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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Electron backscatter diffraction (EBSD) is a technique that is used with a scanning electron microscope
(SEM), a combined SEM-FIB (focussed-ion beam) microscope or an electron probe microanalyser (EPMA) to
measure and map local crystallography in crystalline specimens.[11.[2]

Electron backscatter patterns (EBSPs) are formed when a stationary electron beam strikes the surface of
a steeply inclined specimen, which is usually tilted at  70° from normal to the electron beam. EBSPs are
imaged via an EBSD detector, which comprises a scintillator (such as a phosphor screen or a YAG single
crystal) and a low-light-level camera (normally a charge-coupled device, CCD). Patterns are occasionally
imaged directly on photographic film.
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Microbeam analysis — Guidelines for orientation
measurement using electron backscatter diffraction

1 Scope

This document gives guidance on how to generate reliable and reproducible crystallographic orientation
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ng documents are referred to in the text in such a way that some or all ofitheir content
hts of this document. For dated references, only the edition cited applies. For undated
dition of the referenced document (including any amendments) applies.

025, General requirements for the competence of testing and calibration laboratories
ide 98-3, Uncertainty of measurement — Part 3: Guide/to the expression of undg
nt (GUM:1995)

s and definitions

poses of this document, the following termsand definitions apply.
[ maintain terminology databases for ise'in standardization at the following addresse

line browsing platform: available'athttps://www.iso.org/obp

ctropedia: available at httpsy//www.electropedia.org/

isting of a regular repeated arrangement of atoms in space and usually described

Sitions of the afoms inside the unit celll2].[10]

Note 1 to entry: For exaniple, an aluminium crystal can be represented by a cube (unit cell) of length 0

along each 4

Note 2 to e]f

dge and'with atoms at the corners and centres of the cube faces.

specimen

ronstitutes
references,

ertainty in

2]

by a space

ystal system, unit€ell parameters (including the lengths and angles between the unit cell axes)

,404 94 nm

try:\Stmulations of the atomic arrangement in a small (4 x 4 x 4 unit cells) aluminium cryst

along the [1

)

0], [11 1] and [1 1 0] directions, are shown in Figure 1, together with the associated spherjical Kikuchi

, as viewed

patterns for each crystal orientation. The 4-fold, 3-fold and 2-fold crystal symmetries are easily seen, as are the mirror

planes.

Note 3 to entry: For those unfamiliar with crystallography, it is recommended that a standard textbook be consulted
(see for example References [9], [10] and [11]).

Note 4 to entry: Annex C contains a brief introduction to crystallography and a guide to the indexing of EBSPs for

materials w

ith cubic crystal symmetry.
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Figure 1
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crystal dis
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Note 1 to en

3.4
crystallog
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[100] [111]

[110]

— Simulations of a small aluminium crystal (top) as iewed along the [1 0 0], [1 1
tions, with their associated spherical Kikuchi patterns (bottom). The symmetry
shown.

lly denoted as (h k [), representing the intersection of a plane with the a-, b- and c-axeg
inces of 1/h, 1/k and 1/1, where h, k, and’l are the minimum mutual integers

try: The integers h, k, and [ are usuélly referred to as the Miller indices of a crystal plane.

try: See Annex C for more infermation.

rection
usually denoted asZJu v w], representing a vector direction in multiples of the ba
the a, b and c crysStal axes

try: See Annex.C for more information.

raphicorientation

1] and [1
is clearly

of the unit

5is vectors

in relation

alignment

bfthe crystal coordinate system (for example, [1 0 0], [0 1 0], [0 O 1] for a cubic crystal)

to the spe

men coordinate system

Note 1 to entry: The specimen coordinate system can be denoted as X, Y, Z. When EBSD is applied to the study of rolled
materials, it is often denoted as RD, TD, ND [RD = reference (or rolling) direction, TD = transverse direction and ND =

normal dire

3.5

ction].

