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A B S T R A C T

We present a method for obtaining qualitatively accurate grain boundary plane distributions (GBPD) for textured 
microstructures using a stereological calculation applied to two-dimensional electron backscatter diffraction 
(EBSD) orientation maps. Stereology, applied to 2D EBSD orientation maps, is currently the fastest method of 
obtaining GBPDs. Existing stereological methods are not directly applicable to textured microstructures because 
of the biased viewing perspectives for different grain boundary types supplied from a single planar orientation 
map. The method presented in this work successfully removes part of this bias by combining data from three 
orthogonal EBSD orientation maps for stereology. This is shown here to produce qualitatively correct GBPDs for 
heavily textured synthetic microstructures with hexagonal and tetragonal crystal symmetries. Synthetic micro-
structures were generated to compare the stereological GBPD to a known ground truth, as the true GBPD could be 
obtained from a triangular mesh of the full grain boundary network in 3D. The triangle mesh data contained all 
five macroscopic parameters to fully describe the grain boundary structure. It was observed that our stereological 
method overestimated the GBPD anisotropy. However, qualitative analysis of the GBPD remains useful. 
Furthermore, it was found that combining data from three orthogonal sections gives reliable results when 
sectioning the texture’s primary axes.

1. Introduction

In the past decade, the study of grain boundary (GB) populations and 
their properties has gone through a revival [1–5]. It is well-established 
that grain boundaries govern many material properties, which is 
evident in the constitutional laws that exhibit grain size sensitivity, for 
example, in yield strength and creep [6], as well as in conductivity and 
optical properties [7]. Many studies focus on the average grain size as 
the main parameter related to macroscopic properties, sometimes also 
including texture analysis. Yet the past two decades have shown that 
properties of the grain boundaries themselves, like their structure and 
composition, can be equally influential on the macroscopic properties of 

the material [3,8,9].
The crystallography of the grain boundary plane fundamentally 

controls the properties of the grain boundary. Two grain boundaries 
displaying the same misorientation between adjacent grains and nomi-
nally displaying the same Σ value (inverse density of coincident lattice 
sites) can connect adjacent crystals on very different crystal planes, 
leading to different properties, such as different grain boundary 
migration rates [10] or space charge potentials [9].

Furthermore, the GB plane fundamentally links GB energy to various 
other GB properties, including oxide ion conductivity [11,12]. Han et al. 
[13] demonstrated that GBs with the same misorientation can exist in 
multiple crystallographic variations, termed GB states. These display 
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vastly different energies, even when restricted to symmetric boundaries 
about a single rotation axis. Structure-special low-energy GBs possess 
the fewest possible GB states, whereas non-special boundaries exhibit a 
broader range of states and energies. Theoretical simulations often 
emphasise structure-special Σ boundaries due to their periodicity, which 
simplifies modelling. However, this focus limits insights applicable to 
general, non-periodic GBs, constraining a comprehensive understanding 
of their behaviour.

Grain boundary plane distributions (GBPD) are a measure of the 
distribution of the crystallographic orientation of grain boundaries with 
respect to their respective host grain. One may consider the GBPD as the 
average crystal shape in a polycrystalline material. The GBPD is 
commonly displayed on a stereographic projection in units of multiples 
of random (or uniform) distribution (MRD), showing the relative areas 
of different crystallographic planes on the grain boundary [14].

By studying the whole distribution of all grain boundary types pre-
sent in the material, the bias from studying only a few boundaries, which 
might be special in terms of properties, structure or chemistry, can be 
removed. This is particularly important, seeing that non-special grain 
boundaries exhibit more variable grain boundary states and respond 
strongly to material processing [13]. Furthermore, non-special GBs have 
been found to be more frequent than special Σ boundaries in materials 
such as alumina and zirconia [15], likely impacting material properties 
more significantly than the few special GBs.

Grain boundary character, as defined using five macroscopic degrees 
of freedom from misorientation Δg(φ1,Φ, φ2) and plane normal n(θ, ϕ)
[16], cannot be obtained from two-dimensional maps measured by 
electron backscatter diffraction (EBSD) directly [17]. Although the 
boundary plane normal orientation is not fully known, it can be 
computed statistically using stereology, for example, using code written 
at Carnegie Mellon University in the Rohrer group [17,18].

This stereological analysis works well for samples with no preferred 
crystal orientations, i.e., non-textured materials. This is because the 
analysis relies on supplied observations of individual types of grain 
boundaries from random observation perspectives, as it is a statistical 
method. Taking two-dimensional sections of very strongly textured 
materials supplies biased observation perspectives for each grain 
boundary type. Furthermore, two-dimensional sections of textured mi-
crostructures contain a biased subset of grain boundary types. This 
causes nonuniform sampling and thus further biases computed stereo-
logical GBPDs of textured materials, yet some experimental studies use 
three orthogonal sections to circumvent this nonuniform sampling [19].

