed grain 
boundary terminal plane using lattice imaging method with the aid of 
transmission electron microscope (TEM). Serial sectioning (using 
focused ion beam (FIB) milling or mechanically polishing) combined 
with EBSD is usually used to obtain 3D-characterization of grain 
boundary microstructure, but the method was usually time-consuming 
and destructive [9, 22–24]. Echlin et al. [25] developed a new femto-
second laser-based technique which allows for a fast serial sectioning, 
while it was also at the expense of destroying the sample. Wang and 
Zaefferer [26] applied a pseudo-3D EBSD method to accurately deter-
mine grain boundary character, which required a special pre-tilted 
holder to clamp the sample and can only be used on GBs intersecting 
the sample edge. Hanson [12] and Bagri [27] have analyzed the grain 
shape and GB plane orientation in 3 dimensions (3D) by high-energy 
diffraction microscopy (HEDM). This method requires advanced X-ray 
sources and significant computation power. It is costly and time- 
consuming, yet the errors of the boundary plane indexing could be 
over 10◦. 

In some cases, investigating the behavior of individual grain 
boundaries is most beneficial to the study of intergranular behaviors like 
environmental degradation [28]. Intergranular microstructure analysis 
based on FIB sample preparation usually needs to be performed on 
specific grain boundaries which show different behaviors from the rest. 
It would be desirable to acquire the structures of those site-specific grain 
boundaries during the FIB sample preparation with readily available 
resources. In this work, we demonstrate a method for determining the 
index of GB plane based on FIB-EBSD. To verify the accuracy of this 
method, a coherent twin boundary was selected for analysis as it can be 
easily identified and its structure is well understood. A single grain 
boundary was analyzed twice at two sites with different alignments. This 
method can be implemented with either EBSD or transmission Kikuchi 
diffraction (TKD), both of which will be tried here. Subsequently, the 
source of error during the GB plane indexing is analyzed. 

2. Experimental procedure 

2.1. Material 

The alloy 690 used in this study was solution annealed at 1100 ◦C for 
1 h and water quenched. The average grain size is around 50 μm. The 
chemical composition (wt%) is 57.6%Ni, 32.7%Cr, 8.64%Fe, 0.25%Mn, 
0.315%Al, 0.08%Si and 0.02%C. After being mechanical abraded up to 
4000 grit, the coupons were electropolished for 30 s at 30 V in 10% 

(volume fraction) perchloric acid in methanol at − 30 ◦C and then 
cleaned immediately with methanol and acetone. 

2.2. Microstructural characterization 

The grain boundary network on the sample surface was first char-
acterized by SEM. Crystallographic orientation of the sample surface 
was examined with a Nordlys EBSD detector in a FEI Helios Nanolab 600 
systems. After the sample was tilted to 70◦, EBSD mapping was obtained 
at a working distance of 12 mm with a beam voltage of 20 kV and a 
probe current of 5.5 nA. Prior to FIB milling, two 20 × 1.2 μm rectan-
gular areas across a coherent twin boundary were coated with ~2 μm 
thick Pt layers. One Pt layer was aligned with the RD direction and the 
other one was perpendicular to the target GB trace. The cross sections 
below the Pt layers were trenched out as indicated in Fig. 1. To measure 
the GB trace angle, a lower accelerating voltage (5 kV) was used to in-
crease spatial resolution and signal-to-noise ratio. Subsequently, the 
lamellas were lifted-out and attached to a Cu grid, and gradually milled 
to ~100 nm thick for TKD tests. TKD analysis was performed on the 
same FIB-EBSD system. The sample was tilted to 18◦ with respect to the 
horizontal position, and the working distance was set to 3.5 mm. The 
Kikuchi patterns were captured at an accelerating voltage of 25 kV and a 
probe current of 5.5 nA. The step size was set to 20 nm. Then the 
crystallographic orientation data was post-processed with Channel 5 
software. 