EBSD detector
detector used to capture the backscatter electron signal and convert it to an visible image on the display
device (computer screen) via a video-camera, which is commonly a high-sensitivity charge-coupled device
(CCD), or complementary metal-oxide-semiconductors (CMOS)

© IS0 2024 - All rights reserved
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3.6

electron backscatter diffraction

EBSD

diffraction process that arises between the backscattered electrons and the atomic planes of a highly tilted
crystalline specimen when illuminated by a stationary incident electron beam

Note 1 to entry: Commonly used alternative terms for EBSD are “EBSP” (or more usually the “EBSP technique”), “BKD”
(backscattered Kikuchi diffraction), “BKED” (backscattered Kikuchi electron diffraction) and “BKDP” (backscattered
Kikuchi diffraction pattern).

Note 2 to entry: See Annex A for more information.

3.7
electron
EBSP ™
intersecting array of quasi-linear features, known as Kikuchi bands (see Figure 2), pro @d by electron
backscattef diffraction and recorded using a suitable detector, for example observed Qgé/phos phorescent
screen or, less commonly, on photographic film /\

Figure 2 — Examples of EBSPs shq&jng arrays of overlapping Kikuchi bands
&

3.8 N\
pattern cantre . .C)
PC

point in the plane of the detector s@n on a line normal to the plane of the screen and passing through the
point wherje the electron beam strikes the specimen

3.9 N
Euler angles @)
set of thre¢ rotations fi resenting the orientation of a crystal relative to a set of specimen ax¢s

EBSD data. [(he gles give the rotation needed to bring the specimen coordinate system into coindidence with
the crystal gcoordinate system. It should be noted that there are equivalent sets of Euler angles, dependinjg on crystal
symmetry§l.C

Note 1 to enfry: Th@ e convention (rotations about the Z, X'and Z"directions) is most commonly used for describing
n

3.10

Hough transform

mathematical technique of image processing which allows the automated detection of features of a particular
shape within an image

Note 1 to entry: In EBSD, a linear Hough transform is used to identify the position and orientation of the Kikuchi bands
in each EBSP (3.7), which enables the EBSP to be indexed. Each Kikuchi band is identified as a maximum in Hough

space. The Hough transform is essentially a special case of the Radon transform. Generally, the Hough transform is for
binary images, and the Radon transform is for grey-level images.[12].[13] See 5.3.7 for more details.

© IS0 2024 - All rights reserved
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3.11

indexing

process of identifying the crystallographic orientation corresponding to the features in a given EBSP, for
example, determining which crystal planes correspond to the detected Kikuchi bands or which crystal
directions match the Kikuchi band intersections (zone axes) and thereby determining the orientation (and
phase)

3.12
orientation
alignment of a crystal axes relative to a set of specimen axes

Note 1 to entry: It is usually represented by Euler angles (¢4, @, ¢»,) or a 3 x 3 orientation matrix of direction cosines
between the crystal and specimen axes and/or a Rodrigues-Frank vector.

3.13
orientation map
OM
map-like display of crystal orientation data derived from the sequential measureément of the crystal
orientatior] at each pointin a grid

Note 1 to enftry: See Reference [14] for more information.

Note 2 to ¢ntry: Alternative terms are crystal orientation map (COM), autornated crystal orientatign map and
orientation jmaging microscopy map.

3.14
misorientation
difference |n the orientation of two crystallites, usually expressed as an angle/axis pair

Note 1 to entry: Misorientation is the rotation required to bringone crystal grain into coincidence with anpother. It can
be describedl by a rotation matrix, a set of Euler angles, an axis/angle pair or a Rodriguez vector. The axis/angle pair is
most commpn, but the smallest angle description is generallyused.

Note 2 to emtry: The EBSD software calculates the crystal orientation of a particular point on the speciinen surface
based on the EBSP (3.7) acquired at that point. Thé\seftware can then calculate the misorientation betwgen any two
chosen acqyisition pixels (which can or cannot bemeighbours in the orientation map)i3l.

3.15
transmissjon Kikuchi diffraction
TKD
SEM-based electron-transparent-diffraction applies conventional EBSD hardware to a sample

Note 1 to entry: Commonly used-alternative terms for TKD are “t-EBSD”[2].

Note 2 to erltry: It has be€n-proven to enable spatial resolutions better than 10 nm. This technique is idea] for routine
EBSD charafterisation.ofboth nanostructured and highly deformed samples.