Crystallographically textured materials constitute a large proportion 
of modern materials studied; consequently, extending the stereological 
GBPD analysis approach is required. Being able to obtain accurate grain 
boundary character measurements using two-dimensional EBSD orien-
tation maps would be a great simplification compared to three- 
dimensional orientation map techniques, such as synchrotron X-ray 
diffraction [20], serial sectioning [21–23] or transmission electron mi-
croscopy [24,25]. These techniques can directly access all five grain 
boundary character parameters, but are often too expensive, inacces-
sible, and difficult for routine applications.

One potential approach to limit the texture bias in stereology is to 
take multiple differently oriented sections, as proposed by Saylor et al. 
[17]. While this must lead to a more representative subsection of 
boundaries and observation perspectives supplied to the stereological 
method, the number and orientation of sections required to obtain an 
accurate representation of the grain boundary character are difficult to 

predict.
Here, we benchmark methods for computing the GBPD from two- 

dimensional data by sampling simulated 3D microstructures for which 
the true GBPD is known. The GBPD was calculated from plane sections of 
simulated textured microstructures with hexagonal and tetragonal 
symmetries by combining data from three orthogonal plane sections. 
The results were then compared to the GBPD calculated from the entire 
3D microstructure, representing the true GBPD.

2. Method

2.1. Synthetic microstructure generation

We combined microstructure simulation of a textured material using 
DREAM.3D [26,27] with an analysis of these microstructures as if they 
were an experimental sample mapped by EBSD. To benchmark the ste-
reological method, two case studies with different crystal systems were 
used, both based on real-world textured materials.

The first dataset simulated was Zircaloy-4 in the α-Zr phase with 
hexagonal crystal symmetry, often used as a cladding material for fuel 
rods in nuclear pressurised water reactors (PWR) [28,29]. A typical 
rolling texture for zirconium alloys was applied, with {10-10} aligned 
with the rolling direction, {11-20} aligned with the transverse direction, 
and {0001} aligned with the normal direction [30].

The second simulated dataset was a tetragonal phase of zirconia 
(ZrO2), which is one of the phases that develop in the corrosion resistant 
oxide layer on Zircaloy-4 in PWRs, likely stabilised by the large pressure 
in a PWR [31,32]. The texture simulated was a typical (001) fibre 
texture [33].

The intensities of textures applied to the microstructures simulated 
in this project were deliberately much higher than what would be ex-
pected in real materials. For typical rolling textures, the maximum in-
tensities of orientation distribution plots are less than 10 in multiples of 
random distribution (MRD) [30,33]. The microstructures simulated for 
this project had maximum intensities reaching 50 MRD. The strong 
texture made the resulting GBPDs more predictable. When simulating a 
microstructure in DREAM.3D, first the grain shapes were simulated to 
fill the space of the synthetic volume, and only afterwards were the 
crystal orientations assigned to the already formed grains to satisfy the 
orientation distribution function and the disorientation distribution 
function [26]. Therefore, it was not guaranteed that the crystal orien-
tation would exactly match the orientation of the grain elongation for 
each grain. Using extremely strong textures reduced the potential 
mismatch between the orientations of the crystal and the grain shape for 
each grain, making the results more predictable.

The simulation steps, called filters in DREAM.3D, used to generate 
the synthetic microstructures, are shown in Table 1. Note that in this 
microstructure simulation, GBs are not attributed with grain boundary 

Table 1 
DREAM.3D filters used for generating synthetic microstructures.

Filter number Filter name

1 StatsGenerator
2 Initialize Synthetic Volume
3 Establish Shape Types
4 Pack Primary Phases
5 Find Feature Neighbors
6 Match Crystallography
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energy - they simply follow the shape we define during the simulation 
set up. In other words, they will, on average, depict elliptical grain 
shapes.

Using DREAM.3D, we generated the textured synthetic mono-phased 
microstructures. First, we used filter 1 to set the phases, including the 
crystal symmetry. The grain size was specified using a lognormal dis-
tribution by setting the mean, standard deviation, and maximum and 
minimum grain sizes specified by the number of standard deviations 
allowed in each direction. The parameters used are shown in Table 2.

In filter 1, the texture was also defined. Grain shape was defined by 
ellipsoid axis ratios (A:B:C). The orientation of the elongated grains with 
respect to the sample reference frame was specified using Euler angles in 
the Bunge convention. The crystallographic texture was set by 

specifying orientations via Euler angles in the Bunge convention and 
assigning each with a weight and the width of the distribution around 
the absolute value. The parameters are shown in Table 2.