2.3. Indexing grain boundary planes 

In order to acquire the index of GB plane, grain boundary trace an-
gles on two perpendicular sections with respect to the coordinate axis in 
the sample coordinate system are needed, as shown in Fig. 1. Before the 
measurement of GB trace angle, the Pt layer direction should be accu-
rately aligned with X axis. Fig. 1(a) shows α angle between the GB trace 
and X axis on the surface (X-Y plane in the sample coordinate system), 
and the line trace was designated as vector A = (cosα，sinα，0). It 
should be mentioned that α denotes the trace angle on the surface where 
the grain orientations were measured. Likewise, the β angle between GB 
trace and X axis on X-Z plane was also measured, and the GB trace was 
designated as vector B = (cosβ，0，-sinβ). Therefore, in the sample 
coordinate system X-Y-Z, the normal of GB plane can be described as: 

n =
A × B
|A × B|

(1) 

Orientation of grains which are adjacent to the boundary can be 
described by Euler angles <φ1, Φ, φ2>. In this paper, the orientation 
Euler angle is determined by the average grain orientation. To calculate 
the GB plane indices, the Euler angles need to be converted into an 
orientation matrices by the following formula:  

Matrix g is used for transformation from the sample coordinate sys-
tem to the crystal coordinate system. Thus, the index of GB plane normal 
in two grains can be established by: 

N1 = g1⋅n (3)  

N2 = g2⋅n (4) 

Where g1, g2 are orientation matrices on both sides of the grain 

g =

⎡

⎣
cosφ1cosφ2 − sinφ1sinφ2cosΦ sinφ1cosφ2 + cosφ1sinφ2cosΦ sinφ2sinΦ
− cosφ1sinφ2 − sinφ1cosφ2cosΦ − sinφ1sinφ2 + cosφ1cosφ2cosΦ cosφ2sinΦ

sinφ1sinΦ − cosφ1sinΦ cosΦ

⎤

⎦ (2)   
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Fig. 1. Schematic showing the trace angle measurement in grain boundary plane indexing by (a) FIB-EBSD method and (b) FIB-TKD method.  

Fig. 2. Identification of the normal of the grain boundary plane by measuring two grain boundary trace angles. (a) Grain boundary mapping; (b) Sample extraction 
location; (c, d) Cross sections of S1and S2 boundaries processed by FIB. 
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boundary, and N1 and N2 represent the normal of GB planes in the two 
grains, respectively. 

It should be noted that if the Pt layer is not aligned with X axis, the 
orientation matrices of adjacent two grains should be adjusted according 
to the rotation angle γ around the Z axis: 

g
′

= g*r (5) 

Where g′ is the new matrix after rotation, r is the rotation matrix, it 
can be expressed as: 

r =

⎡

⎣
cosγ − sinγ 0
sinγ cosγ 0

0 0 1

⎤

⎦ (6) 

The sign of the rotation angle γ follows the law of the right-hand 
coordinate system. For the sample where the grain orientations cannot 
be directly measured by EBSD from the sample surface while the grain 
boundary trace can be still revealed (such as on oxidized Ni base alloy 
[29]), the GB plane index can be obtained by the FIB+TKD method using 
the same principle, as shown in Fig. 1(b). The above calculation can be 
realized in MATLAB. 

3. Results 

The grain boundary network is shown in Fig. 2(a). The coherent twin 
boundaries normally appears as straight parallel lines across the parent 
grain [2, 30], denoted as green lines in Fig. 2(a). As shown in Fig. 2(b), 
the Euler angle from the grains on both sides of the S1 boundary were 
measured. For grain 1 and grain 2, they were (23.73, 35.62, 0.83) and 
(104.54, 42.04, 77.18) respectively. Accordingly, their orientation 
matrices can be expressed as: 

g1 =

⎡

⎣
0.911 0.413 0.008
− 0.340 0.738 0.582
0.234 − 0.533 0.813

⎤

⎦, g2 =

⎡

⎣
− 0.757 0.033 0.653
0.085 − 0.985 0.149
0.648 0.168 0.743

⎤

⎦

Then the angles between GB traces and X axis on the surface and 
cross section are measured, α = 60◦, β = 78.5◦, as shown in Fig. 2(b, c). 
Thus the vectors of GB line traces are described to be A = (0.500, 0.866, 
0), B = (0.199, 0, − 0.980) in the sample coordinate system. It should be 
mentioned that the image needs to be tilt-corrected when measuring β. 
Subsequently, the normal of GB plane can be determined through eq. 
(1), which was then converted into the GB plane indices by eqs. (3) and 
(4). The acquired GB plane indices were labeled as (− 1 1 − 1)~2.06◦//(1 
− 1 − 1)~2.10◦, which means that the actual GB planes are 2.06◦ and 2.10◦