3.16
phase identification
crystallogitaphic identification of an unknown phase in a specimen by comparing the features of the acquired
EBSP (3.7) with those simulated or calculated from a set of possible candidate phases [161.[17].[18]

Note 1 to entry: This can be an automatic process in which the EBSD software searches a preselected set of crystal
phase databases and determines the phase whose simulated EBSP (3.7) best matches the acquired EBSP. In this
situation, the procedure is referred as phase discrimination. Alternatively, it can be a manual process in which
features of the EBSP (3.7), such as its symmetry, band widths and HOLZ (higher-order Laue zone) lines are used in the
identification procedure. In either case, information about the chemical composition obtained using energy-dispersive
X-ray spectrometry (EDX) or wavelength-dispersive X-ray spectrometry (WDX) can be additionally used to reduce the
list of possible phases, thereby speeding up the process and providing an increased level of confidence in the results.

© IS0 2024 - All rights reserved
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phosphor screen
screen used to convert the electron signal to a visible light signal which can be detected with a low-light-
level camera

Note 1 to entry: Most EBSD phosphors are made of a thin layer of phosphor particles, * 4 pm to 10 um in size, held
together with a binder and having a final aluminium coating that both dissipates charge and acts as a mirror to
increase the EBSP (3.7) signal but is thin enough to be relatively electron-transparent.

3.18

specimen-

SSD

to-screen distance

distance between the pattern centre in the detector screen and the point where the electron beam strikes

the specim

Note 1 to e
pattern cen

3.19
spherical
SKM

CI1

try: If the specimen-to-screen distance decreases, then the EBSP (3.7) will appear to zoon o
‘re, i.e. more Kikuchi bands will be seen.

Kikuchi map

represent

Figure 3, the diffracted signal emanating spherically from a point source ofi the specimen surfacg

Note 1 to e
projection g

Note 2 to e
directions o

ion of the EBSP (3.7) diffraction pattern projected on to the sutface of a sphere, a
try: Spherical Kikuchi maps are useful in that they avoid the distortions associated with tH
f the EBSD signal onto the flat phosphor screen used to capture each EBSP (3.7).

ntry: The spherical Kikuchi map is centred about the specimen and aligned with the crys
f the crystal being examined. As the crystal is rotated, the spherical Kikuchi map moves in syr

1t about the

5 shown in

e gnomonic

tallographic
chrony.

NOTE

[his” orientation is the standard silicon calibration orientation for a 70° tilted cpnr‘imnn;

he incident

electron beam direction is shown.

Figure 3 — Schematic diagram showing a silicon unit cell (right) with the main crystal directions
labelled and, on the left, a spherical Kikuchi map of silicon at the same orientation

3.20

symmetry
property an object has if it looks the same when rotated with a certain angle, translated or mirrored in a
certain way

Note 1 to entry: For further information, see Annex C.

© IS0 2024 - All rights reserved
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zone axis
point in an

Note 1 to en

3.22
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EBSP (3.7) where the centres of several Kikuchi bands intersect

try: It corresponds to a low-index crystal direction in the EBSP (3.7).

Bravais lattice
three-dimensional geometric arrangement of the atoms or molecules or ions making up a crystal

4 Equipment for EBSD

41 SEM
position, st

4.2 Acce

4.2.1 Ph
the diffrac

EPMA or FIB instrument, fitted with an electron column and including control
age, focus and magnification (see Figure 4).

ssories, for detecting and indexing electron backscatter diffraction patterns, includin

fion pattern.

t for beam

RA

bsphorescent (“phosphor”) screen, which is fluoresced by electrons friom the specinien to form

4.2.2 Video camera, with low light sensitivity, for viewing the diffraction pattern produced onfthe screen.
4.2.3 Computer, with image processing, computer-aided pattérn indexing, data storage| and data
processing, and SEM beam (or stage) control to allow mapping.
NOTE1 Modern systems generally use charge-coupled .devices (CCDs) or complementary ihetal-oxide-
semicondudtors (CMOS).
NOTE2  Jome systems incorporate detector(s) mountedaround the phosphor screen to detect electrons scattered
in the forwdrd direction from the specimen; the detectors are usually silicon diodes, similar to those used i solid-state
backscatter|detectors. The images (orientation and atemic number contrast) give a rapid overview of the specimen
microstructure (221,
3
— I gé}
——
f
[ ]
6 7 5
O
8
2