The sample volume was defined in filter 2 by setting the number of 
voxels in each direction and the spacing between them. The spacing also 
represented the step size for EBSD mapping. Orientation maps were 
exported from the three different sample sections (XY, XZ and YZ) as 
shown in Fig. 1. The Euler angle reference frames were rotated 
depending on which section was being exported to align the simulated 
reference frame with the experimental EBSD reference frame. This 
means that the work protocol and methodology developed here are 
applicable to EBSD maps obtained from experimental measurements. As 
shown in Fig. 1, the XY section was exported without rotation, a 90◦

Table 2 
DREAM.3D microstructure simulation parameters used for each dataset. Grain size distributions were set in DREAM.3D using lognormal distributions, by specifying µ, 
σ and number of standard deviations in both directions from the mean. The real grain size is defined as the equivalent sphere diameter (ESD). Grain size distribution µ 
and σ parameters are defined as unitless in DREAM.3D, and the user is instructed to adjust them until the estimated grain ESD reaches the desired value. The ori-
entations of the ellipsoidal grain shapes and crystallographic orientations were set in DREAM.3D using orientation distribution functions (ODF) specified using Euler 
angles. The grain size metric used in MTEX was equivalent circle diameter (ECD).

Setting Hexagonal Tetragonal Tetragonal: Texture strength 
test

Tetragonal: Misaligned sections 
test

DREAM.3D input

Filter 1 Estimated mean ESD (µm) 14.90 10.23 10.23 10.23
Lognormal grain size dist. µ 2.55 2.2 2.2 2.2
Lognormal grain size dist. σ 0.55 0.5 0.5 0.5

No. std dev towards min. grain size 4.0 2.0 2.0 2.0
No. std dev towards max. grain size 2.5 1.5 1.5 1.5

Filter 1 A:B:C ellipsoid axis ratio 3:1:1 4:1:1 Trial 1 - 3:2.5:2 3:2:1
Trial 2 - 4:3:1
Trial 3 - 6:3:1
Trial 4 - 8:3:1

​ ​ ​ ​ ​
Ellipsoid ODF 

(Euler angles, degrees)
ϕ1 = 0 
Φ = 90 
ϕ2 = 0

ϕ1 = 0 
Φ = 90 
ϕ2 = 90

ϕ1 = 0 
Φ = 90 
ϕ2 = 90

ϕ1 = 17 
Φ = 90 
ϕ2 = 42

​ ​ ​ ​ ​ ​
Filter 1 Crystallographic ODF 

(Euler angles, degrees)
ϕ1 = 20, 30, 40 

Φ = 0 
ϕ2 = 0

ϕ1 = 0, 10, 20, 30, 40, 50, 60, 70, 80 
Φ = 0 
ϕ2 = 0

ϕ1 =
0, 10, 20, 30, 40, 50, 60, 70, 80 

Φ = 0 
ϕ2 = 0

ϕ1 = 107 
Φ = 48 

ϕ2 =
0, 10, 20, 30, 40, 50, 60, 70, 80

​ ​ ​ ​ ​ ​
Filter 2 No. voxels in 3D 700 × 700 × 700 501 × 501 × 501 501 × 501 × 501 501 × 501 × 501

Step size (µm) 1.4 1.0 1.0 1.0

​
Simulation results (MTEX analysis)

Grain size (ECD) mean 
(µm)

15.41 8.91 Trial 1 - 9.55 9.24
Trial 2 - 9.31
Trial 3 - 8.99
Trial 4 - 8.72

Grain size (ECD) median 
(µm)

12.00 7.16 Trial 1 - 7.61 7.54
Trial 2 - 7.46
Trial 3 - 7.21
Trial 4 - 6.95

​ ​ ​ ​ ​ ​

Grain size (ECD) mode 
(µm)

7.27 4.62 Trial 1 - 4.83 5.03
Trial 2 - 4.80
Trial 3 - 4.63
Trial 4 - 4.43
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rotation about the X sample reference frame axis was applied in 
DREAM.3D to the Euler reference frame when exporting the XZ section, 
and the YZ section required a further rotation of 90◦ about the new Y 
sample reference frame axis.

To ensure sufficient statistics for stereology while not creating overly 
large and time-consuming simulations, multiple sections were exported 
in each direction, as shown in Fig. 2. The microstructures simulated 
using DREAM.3D are spatially uniform, so using multiple sections is 
statistically equivalent to sampling larger sections, if the spacing be-
tween the sections is chosen to be larger than the maximum grain size to 
avoid sampling artefacts. The maximum ellipse long axis length, deter-
mined using MTEX, was used as the measure for setting the section 
spacing.

Subsequently, the planar sections of the simulated microstructure 
were exported from DREAM.3D. The exported files contained a list of 
Euler angles, each corresponding to a different voxel in the DREAM.3D 
spatial coordinate system. A MATLAB script was written to convert these 
files into orientation maps in the .ang format. This is the standard format 
used in TSL OIM Analysis by EDAX.

