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Abstract
Electron Back-Scatter Diffraction (EBSD) is a powerful technique that captures electron diffraction patterns 
from crystals, constituents of material. Captured patterns can then be used to determine grain morphology, 
crystallographic orientation and chemistry of present phases, which provide complete characterization of 
microstructure and strong correlation to both properties and performance of materials. Key milestones re-
lated to technological developments of EBSD technique have been outlined along with possible applications 
using modern EBSD system. Principles of crystal diffraction with description of crystallographic orientation, 
orientation determination and phase identification have been described. Image quality, resolution and speed, 
and system calibration have also been discussed. Sample preparation methods were reviewed and EBSD ap-
plication in conjunction with other characterization techniques on a variety of materials has been presented 
for several case studies. In summary, an outlook for EBSD technique was provided.
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I. Introduction
Electron Back-Scatter Diffraction (EBSD) or Electron 

Back-Scatter Pattern (EBSP) is a powerful technique that 
captures electron diffraction patterns from crystals, con-

stituents of material. Captured patterns can then be used 
to determine the crystallographic orientation or texture 
of materials, which is strongly correlated to both proper-
ties and performance of materials. Therefore, the under-
standing and control of preferred crystallographic orien-
tation is of fundamental importance in material design as 
well as in material processing. EBSD technique can be 
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applied on a variety of materials, such as metals and al-
loys, minerals, ceramics and semiconductors.

Almost a century ago the first observation of EBSP 
was reported by Japanese physicist Seishi Kikuchi [1] 
in which honour the alternative name is Backscatter Ki-
kuchi Diffraction (BKD). Since then considerable work 
has been done in identifying the crystallographic ori-
entation associated with EBSP. It was not until two 
decades ago that technique started gaining popularity 
when Stuart I. Wright [2] in his doctoral dissertation at 
Yale University in USA, developed a fully automated 
orientation determination from EBSP, which allowed 
faster EBSD data acquisition and processing. Automa-
tion has allowed EBSD to become a more practical tech-
nique and following with subsequent parallel advance-
ment in both hardware and software developments, the 
EBSD technique gained in accuracy, speed and versa-
tility. Some of the key milestones related to technolog-
ical developments of EBSD technique are chronologi-
cally listed in Table 1.

Microstructure is viewed as the connection between 
science and technology of materials which provides an 
important link between properties and performance of 
materials.  Typically, microstructure is expressed main-
ly in terms of grain size and morphology, however, com-
plete characterization of microstructure requires both 
crystallographic and chemical information. Back in late 
19th century a British scientist Henry Sorby [25] was 
the first to reveal grain morphology under optical mi-
croscope by chemical etching of polished iron and steel 
samples. It was not until mid 20th century when a French 
physicist Raimond Castaing [26] developed an electron 
microprobe elemental analysis that enabled character-

ization of major, minor and trace phases. The first com-
mercial Scanning Electron Microscope (SEM) became 
available in 1965 and since then the technology has pro-
gressed considerably and today EBSD is well established 
analytical technique in SEM for microstructural analyses 
of most crystalline materials. Furthermore, EBSD system 
can be integrated with both Energy Dispersive Spectros-
copy (EDS) and Wavelength Dispersive Spectroscopy 
(WDS) providing a powerful tool for in depth charac-
terization of microstructure in SEM. Today, EBSD tech-
nique is well established in academia and technique is 
also gaining popularity in the area of industrial research 
and development. Some possible applications using mod-
ern EBSD system are listed in Table 2.

Other techniques capable to provide diffraction in-
formation are coarser-scale Kossel diffraction and finer-
scale diffraction in Transmission Electron Microscope 
(TEM). In addition, SEM equipped with Focused Ion 
Beam (FIB) provides capabilities for additional (third) 
dimension in characterization of microstructure by 
means of in-situ serial sectioning of material and recon-
struction of EBSD data from two-dimensional (planar) 
sections into three-dimensional (3D) microstructure. 
The alternative, non-destructive technique for charac-
terization of microstructure in 3D is synchrotron radia-
tion, which involves the use of high intensity, very short 
wavelength X-rays (3DXRD).

The introductory chapter is followed by brief de-
scription of crystallographic orientation, crystal diffrac-
tion, orientation determination, phase identification, im-
age quality, resolution and speed, system calibration, 
sample preparation, applications on a variety of mate-
rials and outlook.