Key
1  EBSD instrument 5  chamber
2 SEM 6  EBSD computer
3  EDX (energy-dispersive spectrometer) (optional) 7  beam control
4  tilted specimen 8  SEM and stage control

Figure 4 — Diagram of an experimental EBSD arrangement

© IS0 2024 - All rights reserved
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4.3 If specimens need to be prepared for EBSD, the following equipment can be required (depending
on the types of specimen to be prepared — see Annex B): cutting and mounting equipment, mechanical
grinding and polishing equipment, electrolytic polisher, ultrasonic cleaner, ion-sputtering equipment and

coating equipment.

5 Operating conditions

5.1 Specimen preparation

The volume of material sampled by the electron beam during EBSD analysis shall be crystalline. The crystal
features (e.g. grain size, deformation state) of this volume should be representative of the bulk specimen or

part of the
microstrud
EBSP is ge
good prep
affected by
to specimg
surface or
high tilt of

given in A

5.2 Speq

Accurate d
alignment
EBSD dete
surface is

on the acq
beam scan
when the ¢
plane, sinc
reference (
stage back
direction 11
onagrid o
scan rotati
is being us

specimen e mounted witli"the specimen reference direction as close as possible to one of the

SEM stage
that the st3

5.3 Com

cpnr‘imnh abnut "A'rl'n'r‘h the naturn nFt]nn mir‘rnctruf‘tuvn ('A'YI']] bn inanrad inthe case of

tures (e.g. layered thin films or heat-affected/non-heat-affected zones near welds)
iration of the specimen surface is required to prevent the EBSD data from being d¢g

n preparation and flat. Poor specimen preparation can leave deformation-at, or just
can leave contaminants, oxides or reaction product layers on the specimen surface.
the specimen surface (typically 70°) with respect to the electron beam, minimizing s

nex B.

rimen alignment

alibration (see Clause 6) and measurement using«EBSD requires careful specifica
between the coordinate systems of the specimen; the SEM scanning coils, the sta
ctor. The specimen shall be aligned in the micrescope such that the normal to the
ht a chosen tilt angle (typically = 70°) to the.glectron beam and such that a referenc
hisition surface, often a specimen edge, is\pdrallel to both the stage tilt axis and, in
ning, to one axis of the beam-scanning system. Accurate alignment can be achieved 1
pecimen is mounted on a stage that.allows rotation of the specimen within the tilted
e fine adjustment can be performed(with the specimen inside the microscope. First, th
lirection shall be aligned with the stage tilt axis. This alignment can be verified by
and forth along the tilt axis and checking in the electron image that the specime
hoves back and forth through'a fixed point on the display, such as a particular interse
verlay. The long axis of the-beam scan can then be aligned with the tilt direction by ad
pn until these two directions appear aligned in the electron image. If a pre-tilted speci
ed (or the stage daesnot allow rotation within the acquisition plane), then it is critig

pxes. With a mianual-tilt stage, a mechanical end-stop at the desired tilt angle is recom|
ige can be tilted to the desired tilt angle with better reproducibility.

monsteps in collecting an EBSP

A

is also an important part of good specimen preparation. Guidelines on specimen preparation fo

y

egmented
. Since the

nerated by electron diffraction within a few tens of nanometres of the specimen'surface, very

leteriously

r inadequate preparation. The top layer under investigation shall be free ffiom deformation due

below, the
Due to the
face relief
EBSD are

tion of the
be and the
hcquisition
e direction
the case of
hore easily
acquisition
P Specimen
oving the
reference
ction point
justing the
men holder
al that the
brthogonal
mended so

5.3.1 Se

i 1

(4]

A MIECEASEAD
g T TICroscop

5.3.1.1 Accelerating voltage

To contribute to the formation of the pattern, the electrons must have sufficient energy so that, when
backscattered, they retain enough energy to cause scintillation in the phosphor screen. This also increases
the number of electrons falling on the screen and thus the brightness of the diffraction pattern. This allows
the integration time of the camera to be reduced but will make the spatial resolution poorer by increasing
the electron beam size. Note, however, that this reduced resolution is typically only a small effect. An
accelerating voltage ranging between 15 kV and 30 kV is recommended for most applications. Increasing
the accelerating voltage reduces the electron wavelength and hence reduces the width of the Kikuchi bands
in the diffraction pattern. Lower accelerating voltages within this range are beneficial for analysing the
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material below a very thin (up to approximately 10 nm) conducting coating or very thin layer of surface
deformation.