off the ideal (− 1 1 − 1) and (1 − 1 − 1) planes, respectively. If the Pt layer 
is perpendicular to GB trace which is normally the case during FIB 
sample cutting, like S2 in Fig. 2(b, d), then α = 90◦ and A = (0, 1, 0). As 
mentioned before, the orientation matrices need to be transformed ac-
cording to rotation angle γ. Here γ =− 30◦. According to eqs. (5) and (6), 
the new orientation matrices of grain 1 and grain 2 are: 

g
′

1 =

⎡

⎣
0.582 0.813 0.008
− 0.664 0.469 0.582
0.470 − 0.345 0.813

⎤

⎦, g
′

2 =

⎡

⎣
− 0.672 0.350 0.653
0.566 − 0.811 0.149
0.477 0.470 0.743

⎤

⎦

β was measured to be79.5◦ as displayed in Fig. 2(d), then the vector 
B = (0.182, 0, − 0.983). Thus, GB plane indices were ultimately calcu-
lateded to be (− 1 1 − 1)~2.57◦//(1 − 1 − 1)~2.61◦. 

The FIB-TKD method was also used for indexing the GB planes of the 
same GB. When the surface of samples cannot meet the EBSD test re-
quirements (such as when the surface was degraded by high temperature 
oxidation), the orientation of grains cannot be directly obtained. Then 
TKD can be used to measure the Euler angles of grains. Two FIB lamellas 
are cut from different sites of the same coherent twin boundary for TKD 
measurement, named S1-TKD and S2-TKD respectively. Before TKD 
experiment, the cross section of the sampled CTB on Fig. 2 (d) was 
analyzed in TEM, as shown in Fig. 3 (a-d). The boundary trace is 
perpendicular to the normal of the common (111) plane, indicating it is 

a CTB (Fig. 3 (b-d)). Fig. 3(e) and (f) show the inverse pole figures (IPFs) 
of S1-TKD and S2-TKD samples. For S1-TKD samples, the Euler angles of 
the two grains are (324.1, 48.01, 43.54) and (240.23, 12.59, 68.65) 
respectively and the orientation matrices can be determined according 
to eq. (2). As the sample drift during TKD measurement can cause 
distortion of the GB trace, the α angle is measured from the cross section 
after FIB trenching. The angles between GB traces and X axis on two 
perpendicular surfaces are α = 78.5◦ and β = 60◦ (as shown in Fig. 2(b) 
and (c)) and the corresponding trace vectors A = (0.1994, 0.980, 0) and 
B = (0.5, 0, 0.866). According to eq (1), the normal of GB plane is 
described as n = (0.853, − 0.174, − 0.492) in the sample coordinate 
system. Then the GB plane indices can be calculated through eqs. (3) and 
(4), i.e. (1 − 1 − 1)~6.25◦//(1 1 − 1)~6.36◦. For S2-TKD sample, the Euler 
angles from both grains are (78.83, 28.35, 46.48) and (260.9, 41.88, 
44.2). Similarly, the GB indices of S2-TKD can also be calculated. The 
detailed results are summarized in Table 1. Compared to the 3D-EBSD 
method [9, 25], this technique is more convenient and efficient. It can 
quickly obtain the GB plane index of any target grain boundary with no 
need of sophisticated equipment and only induces limited destruction to 
the sample. Moreover, the acquired accuracy in this work is about 6–8◦

higher than the previous TEM and HEDM methods [11, 12, 14, 26]. The 
FIB-TKD method also provides a feasible way to index grain boundary 
plane when the surface of sample cannot meet the conventional EBSD 
test requirement. 

4. Discussion 

The above results indicate that both the methods based on FIB-EBSD 
and FIB-TKD can effectively measure all the grain boundary parameters. 
The strategy of the method is to determine the GB plane normal in the 
sample coordinate system and transform it from the sample coordinate 
system to the crystal coordinate system. During the indexing process, the 
errors may result from several factors. Firstly, there is error in the 
alignment and sample tilting when measuring the grain boundary trace 
angles (α and β) and collecting Kikuchi diffraction pattern. Secondly, 
due to the cone-shaped ion beam, the cross section cut by FIB is not 
perfectly perpendicular to the surface. Those factors would result in 
errors in the measurements of trace angles and grain orientations and 
finally influence the accuracy of final achieved GB plane index. How-
ever, it is difficult to assess and control the measurement error in the 
orientation of adjoining grains. Thus, it is more meaningful to analyze 
the error caused by the measurement of trace angles. 