Table 1. Milestones in development of EBSD technique

Year Milestone Reference
1928 The discovery of a divergent beam diffraction pattern [1,3]
1933 Observation of wide angle diffraction pattern [4]
1937 Study of transmission and backscatter Kikuchi patterns [5]
1948 Use of dynamic theory of electron diffraction for formation of Kikuchi bands [6]
1954 Observation of high angle Kikuchi patterns [7]
1973 Determination of lattice orientation by EBSP, introduction into SEM [8]
1984 Use of video camera for viewing EBSP [9]
1986 Orientation mapping by continuous colour coding [10,11]
1986 Application of EBSP for phase identification [12,13]
1987 On-line indexing of EBSP [14]
1989 Use of bands instead of zone axes to identify lattice orientation [15]
1990 Bands detection by segmenting EBSP into binary images [16]
1991 First attempt to automatically determine orientation  from EBSP [2,17]
1992 Another attempt to identify bands by use of Burns algorithm [18]
1992 Use of Hough Transform for band detection – widely used today [19,20]
1993 Description of the first fully automated EBSD system in SEM [21]
1997 Invention of confidence index (CI) for correctly indexed data [22]
1997 First commercial integrated EBSD/EDS system [23]
2002 Report on the first chemistry assisted phase differentiation during scan [24]
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II. Crystallographic orientation
The majority of industrial materials are made up 

of many crystals (grains), each of which has an or-
dered structure. These crystals all fit perfectly togeth-
er to form a solid polycrystalline material. Although the 
structure within each of these crystals is ordered they 
are not aligned with the internal structure of the neigh-
bouring grains. This creates a grain boundary, which 
is an interface between two crystals whose structures 
are not geometrically aligned. These crystals are said 
to have different orientations or three dimensional con-
figurations relative to the sample reference frame (Fig. 
1a). Orientation of individual crystals (grains) within a 
polycrystalline sample can be described as the rotation, 
which transforms the fixed sample’s coordinate sys-
tem into fixed crystal’s coordinate system [27]. Usually, 
sample’s coordinate system is defined by rolling (RD), 
transverse (TD) and normal (ND) orthogonal directions 
and crystal’s coordinate system is defined by Miller in-
dices of cube direction [100], [010] and [001] which are 
also orthogonal (Fig. 1b).

The orientation of a crystal relative to the sample 
reference frame can be represented by three rotations, 

also referred to as Euler angles (φ1, φ, φ2). There are 
multiple conventions for representing these rotations 
and the most commonly used is the Bunge convention 
[27]. The Bunge convention rotates the sample refer-
ence frame into the crystal frame and the rotation is rep-
resented by the three Bunge-Euler angles. The three an-
gles of rotation in the Bunge-Euler convention must 
be performed in the specific order relative to a specif-
ic axis of rotation to transform the sample axes to the 
crystal axes (Fig. 2). Angle φ1 is the first angle of rota-
tion and is performed anticlockwise about the ND axis, 
φ is the second rotation and is performed anticlockwise 
about the RD’ axis, and φ2 is the final rotation and is 
performed anticlockwise about the ND’ axis. A com-
plete description of texture can be expressed in terms 
of an orientation distribution function (ODF) plot in a 
three-dimensional orientation space, also called an Eul-
er space [27]. In Euler space orientations are plotted as a 
function of three Bunge-Euler angles, actually orienta-
tions are shown in sections as a function of two Bunge-
Euler angles for a fixed value of a third angle.

In general, the crystallographic orientation of poly-
crystalline materials is not random, meaning that there 

Figure 1. Schematic representation of: a) polycrystalline microstructure depicting the different orientation of the crystals, 
b) sample reference frame and crystal frame inside the bulk material

Table 2. Application areas for EBSD technique in materials characterization

Application Characterization

Materials development

- texture measurement and mapping
- texture evolution and gradients
- strain gradient measurement and mapping
- grain morphology and grain fragmentation
- grain boundary character distribution
- phase identification
- phase distribution and phase transformation

Process quality and control

- texture control in deformation and annealing processes
- heat treating effect on structural changes
- heterogeneity of structure in welds
- texture gradients in sputtering targets
- grain size and texture in microelectronic devices
- epitaxial layer in thin films
- retained ferrite and austenite measurements in steel

Failure analysis

- texture effect on crack propagation behavior
- grain boundary effect on corrosion, fracture and fatigue
- grain boundary segregation and precipitation effect on creep
- grain boundary sliding
- identification of defects

a) b)
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is a preferred crystallographic orientation of the indi-
vidual crystals, also known as “texture”. The signifi-
cance of texture lies in the anisotropy of many mac-
roscopic material properties (elastic modulus, strength, 
toughness, ductility, thermal expansion, electrical con-
ductivity, magnetic permeability and energy of magne-
tization) [28].