5.3.1.2 Probe current

Increasing the probe current will increase the number of electrons contributing to the diffraction pattern
and so allow the camera integration time to be reduced, allowing faster mapping. However, this advantage
shall be balanced against the associated loss of spatial resolution because increasing the probe current
results in the EBSD signal being generated from a larger volume in the specimen and also increases problems
due to both charging and contamination effects.

The electron beam shall be focussed on the specimen surface and dynamic focussing used, if available, to
compensate for the tilted specimen

5.3.2 Detector and working distances

For genera] use, the ideal working distance for EBSD is the working distance at which the brightest region of
the raw EBfSP (i.e. without background correction) is in the centre of the phosphor scréen. Other experiments
can dictatd a different position. Pattern intensity can be increased by increasing the camera gain but at the
expense oflincreasing noise levels. Short working distances will generally improye the spatial rgsolution of
EBSD meagurements, although additional care has to be taken to avoid collisienis between the sp¢cimen and
the SEM pdle-piece or the backscatter detector (if present).

The ideal detector (specimen-to-screen) distance for EBSD depends on'the size of the phosphor gcreen and
on the natyre of the analysis being conducted. For a typical EBSD inviestigation, the phosphor scre¢n is placed
approximaltely 15 mm to 25 mm from the intersection point betiveen the electron beam and thg specimen.
With a smdller specimen-to-screen distance, more bands are captured in each EBSP, which can b¢ useful for
improving|the indexing of low-symmetry phases and for improving discrimination between phases or of
orientatior}s with similar (pseudosymmetric) EBSPs. With'a larger specimen-to-screen distancg, a smaller
region of diffraction space is imaged on the phosphor;screen, and the bands in each captured EBSP are
wider. Autpmated indexing might, however, not be possible if the detector distance is increasefl beyond a
certain value.

At low magnifications, the pattern centre pesition will move significantly during beam scanning, and this
will affect|{the accuracy of the orientation/data collected. Some systems have calibration and indexing
routines that account for this movement. Some systems allow for calibrations at different working distances
and interpplate between these for intermediate working distances. The range of working distances for
which the EBSD system remains acurately calibrated shall be determined.

5.3.3 Camera integration/exposure time

Most moddrn CCD camenas’have the ability to control the amount of time that the camera pixels alre exposed
to light. THis parameter*is usually referred to as the camera integration or exposure time. Long exposure
times will generalljgive better-quality EBSPs with lower noise levels; however, if the exposure [time is too
long, parts|of the.image can become saturated (i.e. completely white).

The integration time should be set so that the raw EBSP (i.e. without background correction) is 4s bright as
possible without any portion of the EBSP becoming over-saturated. The integration time required to achieve
this condition will be smaller with higher atomic number of the phase being examined, higher accelerating
voltage, higher probe current, smaller detector distance, lower camera resolution (higher binning levels)
and higher gain setting. The integration time shall be optimized for the specific conditions used in each
experiment to make full use of the dynamic range of cameras (CCD or CMOS). A useful check is to examine
the grey-level histogram of the raw, unprocessed EBSP and to adjust the settings so that approximately 75 %
of the range is being used.

5.3.4 Binning

Most modern of cameras (CCD or CMOS) are capable of combining blocks of pixels to give an enhanced, i.e.

brighter, signal and higher camera sensitivity, at the cost, however, of a lower-resolution image. Binning can
© IS0 2024 - All rights reserved
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be used to increase the speed of EBSP mapping as the increased binning results in a faster camera (CCD or
CMOS) readout speed. Binning also increases the effective sensitivity of the detector.