Step size and sample dimensions set in DREAM.3D were used to 
assign each Euler angle to a physical coordinate in space. A typical 
header was then added to the new .ang files with information about the 
specific phase simulated.

2.2. Texture validation

The first step in the analysis of the synthetic orientation maps was 
performed using the MTEX toolbox for MATLAB [34]. To verify the 
input parameters for the DREAM.3D simulations, the crystallographic 
texture, grain size distribution, grain shape and orientations were 
extracted and compared to the DREAM.3D input. Additionally, the re-
sults from MTEX were compared with the display in the ParaView 
software [35] to ensure consistency in reference frame conventions 
used. This is a suitable comparison as ParaView uses the same reference 
frame conventions as DREAM.3D.

Standard functions provided by MTEX were used to plot inverse pole 
figure (IPF) maps and orientation distribution function (ODF) pole fig-
ures to analyse the crystallographic texture of the simulated micro-
structure. Fig. 3 displays three orthogonal sections plotted with IPF 
colour with respect to the sample Z direction. The comparison of the 
input ODF plots from DREAM.3D and the pole figures plotted in MTEX 
from the exported sections can be found in Fig. 4.

The grain size, shape and orientation properties of the microstruc-
ture were also analysed using MTEX, fitting grains with ellipses. Grain 
size was defined using the equivalent circle radius function in MTEX. 
Grain diameters were calculated and fitted with a lognormal distribu-
tion. The resulting grain size distributions are shown in Fig. 3.

The grain shape was analysed in two ways: aspect ratio and char-
acteristic shape function. Results are plotted in Fig. 5 for the hexagonal 
microstructure and Fig. 6 for the tetragonal. The aspect ratios were 
calculated by comparing the lengths of the ellipse long and short axes. 
The characteristic shape function is provided by MTEX and sums over 
grain boundary segment orientations. Ellipse long axis orientation is 
plotted on a polar histogram.

2.3. Additional datasets

The effect of a less symmetrical grain shape was also tested. This was 
achieved by simulating microstructures with different lengths of the 
ellipsoid short axes (i.e. 4:3:1 compared to 4:1:1). Furthermore, micro-
structures with varying levels of grain elongation were simulated to test 
the dependence of the bias in the stereological method on the magnitude 
of the applied texture. These simulations were performed using the same 
settings as the original tetragonal symmetry dataset, with only the 
ellipsoid axes ratios varied. The exact parameters used can be found in 
Table 2 in the “Tetragonal: Texture strength test“ column. The same 
texture verification method was used for these datasets as for the orig-
inal hexagonal and tetragonal datasets.

Lastly, the effect of alignment of the sections taken through the 

Fig. 2. Visualisation of taking multiple slices in the XY direction. The same was 
done for the other directions.

Fig. 1. Schematic of the rotations performed in the DREAM.3D pipeline to 
export 2D sections that correspond to sections of an experimental textured 
sample characterised using EBSD. The black axes define the sample reference 
system. The green, blue and orange sides of the sample cube are named XY, XZ 
and YZ, using the two axes defining the respective section in the sample 
reference frame. To replicate experimentally measured EBSD data, the refer-
ence frame was rotated for XZ and YZ sections to keep the coordinate system 
consistent. IPF maps plotted in OIM Analysis and MTEX were always plotted 
with respect to the Z direction in the sample reference frame. The directions 
corresponding to the Z sample direction for each individual section are shown 
as a dashed red arrow.
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Fig. 3. Confirming texture and the spatial and rotational consistency of microstructures simulated using DREAM.3D. (a) Combined IPF maps for XY, YZ and XZ 
sections plotted in MTEX, all orientations along the Z sample reference frame axis. (b) Grain size analysis, including mode, median and mean (values listed 
in Table 2).

Fig. 4. Confirming the texture of the simulated hexagonal and tetragonal microstructures using ODF pole figures. Both the DREAM.3D input and the MTEX analysis 
of the simulated microstructure are shown. MTEX plots are shown for all three orthogonal sections (XY, XZ and YZ) individually. The plots are in good agreement.
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sample with respect to the texture was investigated. To this end, a 
misaligned version of the same microstructure for the original dataset 
with tetragonal crystal symmetry was simulated. Both the ellipsoid grain 
orientations and the crystallographic orientations were tilted away from 
the sample reference frame in the same way. In the previous datasets, 
the sample reference frame, ellipsoid grain axes and crystallographic 

texture were all perfectly aligned with each other. The parameters used 
are shown in Table 2 in the “Tetragonal: Misaligned sections test” col-
umn, and the texture analysis is in Fig. 7.