III. Crystal diffraction

EBSD patterns are obtained by focusing electron 
beam on a crystalline sample. The sample is tilted to 
approximately 70 degrees with respect to the horizon-
tal (usually done by tilting the SEM stage with sample 
holder) which allows more electrons to be scattered and 
to escape towards the detector. The electrons disperse 
beneath the surface, subsequently diffracting among the 
crystallographic planes. The diffracted electrons which 
interfered constructively, expressed by Bragg’s Law 
[29], produce a pattern composed of intersecting bands 
(Kossel cones). Diffraction angles have small values of 
1 or 2 degrees, thus the bands appear as straight lines on 
the screen. Diffracted patterns are imaged by placing a 
phosphor screen in front of EBSD camera close to the 
sample in the SEM chamber (Fig. 3). The phosphor in 
the screen interacts with diffracted electrons and emits 
light suitable for camera to record (today’s camera is 
equipped with Charge-Coupled Device (CCD) chip and 
earlier version was Silicon Intensified Tube (SIT) low 
light video camera).

The bands in the pattern represent the reflecting 
planes in the diffracting crystal volume. Hence, the 
geometrical arrangement of bands is a function of 
the orientation of the diffraction crystal lattice such 
that: (a) the symmetry of the crystal lattice is reflect-
ed in the pattern, (b) the width and the intensity of the 
bands are directly related to the spacing of atoms in 
the crystallographic plane and (c) the angles between 
the bands are directly related to the angles between 
the crystallographic planes. EBSD patterns from three 
different materials with different crystal structures are 
shown in Fig. 4.

IV. Orientation determination
The hearth of EBSD technique is indexing of dif-

fracted patterns (extraction of the bands from the pat-
tern). If the sample produces good diffraction patterns, 
orientation determination is a three-step process con-
sisting of: (a) Kikuchi band detection, (b) Kikuchi band 
identification and indexing of pattern, (c) determination 
of orientation.

In the first step, Kikuchi band detection is carried 
through Hough Transform [30,31] by converting Ki-
kuchi lines from recorded image into single points in 
the Hough space. Since the location of the points, in-
stead of lines, can be determined more accurately, the 
challenge of finding a band in the diffraction pattern is 
then reduced to finding a peak of high intensity in the 
Hough space. For every recorded EBSD pattern (e.g. as 
shown in Fig. 4) a Hough transform is performed (Fig. 
5a) and bands are detected (Fig. 5b) automatically.

In the second step, Kikuchi band identification is re-
lated to correct identification of particular lattice plane 
associated with reconstructed Kikuchi band. The width 
of detected bands is a function of the spacing of dif-
fracting planes (Bragg’s law) and is compared to a theo-
retical list of diffracting lattice planes. Additionally, the 
angles between bands have to be determined and com-
pared with theoretical values. This is done by compari-
son with a stored table in the database consisting of all 
interplanar angles between the low Miller indices [32] 
planes (hkl) present in the crystal structure, including 
every individual plane in the family of planes {hkl}. 
The interplanar angles between three intersecting bands 

Figure 3. Position of the sample inside the SEM chamber 
relative to pole piece and phosphorous screen

Figure 2. Schematic representation of the Bunge-Euler convention, which rotates the sample reference frame 
into the crystal reference frame

a) b) c)
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are calculated and compared with the data from table 
in order to decide their identity within the small toler-
ance, usually 1 to 2 degrees. Once planes are correctly 
and consistently identified, zone axes are indexed from 
cross-product calculations of indexed planes (Fig. 6a). 
Usually, more than one possible solution can be found 
for any three bands and parameter called Confidence In-
dex (CI) is used, which is based on a voting scheme. 
In this procedure, all possible sets of three bands are 
formed and solution is based on the most probable in-
dexing of the pattern, which is a function of set up toler-
ance between measured and theoretical interplanar an-
gles. For most structures automated line detection and 
indexing is reliable and robust. However, for some low 
symmetry structures it may be necessary for the user 
to work interactively and to choose the correct solution 
from the number of indexed options, or to index pat-
tern manually.

In the third step, orientation determination is based 
on calculation of the orientation of the corresponding 
crystal lattice with respect to reference frame. Often a 
sample reference frame is used (as shown in Fig. 1) and 
sequence of rotations is applied (as shown in Fig. 2) to 
bring the samples frame into coincidence with the crys-
tal lattice frame. Crystal orientation is than defined by 
three (φ1, φ, φ2) Euler angles (Fig. 6b).