The series of images in Figure 5 shows the effects of binning on the EBSP signal and speed as the binning
factor is repeatedly doubled. Each doubling corresponds to a halving of the EBSP image width in pixel units.

Figure j

5.3.5 EB

Digital ave
reduce the
EBSD mapj

and the number of frames used to gbtain the averaged EBSP but can improve indexing rates an

quality in
mapping. i

5.3.6 EB

EBSPs gen
should be
and with

a backgrou

— Schematic diagram showing the effect of camera binning on image size, inten
speed

SP averaging

raging of several EBSPs gathered from the same crystal volume is sometimes car
noise level in the final EBSP. EBSP averaging leads to higher-quality EBSPs but slow
hing speed. The total camera'time is the product of the camera integration time (time

some applications. Avetaging between 1 frame (i.e. no averaging) and 3 frames is
igher levels of averagihg can be used for some applications, such as difficult phase ide

SP background\correction/EBSP signal correction

brally havea-bright centre and become much darker near the corners. Background
ised toconvert the “raw” EBSPs into ones with more uniform average brightness a
better>local contrast near the edges and corners. Background correction involveg

sity and

ried out to
5 down the
per frame)
d indexing
typical for
htification.

correction
cross them

collecting
of the two.

nd signal and then removing it from an EBSP by subtraction, division or a mixture

(Division u

s, is called

“flat-fielding”.) Two methods are generally used to obtain a signal for the background correction. In the first
method, an EBSP is collected while the beam is scanned over a large number of grains in a polycrystalline
specimen. Since a large number of EBSPs has been averaged, the resulting pattern has no bands but retains
the brightness gradient from centre to corners that is present in raw EBSPs . This pattern with no bands is
used as a background to enhance the contrast in all subsequently collected EBSPs. In the second method, a
background is created from each collected EBSP by using a mathematical “blurring” function to smooth out
the short-range contrast (i.e. the bands). This background is then used to enhance the contrast in the EBSP
from which it was created. This method tends to accentuate flaws in the scintillator (phosphor) or abnormal
pixels in the CCD, so its use should be avoided on a system with these problems. The time taken for pattern
processing is also slightly greater when using this method.
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For many applications, particularly the analysis of deformed materials, it is advisable to use a combination
of both methods. For some applications, one method can be preferable. The second method is very useful
for single-crystal specimens and for specimens with very large grain sizes, where it can be difficult or
impossible to scan the beam over a sufficiently large number of grains. If the first method is used for such
specimens, the specimen should, if possible, be continuously rotated while the background is being acquired;
this will smear out the EBSP and produce a better background than digital smoothing of the EBSP.

5.3.7 Band detection

Band detection during EBSD refers to the automatic detection of Kikuchi bands in an EBSP via use of a Hough
transform, as depicted in Figure 6 [12].[13],

120°

@Q 180°
O
O
O .
o
O
%Qv )
Key /\?‘
r  radius )@ea of interest
p  distance of a specimen line from the origin
6

inclination of the specimen line

Figure 6 — Schematic diagram showing a) a downsized EBSP of ~ 100 pixels in width; b) a Hough
space parameterization; c) a Hough transform of the EBSP shown in a); d) the original EBSP with the
detected bands 1 to 7, corresponding to the numbered peaks in c), superposed

Note the following.

a) Atthe user's discretion, the resolution of the EBSP can be reduced by binning, to increase speed.

© IS0 2024 - All rights reserved

10


https://standardsiso.com/api/?name=1375d189c1c4461d4575e3d5a833bc95

b)

ISO 24173:2024(en)

Hough space is parameterized in terms of p and 6 which represent the distance of each specimen
line from the origin and the inclination of the line, respectively (see Figure 6). A point in Hough space
transforms to a straight line in the EBSP. Correspondingly, a point in each EBSP transforms to a
sinusoidal curve in Hough space that defines each specimen line that passes through the point.