Assuming there is no error in measuring the grain orientations, the 
deviation of indexed boundary plane was calculated using all the com-
binations of trace angles near the ideal values. In the case of S1 sample, 
Fig. 4 shows the evolution of deviation angle from {111} plane with the 
measured trace angles. From Fig. 4 (a), the deviation angle increases as α 
angle deviates from 60.3◦or β angle deviates from 80.9◦. When α =
60.3◦, β = 80.9◦, the GB plane reaches the ideal {111} plane. Fig. 4 (b) 
and (c) shows the error changes linearly as a measured trace angle de-
viates from ideal value when the other one is kept correct. It can be seen 
from Fig. 4 (a) that the error distribution shows approximately 
concentric circles around the ideal trace angles. Angle α and angle β 
measured here are 60◦ and 78.5◦ respectively (marked as p in Fig. 4 (a)). 
It seems that the deviation of angle β from the ideal value causes the 
majority of error. It should also be noticed that the cone-shaped ion 
beam of FIB can’t guarantee the exposed cross section of the grain 
boundary is absolutely perpendicular to the sample surface, which will 
introduce errors into determining the normal of the boundary planes 
[31, 32]. In general, the cross section trenched out by FIB and sample 
surface are usually not strictly perpendicular, which is the reason why 
1–2◦ is usually compensated during the thinning process of TEM sample 
preparation. It also explains why the measured angle β deviates more 
from the ideal value for S1. The error caused by beam shape can be 
minimized by reducing beam current during FIB cutting. 

Compared with FIB-EBSD, although FIB-TKD allows for better spatial 
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Fig. 3. (a) TEM bright field image and (b) diffraction pattern of the sampled twin boundary; (c, d) dark field images corresponding to spots c and d on (b). (e, f) IPF 
maps of S1-TKD and S2-TKD samples. 
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resolution, the acquired deviation from ideal plane is larger (Table 1). 
The FIB cross section is probably not cut perfectly perpendicular to the 
surface during the thinning process which induces error in the calcula-
tion of grain boundary plane normal in the sample coordinate system by 
Eq. (1). 

5. Conclusion 

In conclusion, the result shows that GB plane index of a site-specific 

grain boundary can be accurately determined through measuring the 
grain orientations and the GB trace angles. The grain boundary plane 
can be accurately indexed within 3◦. Therefore, all 5 parameters 
describing the GB structure can be conveniently and efficiently char-
acterized with the aid of FIB and EBSD. For the sample which precludes 
the conventional EBSD measurement on the surface, the FIB-TKD tech-
nique provides an alternative to index the grain boundary plane. The FIB 
lamella should be kept perpendicular to the sample surface during FIB 
cutting. The approach developed in this work could be readily realized 

Table 1 
Summary of the grain boundary plane index of both adjoining grains from the same coherent twin boundary. The lowest-index best match palane and the deviation 
between actual planes and ideal planes are given.  

GB α 
angle 
(◦) 

β 
angle 
(◦) 

Grain 1 Grain 2 

GB plane normal Lowest-index best match 
plane 

Deviation 
(◦) 

GB plane normal Lowest-index best match 
plane 

Deviation 
(◦) 

S1 60 78.5 − 0.575 0.553 − 0.603 (− 1 1 − 1) 2.06 0.548 − 0.584 − 0.599 (1 − 1 − 1) 2.10 
S2 90 79.5 − 0.574 0.547 − 0.610 (− 1 1 − 1) 2.57 0.542 − 0.584 − 0.605 (1 –1 –1) 2.61 
S1- 

TKD 
78.5 60 0.489 − 0.621 − 0.613 (1 − 1 − 1) 6.25 0.536 0.525 − 0.661 (1 1 − 1) 6.36 

S2- 
TKD 

79.5 90 − 0.624 − 0.621 0.475 (− 1 − 1 1) 6.94 0.530 0.523 − 0.667 (1 1 − 1) 6.65  

Fig. 4. The evolution of deviation angle with α and β deviating ideal position. (b) and (c) the variation of deviation angle as a function of β angle and α angle along 
red line and blue line in (a) respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

X. Feng et al.                                                                                                                                                                                                                                     



Materials Characterization 174 (2021) 110999

7

during the preparation of FIB sample from a specific grain boundary and 
the acquired GB parameters could be correlated with other micro-
structure features (such as intergranular oxide or crack microstructure) 
from subsequent analysis, facilitating the establishment of structure- 
performance relationship for grain boundary. 
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