V. Phase identification
EBSD technique in conjunction with the excel-

lent SEM imaging capabilities is also used for identi-
fication of crystalline phases in material (employing 
EBSD in phase identification is a complementary meth-
od to TEM).  It is important to differentiate between: (a) 
phase verification and (b) phase identification. In phase 
verification there is a great deal of certainty of phas-
es presents in material, therefore only several (prese-
lected) choices are searched in crystallographic data-
base. On the other hand in phase identification there 
is a great deal of uncertainty of phases present and a 
large database of crystalline compounds would need to 
be searched for a good match, which would be imprac-
tical. To overcome this shortcoming a set of measura-
ble parameters (Fig. 6a) is employed to screen database. 
Since EBSD patterns contain an ample amount of in-
formation about the structure of the crystal (phase) it is 
used to determine the symmetry of the crystal. Further-
more, EBSD patterns contain Higher Order Laue Zone 
(HOLZ) rings [33], which are used for high accuracy 
measurement of lattice spacing and lattice unit cell (an 
interatomic plane spacing can also be determine from 
the width of Kikuchi lines, but with less accuracy). In 
addition, SEM equipped with EDS and, or WDS can 
provide the qualitative chemistry of the phases present 

Figure 5. Kikuchi band detection by Hough transform: a) Hough space, b) detected bands reconstructed from Hough space

Figure 4. EBSD patterns from: a) commercially pure aluminium with face-center-cubic (FCC) structure, 
b) electrical steel (Fe-Si alloy) with body-center-cubic (BCC) structure, c) alpha phase titanium with 

hexagonal-close-packed (HCP) structure

a)

a)

b)

b)

c)
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in material and further reduce database search.  Phase 
identification is more of an iterative method, which is 
also true for orientation determination in crystals with 
low symmetry.

VI. Image quality
Electrons are diffracted from the near the surface of 

the sample and image quality can be considered as a pa-
rameter related to crystallographic uniformity of char-
acterized volume. Image quality is extracted from the 
quality of Kikuchi bands (intensity, sharpness, contrast, 
noise level), which are influenced by topography, grain 
boundaries, present phases and residual strain in mate-
rial. Kikuchi bands of high quality have intense Hough 
peaks and average intensity will be greater than for Ki-
kuchi bands of lower quality. Therefore image quality 
provides useful complementary information about these 
features to the indexed crystallographic orientations 
[34]. In deformed samples the dimensions of crystal 
lattice are distorted (due to higher dislocation density), 
which leads to a greater angular distribution (variation) 
of diffracted crystallographic planes that results in de-
creased Kikuchi band contrast and blurred Kikuchi 
band edges [35].

Similar analogy can be made between the different 
quality of diffracted patterns and the different electron 
signals (secondary electrons, backscattered electrons, 
forward scatter electrons) in SEM. Electron signals pro-
vide different ways for evaluation of the interaction of 
the electron beams with sample. Figure 7 shows For-
ward Scatter Diffraction (FCD) contrast image of de-
formed sample revealing primary grain boundaries (ex-
isting prior to deformation) and deformation bands 
developed during deformation within grains [36]. FCD 
imaging can effectively capture variations in topogra-
phy, orientation and composition. Variations in geom-

etry design between beam, sample and detector, condi-
tions of electron beam and insertion position of EBSD 
camera can also enhance image contrast.

VII. Resolution and speed
In general two types of resolution are considered, spa-

tial and angular, which are limited by minimum diffract-
ing volume (volume of specimen material that interacts 
with SEM electron beam) and capability of deconvolut-
ing overlapping EBSD patterns (at the grain or phase 
boundary where diffraction patterns are emitted from ad-
jacent regions across boundary). The spatial resolution of 

Figure 7. Image quality map of deformed single phase 
electrical steel (Fe-Si) alloy with noticeable contrasts

revealing primary grain boundaries and
deformation bands

Figure 6. Orientation determination from: a) features in collected pattern and b) indexed pattern

a) b)
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EBSD measurement is a function of electron probe ener-
gy, electron probe diameter and backscattering coefficient 
(function of atomic number of elements present in mate-
rial). In the field emission SEM with a Schottky electron 
beam source using high beam current and small diame-
ter electron beam on material with high atomic number 
(Z) grains as small as 20 nm can be reliably characterized 
[37]. In the SEM with Tungsten filament the spatial reso-
lution is about three times less than in the field emission 
SEM. The angular resolution of determining the orienta-
tion of the crystal is in the order of 0.5 degree and geom-
etry of the system (SEM pole piece, sample holder and 
EBSD camera position) must be known.

An impressive progress has been made in data col-
lection speed (data point per second) from the develop-
ment of automated EBSD when speed of acquisition and 
indexing was about 10 patterns per second and today, 
modern systems are capable of achieving a speed of sev-
eral hundred data points per second, thanks to both soft-
ware and hardware developments. Another factor that 
affects speed is mechanical stage scan or digital beam 
scan as two computer aided sampling modes used in au-
tomated EBSD. In the stage controlled scanning mode 
the sample is translated mechanically under the focused 
electron beam. The advantage is in achieving large mea-
suring fields, but the stage motion (x and y coordinates) 
needs to be of high performance providing precise (step 
size of less than 0.5 µm is needed) translations in plane. 
Due to mechanical nature of the stage the data acquisi-
tion speed is lower. On the other hand, digital beam scan 
enables high speed data acquisition. The combination of 
both scanning modes offers possibility of large area scans 
with high speed. This is possible by employing stitch-
ing method on different scanned areas defined by stage 
coordinates, slightly overlapped with purpose to achieve 
seamless, as much as possible, composite image.