2.4. Plotting grain boundary plane distributions

The resulting grain boundary plane distributions (GBPDs) were 
plotted using code developed in the Rohrer group [14,17,18]. This code 
uses grain boundary segments calculated from grain boundary traces as 
input. To extract the grain boundary segments, our orientation maps (. 
ang files created in MATLAB) were imported into TSL OIM Analysis 8 
software. When manually creating the orientation map files (.ang), co-
ordinates were set up with the origin of the coordinate system in the 
lower left corner, x-direction increasing to the right, y-direction 
increasing to the top, and z-direction pointing out of the page. Thus, a 
rotation of 90◦ around the A3 axis was applied to all sections after 
importing into TSL OIM Analysis 8, following guidance on converting 
between coordinate systems [36]. ODF pole figures were plotted in OIM 
Analysis and compared to those from DREAM.3D and MTEX to verify the 
importing procedure. TSL OIM Analysis 8 was solely used to extract 
grain boundary segments without any additional data cleaning or pro-
cessing, as the synthetic microstructures in this project were free from 
artefacts normally encountered in experimental EBSD data. From the 
grain boundary segments, GBPDs were calculated for the three orthog-
onal sections separately as well as combined (Fig. 8 and Fig. 9).

To compute the true GBPD for the simulated microstructure, the 
voxelated boundaries between the grains in the simulation had to be 
replaced by a smooth mesh of triangles. The creation of the triangular 
meshes was carried out in DREAM.3D using the filters found in Table 3. 
The resulting ground truth GBPDs were calculated using the 3D data 
analysis function of the code developed by the Rohrer group [17,18,37].

3. Results

Fig. 8 shows the GBPDs produced for the dataset with hexagonal 
crystal symmetry, simulated using parameters from the “Hexagonal” 
column in Table 2. The stereologically calculated GBPDs from single 2D 
sections and all three 2D sections combined are compared to the ground 
truth GBPD calculated from the 3D grain boundary structure of the 
simulated microstructure.

The GBPD for the XY section (Fig. 8 a) shows preference for planes in 
the 2nd order prismatic zone, mainly {11-20}. The 1st order prismatic 
zone planes, particularly {10-10}, are not expressed. The XZ section 
(Fig. 8 b) displays a strong preference for the {0001} basal planes, 
reaching 4.8 MRD. The GBPD for the YZ section (Fig. 8 c) preferentially 
displays planes parallel to [0001] direction, described as {hki0} planes 
where “h”, “k” and “i” are integers. The 1st order {10-10} and the 2nd 

order {11-20} prismatic planes and higher index planes are represented.
The combined GBPD for the three orthogonal sections (Fig. 8 d) 

displays a preference for the {0001} basal planes, reaching 3.27 MRD. 
1st order prismatic zone planes appear very little in the entire dataset, 
while 2nd order prismatic zone planes are relatively randomly distrib-
uted. It represents the average of the GBPD of the XY, XZ and YZ sec-
tions. The GBPD describes an average crystal habitus, in our case, an 
elongated ellipsoid of biaxial symmetry, longest in the X direction, or in 
other words, the shape of a rice grain.

The ground truth GBPD obtained from triangle meshing the 3D grain 
boundary structure is shown in Fig. 8 e. Similar to the stereological 

Fig. 5. Grain shape analysis for hexagonal microstructure plotted by MTEX for 
the three orthogonal sections individually. (a) Ellipse short to long axis ratios 
describing the level of elongation of grains. (b) The characteristic shape of 
grains from all three sections separately, normalised for area.

Fig. 6. Grain shape analysis for tetragonal microstructure plotted by MTEX for 
the three orthogonal sections individually. (a) Ellipse short to long axis ratios 
describing the level of elongation of grains. (b) The characteristic shape of 
grains from three sections separately, normalised for area. XZ and YZ charac-
teristic shape functions overlap nearly perfectly, resulting in the XZ data being 
poorly visible.
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GBPD from all three sections combined, it displays a clear preference for 
the {0001} basal planes reaching 1.8 MRD, a below average represen-
tation of the 1st order prismatic planes and an above average represen-
tation of 2nd order prismatic planes. The level of anisotropy in the GBPD, 
characterised by the difference between maximum and minimum in-
tensity of the distribution, is much lower for the ground truth result than 
the stereology results.

Fig. 9 shows the resulting GBPDs for the dataset with tetragonal 
crystal symmetry, simulated with parameters in the “Tetragonal” col-
umn in Table 2. Both the stereologically calculated and the ground truth 
GBPDs are shown.