VIII. System calibration
In order to accurately index diffracted pattern, be-

sides correctly defined crystal structure, the pattern 
must also be calibrated to the geometry of the EBSD 

system and a sample in SEM. Important part of cali-
bration is to have accurately identified the pattern cen-
tre and distance between specimen and EBSD camera. 
The pattern centre is defined as the point of intersection 
on the EBSD camera and an electron beam perpendicu-
lar to both primary electron beam and the horizontal as 
shown in Fig. 8a.

From historical perspective, the early method was 
to use three suspended round balls and their elliptical 
shadows cast on the diffraction pattern [38]. In this ap-
proach the pattern centre was determined from long 
axes of elliptical shadows and their intersection on the 
pattern. Today more popular approach is to use a single 
crystal of known orientation and the most practical is a 
cleaved silicon crystal. The surface normal of the crys-
tal should be [001] and the cleaved edge [110] parallel 
to the horizontal. Such arrangement makes certain that 
[114] crystal direction is normal to the EBSD camera 
and the location of the [114] zone axis identifies the pat-
tern centre as shown in Fig. 8b. Based on this arrange-
ment the [111] zone axis lies below the [114] zone axis 
and the vertical distance between [111] and [114] zone 
axes and angel between these directions are function of 
specimen to screen distance. Another calibration meth-
od involves translation of EBSD camera and collecting 
pattern at both working position and retracted position 
where the pattern centre is the only point to have the 
same location in both patterns.

IX. Sample preparation
Since EBSD patterns are collected from diffraction 

region within the top 50 nm of material the top surface 
region must be free from both contamination and re-
sidual deformation. If this condition is not satisfied the 
user will find that EBSD patterns are not visible and 
EBSD work impossible or barely visible and accura-
cy of EBSD work questionable. Surface contamina-
tion weakens and obscures diffracted EBSD patterns 
while deformation layer broadens EBSD patterns caus-
ing them to overlap and decreases sharpness of the pat-
terns, which adversely affect accurate indexing. Only 

Figure 8. Diffraction pattern centre shown as a) schematic in SEM chamber, b) the location of the [114] zone axis in the dif-
fraction pattern from silicon single crystal

a) b)
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proper sample preparation can produce contamination 
free and deformation free surface, the necessary condi-
tions to obtain high quality EBSD patterns. 

In general, a conventional metallographic sample 
preparation technique, comprised of sectioning, mount-
ing, grinding and polishing, is a method of mechanical 
polishing and can produce a sample of limited quality for 
EBSD work. The following additional steps or techniques 
are necessary to obtain EBSD patterns of high quality. 

Vibratory polishing subsequently applied after 
conventional metallographic technique for several min-
utes to several hours using solution of 0.02 µm colloi-
dal silica. The solution polishes and slightly etches ma-
terial, removing most of deformation layer on surface. 
It works well with almost any material, especially with 
ceramic and geological samples.

Electropolishing can also be applied after conven-
tional metallographic technique for several seconds to 
several minutes in electrolytic solution where sample is 
made an anode. This method removes any remnant de-
formation layer and surface irregularities formed dur-
ing mechanical polishing. There is no universal electro-
lytic solution that works with all materials and for given 
material it is necessary to identify right solution along 
with operating voltage, solution temperature, specimen 
size, the time of contact as well as the age of the solu-
tion (shelf life). 

Chemical etching can be used as an alternative to 
electropolishing by emersion in chemical solution that 
selectively dissolves material on the surface. This meth-
od is effective in removing deformation layer on the 
surface due to the higher surface energy in deformation 
layer. For good results, it is also important to use proper 
solution and 5% nital solution (5% nitric acid and 95% 
ethanol by volume) is general solution that works well 
for many materials.

Ion etching is alternative for materials and samples 
(thin films, integrated circuits) that cannot be effective-
ly prepared by listed techniques. During ion etching 
an ionized gas is accelerated toward the surface of the 
sample and during collision material from surface is re-
moved. A caution needs to be exercised due to poten-
tial lattice damage in the sample during interaction with 
the high energy ions. In addition, an impact of high en-
ergy ions raises the temperature in material and the gen-
erated heat can alter the microstructure in material. For 
better results, it is recommended to use low voltage and 
low current for longer period of time. In addition, the 
advantage of high energy ions can be taken in remov-
ing of oxide films from specimen and cross-sectioning 
or serial-sectioning of specimen.

It is also very important that material of interest for 
study is conductive enough to avoid build up charge 
when exposed to an electron beam in SEM. Ceramic 
materials have high electrical resistivity (low conduc-
tivity) and require conductive coating to be placed on 

the surface of the sample in order to avoid EBSD pat-
tern degradation and drifting of electron beam. Addi-
tional coating and its thickness decreases signal-to-
noise ratio of the patter and carbon (with low atomic 
number) is used as the primary choice for coating ma-
terial and thickness of up to 25 Å is recommended to 
provide adequate conductivity and still keep signal-to-
noise ratio high. If indexing of diffracted patterns from 
the sample with coated surface becomes difficult the ac-
celeration voltage on the SEM can be increased in order 
to increase beam penetration through applied coating.

In addition to published literature [39], recommend-
ed sample preparation procedures can also be found 
on respective websites of two manufacturers of EBSD 
equipment TSL/EDAX in USA [40] and HKL/Oxford 
Instruments in Europe [41] and respective websites of 
manufacturers of materialographic preparation equip-
ment such as Buehler in USA [42] and Struers in Eu-
rope [43].

X. Applications
Over the last two decades an ample of research has 

been conducted using EBSD technique on various ma-
terials, initially carried at universities and research cent-
ers and lately in industry as well. Today, besides contin-
uous increase in research activity by employing EBSD 
worldwide, the technique is also finding its way to com-
plement other techniques and contributes to more de-
tailed microstructure characterization and better under-
standing of material properties. Several such examples 
are presented below.
10.1 EBSD and nanoindentation

A sample of directionally solidified electrical steel 
(Fe with Si content of 3 wt.%) with columnar grain 
structure was deformed by plane strain compression to 
a true strain of 1.6 at room temperature with compres-
sion axis being parallel to the columnar axis of grains. 
After deformation, surface of compressed sample (per-
pendicular to compression axis) was prepared for EBSD 
study by conventional mechanical grinding and polish-
ing, followed by final vibratory polishing (after vibra-
tory polishing grain boundaries in  a single phase alloy 
were clearly visible). After collected high-resolution 
EBSD map (Figs. 9a and 9c) the deformed sample was 
wrapped in stainless steel foil and partially annealed at 
620 °C for 30 minutes in salt bath to obtain partially 
annealed structure (with recovered regions and recrys-
tallized grains). After annealing, surface was repolished 
and new high-resolution EBSD map was obtained from 
the same location in order to identify and select individ-
ual recrystallized grains and well recovered but not re-
crystallized regions for nanoindentation using a spheri-
cal diamond tip with 13.5 µm radius (Figs. 9b and 9d). 
Figures 9a and 9b are Inverse Pole Figure (IPF) maps 
of the same area in deformed and partially annealed 
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state, respectively. In IPF maps each individual orienta-
tion of crystals is coloured differently and colour coding 
for orientations is presented in Standard Stereographic 
Triangle (SST), shown as inset in the bottom-right cor-
ner of the image. SST is a part of geometric mapping 
function that projects a sphere onto a plane and shows 
a segment of the sphere bounded by (001), (101) and 
(111) crystallographic poles, which spans all crystal-
lographic orientations. Figure 9a reveals both primary 
grain boundaries and transition bands developed during 
deformation and Fig. 9b reveals preferentially formed 
recrystallized grains in the vicinity and along prima-
ry grain boundaries. Circled individual recrystallized 
grains and squared well recovered regions were select-
ed for nanoindentation and study of stored energy (in-
crease in dislocation density) after deformation and sub-
sequent partial annealing. Figures 9c and 9d are grain 
boundary colour maps of the same area in deformed and 
partially annealed state, respectively. In grain boundary 
colour map different colours are assigned to different 
ranges of grain boundary misorientation, shown as inset 
in the bottom-right corner of the image. Grain bound-
aries with misorientation larger than 15 degree are con-
sidered high angle grain boundaries (HAGB) and are 

characterized as highly mobile grain boundaries. Fig-
ure 9c shows that primary grain boundaries are HAGB 
and that deformation bands in both top-left and bottom-
left regions are also having HAGB character (coloured 
blue). It can be noticed that large fraction of low an-
gle grain boundaries (LAGB) with misorientation less 
than 5 degree (coloured red) is present in deformed state 
due to increased dislocation density. Figure 9d shows 
that recrystallized grains have been primarily formed in 
the regions with large presence of HAGB after defor-
mation. Two additional insets show magnified HAGB 
regions with formed recrystallized grains selected for 
nanoindentation. It can also be noticed that after par-
tial annealing a fraction of HAGB has increased (from 
about 17% to 47%) mostly on behalf of decreased frac-
tion of LAGB (from about 61% to 39%). From nanoin-
dentation study it was concluded that dislocation densi-
ty in recovered regions was by two orders of magnitude 
larger than in recrystallized grains. Demonstrated prin-
ciples for characterization of crystallographic texture, 
grain boundary misorientation and dislocation density 
have been used to develop thermomechanical process-
ing of electrical steel with preferred texture and opti-
mum grain size [44].