The GBPD for the XY section (Fig. 9 a) shows close to random dis-
tribution of GB planes. Sections XZ (Fig. 9 b) and YZ (Fig. 9 c) have a 
very similar GBPD, showing a strong preference for planes parallel to 
[001] direction, here referred to as {hk0} where “h” and “k” can be any 
arbitrary integer. These planes are around 4.5 times more common 
compared to a random distribution. As the planes deviate from being 
parallel to [001] direction, they become increasingly rare. The purple 
section of the GBPD in the middle signifies planes appearing scarcely in 
the dataset, namely the {001} family.

The combined GBPD from all three orthogonal sections in Fig. 9 d is 

an averaged plot of the individual section GBPDs. The pattern shows the 
same features as XZ and YZ because of their high intensity compared to 
XY, but with a lower maximum intensity. This is most clearly visible on 
the red outside circle, which is slightly less intense than in individual 
plots for XZ and YZ.

Fig. 9 e shows the ground truth GBPD obtained from triangle 
meshing the grain boundaries. It also displays a preference for the {hk0} 
planes, with intensity reaching 2.86 MRD, and diminishing frequency of 
planes when deviating from {hk0}. The level of anisotropy in the ground 
truth GBPD is lower than in the stereological GBPD from combined 
sections.

The stereologically calculated GBPDs for microstructures with 
varying ellipsoid long axis (A) length are shown in Fig. 10. These 
datasets correspond to parameters shown in the column “Tetragonal: 
Texture strength test” in Table 2. Both the stereological GBPDs calcu-
lated from combined data from three orthogonal sections and the 
ground truth GBPDs obtained using triangular meshing are shown for 
comparison. The patterns obtained show similar features to the original 
tetragonal dataset GBPDs shown in Fig. 9, displaying preference for 
{hk0} planes and reduced frequency of {001} planes.

It can be seen in Fig. 10 that the maximum intensity and level of 
anisotropy of both the stereologically computed and the ground truth 
GBPDs become greater with increasing level of elongation (or aspect 
ratio) of the grains, i.e. with increasing strength of the texture. The data 
presented in Fig. 11 shows that the ratio of maximum intensities of 
stereological compared to ground truth GPBDs followed a linear trend 
with the ellipsoid grain aspect ratio for datasets where only the A:C ratio 
was varied and B:C was kept constant. The one dataset where B:C was 
varied did not follow the linear trend.

Fig. 12 shows the results from applying the stereological method of 
combining data from three orthogonal sections in a scenario where the 
sections measured are misaligned from the ellipsoid grain axes and the 

Fig. 7. Tetragonal crystal structure dataset with the texture misaligned with respect to the sample directions X, Y, Z. This simulates taking the orthogonal sections 
from a material at random, without aligning them with the texture. A 3:2:1 ellipsoid axis ratios were used to simulate a grain shape with uniaxial symmetry. (a) IPF 
maps of the three sections with respect to the Z sample direction. (b) ODF plots of the three different sections, displaying the misaligned texture with respect to 
sections made (in contrast to the aligned tetragonal texture in Fig. 4).

Table 3 
DREAM.3D filters used for converting simulated grain boundaries 
into a mesh of triangles.

Filter number Filter name

1 Quick Surface Mesh
2 Laplacian Smoothing
3 Generate Triangle Normals
4 Generate Triangle Areas
5 Export GBCD Triangles File
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Fig. 8. GBPD plots for the simulated microstructure with hexagonal crystal symmetry. Stereological GBPDs from the individual sections (a)-(c), and all three sections 
combined (d). All four plots are plotted using the same colour scale. (e) Ground truth GBPD obtained from triangle meshing the 3D grain boundary network, plotted 
with a different colour scale than the stereological GBPDs. (f) Axes used for plotting the stereographic projections in (a)-(e).

Fig. 9. GBPD plots for the simulated microstructure with tetragonal crystal symmetry. Stereological GBPDs from the individual sections (a)-(c), as well as all three 
sections combined (d). All four plots are plotted using the same colour scale. (e) Ground truth GBPD obtained from triangle meshing the 3D grain boundary network, 
also with the same colour scale. (f) Axes used for plotting the stereographic projections in (a)-(e).
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Fig. 10. GBPD results for tetragonal crystal symmetry microstructures with changing the ellipsoid grain shape, as described by the aspect ratio. The top row shows 
GBPDs calculated stereologically using combined data from three orthogonal sections, and the bottom row shows the ground truth GBPDs calculated from triangular 
meshes of the grain boundaries. All plots use the same colour bar shown. The minimum and maximum MRD values are included for all GBPDs shown. Both the 
stereological and ground truth GBPDs increase in maximum intensity with increasing relative length of the ellipsoid A axis.

Fig. 11. Relative increase in the maximum intensity of the stereological GBPDs 
compared to the ground truth GBPDs for tetragonal crystal symmetry micro-
structures with changing grain elongation, characterised here by the ellipsoid 
aspect ratio A:C. The values used here are taken from the GBPDs shown in 
Fig. 10. A linear relationship is observed when only the A axis is varied, but 
breaks when the B axis is also changed. Datapoints are labelled with the full A: 
B:C aspect ratio.