Figure 9. Inverse Pole Figure (IPF) maps in reference to normal (ND) direction of a) deformed sample, b) partially annealed 
sample (with selected recrystallized grains (circled) and well recovered regions (squared) for nanoindentation measurements) 

and grain boundary colour maps of c) deformed sample, d) partially annealed sample (with insets showing high angle 
boundaries (more than 15 degree are coloured blue) surrounding selected recrystallized grains) for nanoindentation

study [35]. Characterization was carried out in FEI/Phillips XL 30 FEG ESEM equipped with 
TSL/EDAX Hikari EBSD detector and TSL OIM 5.1 software. Sample was tilted 70 degree

with respect to the horizontal and data was collected at the acceleration voltage of
20 kV and working distance of 22 mm.
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10.2 EBSD and energy dispersive spectroscopy
Combination of EBSD and Energy Dispersive Spec-

troscopy (EDS) improves the reliability of the phase dif-
ferentiation in multiphase materials and has been used 
for characterization of inclusions in titanium alloy [45]. 
A sample of titanium alloy with multiple oxide inclusions 
was studied (Fig. 10). The image contains colour cod-
ed (different colour assigned to different phase) phase 
maps differentiated by conventional EBSD using crystal-
lographic data only (Fig. 10a), by EDS using X-ray en-
ergy data for the major phases present, that are titanium 
and alumina (Figs. 10b and 10c, respectively), by com-
bination of EBSD and EDS techniques (Fig. 10d). Dis-
agreement in phase differentiation between EBSD and 
EDS (when used separately) is quite obvious (for some 
orientations in the large inclusions EBSD was not able to 
properly differentiate between titanium phase and alumi-
na phase), but when EBSD and EDS are combined the 
phases are differentiated much more reliably including 
the minor phases present, which are identified as erbi-
um oxide and monoclinic and tetragonal zirconium ox-
ides. In addition to determination of the phases (location 
and volume fraction) within the microstructure, a known 
crystallographic relationship between different phases at 
the interface provides the more complete description of 
microstructure. EBSD can also be combined with Wave-
length Dispersive Spectroscopy (WDS) [46]. Further-
more, with proper setup in the SEM all three techniques 
(EBSD, EDS and WDS) can be used simultaneously.

10.3 EBSD and atomic force microscopy
Atomic Force Microscopy (AFM), a high resolution 

technique, has been used in conjunction with EBSD to 
characterize segregation of rear earth elements at the 
grain boundary and its effect on thermal grooving [47]. 
Samples of fine grained undoped and ytterbium-doped 
alumina were studied (Fig. 11). It was found that addi-
tion of dopants to alumina has significantly increased 
the size of grain boundary grooves and AFM maps 
of surface topography show higher depth of thermal 
grooves along grain boundaries across mapped area 
(depth of grooves is colour coded by 150 nm colour 
bar on the right side of maps). EBSD data indicated 
that there is no correlation between segregation of rear 
earth elements at the grain boundary and grain bound-
ary misorientation. Combined EBSD and AFM tech-
niques were also used for study of anisotropy of tri-
bological properties with respect to grain orientation. 
It was found that grain surfaces close to (0001) plane 
exhibited wear at higher rate. Effect of grain bound-
ary segregation can be used for control of the grain 
size and improvement of sinterability, both of which 
improve mechanical properties of the material. Grain 

Figure 10. Phase maps for titanium alloy using 
a) conventional EBSD, b) titanium EDS, c) aluminium EDS 

and d) combined EBSD with the EDS filter. Phases are 
colour coded: blue for titanium, yellow for alumina, 

green for erbium oxide, red for monoclinic zirconium 
oxide and orange for tetragonal zirconium oxide [45].
With kind permission from John Wiley & Sons, Inc.,

Journal of Microscopy, “Phase differentiation via
combined EBSD and XEDS”, 213 [3] (2004) 296-305,

M.M. Nowell, S.I. Right, Figure 6.