Fig. 12. Comparison of the stereologically calculated GBPD to ground truth for 
the tetragonal dataset with sections misaligned from the texture primary axes, 
as shown in Fig. 7. The ground truth GBPD was obtained by triangle meshing 
the simulated microstructure, while the stereological GBPD was calculated 
using combined segments from three orthogonal sections.
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crystallographic texture. The simulation parameters for this micro-
structure can be found in column “Tetragonal: Misaligned sections test” 
in Table 2 and the resulting microstructure is shown in Fig. 7.

The ground truth GBPD shows a similar pattern to the previous 
tetragonal crystal symmetry microstructures, with the sections aligned 
with the texture primary axes, where {hk0} planes dominate the GBPD. 
The stereological GBPD from combined sections displays a different 
distribution, where the most frequent grain boundary plane normals are 
tilted away from the [001] direction around 48◦. The level of anisotropy 
in the stereological GBPD is also lower than in the ground truth GBPD, 
counter to what was observed when the texture axes and observation 
directions were aligned.

4. Discussion

Before evaluating the obtained GBPDs, note that the simulated mi-
crostructures are non-physical. DREAM.3D does not consider interfacial 
energy, so GBPD plots are analysed geometrically only. The resulting 
patterns originate from the combination of crystallographic texture with 
grain morphology. This is visualised in Fig. 13 for both the hexagonal 
and tetragonal datasets. The poles of an ellipsoid make up a smaller 
fraction of the surface area than the equator (the circular sections in 
Fig. 13). Therefore, the crystallographic planes that are oriented in the 
direction of the poles will make up a smaller fraction of the planes on the 
grain boundaries than planes oriented towards the equator.

The combined GBPD for the hexagonal symmetry dataset shown in 
Fig. 8 indicates that basal {0001} planes dominate in the sample. 
Furthermore, planes in the 2nd order prismatic zone are more common 
than planes in the 1st order prismatic zone. These results were expected, 
considering the combined effect of the ellipsoidal grain shape, the 
ellipsoid orientations, and the crystallographic texture, as shown in 
Fig. 13 a.

The 1st order prismatic planes are aligned with the poles of the el-
lipsoids as shown in Fig. 13 a. Hence, the 1st order prismatic planes make 
up a smaller fraction of the grain boundaries than planes aligned with 
the ellipsoid surface at the equator. In the GBPD from only the XY sec-

tion, the 2nd order prismatic {11-20} planes are aligned with the 
equator, and in the GBPD from the XZ section only, the basal {0001} 
planes are aligned with the equator. Therefore, these planes dominate in 
their respective GBPD plots. The circular pattern with preference for 
{hki0} planes in the YZ section can be explained by the fact that the 
ellipsoid cross-sections in this direction are approximately circular, as 
shown in Fig. 5 b. Furthermore, it can be observed that the anisotropy in 
the YZ sections GBPD is much lower than the other sections, caused by 
the ellipsoids being sectioned at random heights in the X direction, 
therefore sampling random boundaries.

In 3D, some of the {10-10} planes are aligned with the ellipsoid 
poles, while all {0001} planes and some {11-20} planes are aligned with 
the equator in Fig. 13 a. The combined GBPD plot shown in Fig. 8
d corresponds well to the simulated crystallographic texture and grain 
morphology, showing {0001} planes as most common and {11-20} 
planes more common than {10-10}.

The GBPD calculated stereologically using data from all three sec-
tions (Fig. 8 d) resembles qualitatively the ground truth GBPD for the 
hexagonal dataset (Fig. 8 e). The stereological method using three 
orthogonal sections successfully identified the general pattern, showing 
which GB planes appear with increased or decreased frequency in the 
microstructure than randomly distributed. However, the maximum in-
tensity of the ground truth GBPD is lower than that of the stereological 
one, and the minimum intensity is higher. The stereological method’s 
bias toward overestimating the GBPD’s anisotropy requires further 
evaluation.

For the tetragonal symmetry dataset, the combined GBPD for all 
sections in Fig. 9 shows a strong preference for {hk0} direction. 
Following the same reasoning as for the hexagonal dataset, these results 
were expected.

Fig. 13 b shows that the poles of the ellipsoids are aligned with {001} 
planes and the equator with {hk0} planes. The random distribution 
pattern observed for the XY section is caused by the sectioning of el-
lipsoids at random heights, producing random MRD. The equal repre-
sentation of all {hk0} planes in the GBPDs for XZ, YZ and combined data 
from all three planes stem from the fact that the crystallographic texture 
only sets {001} planes to be aligned with Z direction, whereas the 
rotation of the grains around the Z axis is random, producing the circular 
ODF plot for {100} and {110} planes shown in Fig. 4. Overall, the GBPDs 
calculated stereologically for the individual sections and all three sec-
tions combined correspond well to what is expected.

Similar to the results for the hexagonal dataset, it can be seen that the 
ground truth GBPD presented in Fig. 9 e shows a pattern similar to the 
stereological GBPD, combining data from three sections, albeit with 
different intensities. This shows that for the tetragonal dataset, our 
stereological method was also able to replicate the general pattern well; 
again, the anisotropy of the GBPD was overestimated.

In Fig. 10, the GBPDs for the datasets testing the effect of texture 
strength show that with increasing level of elongation of the grains, the 
intensity of both the stereological and ground truth GBPD increases. This 
behaviour is expected, as increasing the elongation of the ellipsoid 
means that the fraction of the surface area associated with the equator of 
the ellipsoid increases, while the fraction of the surface area associated 
with the poles remains relatively constant.

An interesting result was that the ratio of maximum intensities of the 
stereological GBPD compared to the ground truth follows a linear trend 
when only the A:C ellipsoid axes ratios were varied but breaks for the 

Fig. 13. Schematic visualisation of the combination of crystallographic texture, 
visualised using a crystallographic unit cell, and ellipsoid grain shape and 
orientation. Used for justifying the GBPD patterns observed. (a) is a schematic 
for the hexagonal dataset, (b) is for the tetragonal dataset.
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microstructure where the B:C ratio was also changed, possibly opening a 
way to use a texture-related factor for a correction algorithm. As 
mentioned previously, the investigation performed here is based purely 
on the geometry of the grains, as the microstructure simulation method 
does not consider grain boundary energy. Therefore, it is not clear 
whether the same behaviour would be observed in real materials.

It was also shown that the orientation of the three orthogonal sec-
tions with respect to the sample’s texture is important when applying 
our stereological method to textured microstructures. The results ob-
tained for the dataset where the texture and the 2D sections were mis-
aligned with respect to each other show that the method of combining 
data from three orthogonal sections failed to correctly identify the most 
common GB planes, as demonstrated in Fig. 12. Notably, we observe a 
maximum in the combined GBPD at 48◦ away from the [001] direction, 
which coincides with the 48◦ of tilt applied to the texture in the 
simulation.

In summary, calculating the GBPDs from three orthogonal sections 
using stereology alleviates the strong bias in results from a single section 
of a textured sample. This approach has also been applied experimen-
tally by Ferreira et al. [19], who used three orthogonal sections aligned 
to the principal axes of the texture. Based on the results presented here, 
qualitative interpretation of GBPDs obtained this way can be performed 
with a higher degree of confidence, although care must be taken not to 
overinterpret the quantitative results. As Saylor outlined, ideally, one 
would use a large number of randomly oriented sections through a 
sample to provide a truly random sample of grain boundary planes 
present [17]. However, this approach would be difficult to implement 
experimentally, highlighting the practicability of three orthogonal sec-
tions until more advanced texture correction becomes available.

5. Conclusion

1. It has been shown that plotting GBPDs for textured materials from 
single section EBSD data often produces highly inaccurate results. 
Some plots from single sections even failed to recognise the most and 
least frequently represented grain boundary planes, making the 
stereological GBPDs from single sections misleading. This result 
highlights the need to develop alternative methodologies for 
textured samples.

2. Combining data from EBSD maps of three orthogonal sections alle-
viates some bias in stereological GBPD measurement of heavily 
textured samples. The combined GBPD plots from three orthogonal 
sections showed patterns that corresponded well to the ground truth, 
albeit with a variation in the MRD values. We suggest that GBPD 
plots obtained via three orthogonal sections are suitable for quali-
tative analysis of dominant grain boundaries, but believe that care 
should be taken in quantitative analysis.

3. It was further demonstrated here that the alignment of the three 
orthogonal sections made through the material with respect to the 
texture is critical to obtain reliable GBPDs. The sections made must 
be aligned with the principal axes of the texture.

4. We would like to highlight that it is highly desirable to develop a 
correction algorithm to account for the remaining bias in the GBPD 
anisotropy level.

Experimental verification of the conclusions described above is 
suggested as a possible development of this method. The ground truth 
might be established using three-dimensional techniques, such as syn-
chrotron X-ray techniques or serial sectioning. EBSD maps from three 
orthogonal sections should be more straightforward to obtain. The 
challenge might be to obtain enough boundaries measured for mean-
ingful statistics in stereology.

For the future development of GBPD measurements from crystallo-
graphically textured microstructures, the goal should be to develop a 
texture-based correction factor to obtain unbiased GBPDs from a single 
section by compensating for the bias introduced by the texture.
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