Figure 11. Atomic Force Microscopy (AFM) colour coded 
maps of surface topography (height) with nanometer scale 
bar on the right from a) undoped and c) ytterbium-doped 

alumina and corresponding EBSD grain boundary  
misorientation maps of b) undoped and d) ytterbium-doped 

alumina obtained from the same area,  respectively, with 
shown below colour coded grain boundary misorientation  

values [47]. With kind permission from Springer Science + 
Business Media: Journal of Materials Science, “Characte
rization of fine-grained oxide ceramics”, 39 (2004) 6687-
6704, G.D. West, J.M. Perkins, M.H. Lewis,  Figure 26.
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boundary segregation can also have an adverse effect 
and increase susceptibility for grain boundary embrit-
tlement and increased size of grain boundary grooves 
at elevated temperature can decrease fracture stress. In 
a different study, EBSD and AFM were used to inves-
tigate microstructural changes induced by irradiation 
in titanium-silicon-carbide and a result showed that ir-
radiation induced swelling was anisotropic in studied 
material [48].
10.4 EBSD and focused ion beam

A Focused Ion Beam (FIB) in SEM enables collec-
tion of microstructure data from serial (parallel) sec-
tions which can be subsequently reconstructed into 
three-dimensional microstructure. For example, from 
only one prepared section for grain boundary study 
data is limited to the trace of grain boundary (inter-
secting line between grain boundary plane and exam-
ined surface) and angle between grain boundary plane 
and examined plane cannot be determined. For com-
plete characterization of grain boundary character, in-
formation about grain boundary plane is needed and 
serial sectioning with proper alignment between sec-
tions allows for complete identification of grain bound-
ary character, which is determined by the three lattice 
misorientation parameters (of two grains that share 
the same grain boundary) and the two grain bound-
ary plane orientation parameters (relative to those two 
grains). A dual beam FIB-SEM system has been used 
for serial sectioning and collected EBSD data on tri-
ple junctions (a point where three grain boundary lines 
meet) from multiple sections has been used to define 
grain boundary planes and study grain boundary char-
acter [49]. Sample of fine grained undoped yttria was 
characterized and reconstructed three-dimensional 

microstructure is shown in Fig. 12. It was found that 
polycrystalline yttria has weak grain boundary anisot-
ropy, which may result from the absence of closed 
packed planes in cubic structure of yttria. In anoth-
er grain boundary character study the EBSD data was 
collected from magnesia sample with serial sections 
prepared by manual polishing which is a labor inten-
sive process [50].

XI. Outlook
An automated EBSD has become a well estab-

lished technique in materials characterization [51,52] 
and within the last several years the data acquisition 
rate has increased by an order of magnitude from sev-
eral tens of data points per second to several hundred 
data points per second [53]. EBSD system with high 
speed data acquisition can be used for in-situ study 
of microstructure and texture evolution during defor-
mation or annealing [54], phase transformations dur-
ing heating and cooling [55], crack propagation dur-
ing loading and unloading [56], domain switching in 
piezoelectric materials during loading and unloading 
[57]. With high speed data acquisition it is possible to 
collect, for example, one million data points within an 
hour. Collection of such large data sets can be treat-
ed as statistically meaningful and used for statistical 
description of microstructure (e.g. grain morphology, 
grain orientation and correlation between grains, grain 
misorientation and correlation between grains, grain 
boundary character distribution). Furthermore, sta-
tistical descriptors of microstructure [58] can extend 
their use in numerical models for simulations of mi-
crostructure evolution during processing [59].

Recently, it has been demonstrated that the high an-
gular resolution analysis of EBSD patterns is possible 
by application of the 3D Hough transform and it has 
been shown that local stress analysis can be performed 
with high accuracy [60]. High level of accuracy should 
propel EBSD technique to be employed in the area of 
local stress and stress gradient measurements.

In recent years, EBSD has become a versatile char-
acterization technique, thanks to advancement in both 
hardware and software developments. The other com-
plementary techniques are making strides as well, es-
pecially in non-destructive 3D microstructure charac-
terization with the emphasis on spatial resolution. A 
Three-Dimensional X-Ray Diffraction (3DXRD) mi-
croscopy has possibility of fast mapping of the mi-
crostructure at the scale of a few micrometers, which 
enables in-situ studies of the grains and subgrains 
during deformation, annealing and phase transforma-
tion [61]. Three-Dimensional Orientation Mapping in 
the TEM (3D-OMiTEM) was recently reported with a 
spatial resolution on the order of 1 nm, which is suit-
able for characterization of nanocrystalline thin film 
materials [62].

Figure 12. Reconstructed 43 collected and 280 nm spaced
serial sections of EBSD data from undoped yttria [49]. With 

kind permission from John Wiley & Sons, Inc., Journal 
of the American Ceramic Society, “Characterization of the 

grain-boundary character and energy distributions of
yttria using automated serial sectioning and EBSD in the 

FIB”, 92 [7] (2009) 1580-1585, S.J. Dillon, 
G.S. Rohrer, Figure 3.
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Nevertheless, EBSD has become a robust technique 
that plays a vital role in materials characterization and 
will continue to play an important role thanks to its 
versatility and compatibility with other techniques. 
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