Once the Hough space transformation has been carried out (in practice, this is achieved using an
accumulation algorithm) and, optionally, normalized (to correct for the variation of specimen line length
with position in Hough space), the Hough image can be filtered to highlight the peaks that correspond
to the Kikuchi band. This is normally done using a so-called “butterfly” filter. In Hough space, each
Kikuchi band appears as a bright peak with a pair of darker valleys above and below. The bright peak

corresponds to the Kikuchi band centre, and the dark valleys to the two edges of the Kikuchi band.

d)

The Kikuchi bands detected can optionally be displayed on top of the original EBSP.

e) The qu

indexi

Care is required in setting the parameters for the Hough transform, and the effects of6hanging t

indexing o

6 Calib

6.1 Calib
the specini
determine
distance (S

6.2 The
assembly 4
result of pa

In systems
of the effed

ality of indexing for given settings of the Hough transform shall be checked (see Glat
ng is poor, the suitability of the settings for the Hough transform should be investigate

patterns of materials similar to those of interest should be observed.

Fations required for indexing of EBSPs

ration of the EBSD system geometry is required to measureaccurately the relationsh
en and the crystallographic axes (the crystal orientation). For this, it is necessary td

SD) (see Figure 7).

calibration applies to a fixed tilt angle of the specimen, a fixed position of the screen|
nd a fixed working distance of the microscope.'Any alteration of these parameters cal
ttern indexing and requires a recalibration:

where magnetic fields are present near'the specimen, calibration shall also include me
ts of distortions in the EBSP caused.by these magnetic fields.

be 8). If the
d.

hem on the

p between
be able to

the (%, y) position of the pattern centre (PC) on the phesphor screen and the specimein-to-screen

or camera
h affect the

asurement

6.3 At any magnification, the PC position will move as the beam is scanned over the specinien. At low

magnificat
routines. S

allow calibjration at different working distances and interpolation for intermediate working dist

important

ion, the PC motion can besignificant and might affect the accuracy and results of tH
pme systems have calibration and indexing routines that allow for this movement. Soq

that the range of wetking distances for which the EBSD system were accurately calibr

e indexing
ne systems
ances. It is
hted.
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6.4 The EBSP is a gnomonic projection of the diffraction sphere on to the detector screen; points furthest
from the PC are distorted/stretched the most. The PC and the SSD are the most important calibration
parameters and, for accurate absolute orientation measurements, the PC shall be accurately determined.

Y, A

Key
1  pattern centre (PC)
2 specimgn-to-screen distance (SSD)

Figure 7 — Schematic diagram showing the main.EBSD geometry calibration parame¢ters

6.5 Ifthg PCis displaced, then the centre of the EBSP*diffraction sphere will also be displaced Hy the same
amount. Fgr small displacements, this will appear(in certain parts of each pattern to be a rotati¢n, hence it
can be diff]cult to accurately fit the PC position‘using iterative fitting of the Kikuchi bands.

NOTE The images in Figure 8 show a silicon EBSP a) correctly calibrated (note how well the simulated black lines
match the Klikuchi bands), b) with the PC displaced horizontally and c) with the PC displaced vertically.

a) b) <)

Figure 8 — Example of EBSP indexing as a function of PC position: a) correct indexing with an
accurate PC (white cross) — the simulated bands (black) align with the real Kikuchi bands; b) the
PC is displaced horizontally and c) vertically, resulting in obvious errors in the simulated band
positions
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6.6 The following four methods of calibration are used to determine the PC and SSD:

a)

Iterative pattern fitting: In this method, approximate values of the PC coordinates and the SSD are

used as the starting values for a fitting (parameter refinement) procedure between the Kikuchi line
positions in an EBSP collected from a known material (commonly the specimen under investigation) and
the simulated Kikuchi line positions for a given crystal orientation. This is the most common method in
use with commercial systems. By repeating the calibration on several EBSPs and averaging the results,
a more accurate calibration can be achieved.

[t is important that the known phase be accurately represented in the database.

b) Shadow-casting techniques: These are rarely used now but have a place in precision work [2],

acquis

pbnly used. The crystal shall produce high-qualit EBSD patters and the plane
tion plane and the direction parallel to the tilt axis shall be known. The accuracy 6fithe

(and therefore the accuracy of absolute orientation measurement using the EBSD system) g
ruracy with which these planes and directions are known. Therefore, it4s recomm
blanes and directions be known to within an accuracy of 0,5°. An example of an indg
5 shown in Figure 9.

the ac
these |
EBSPi

Figuy

A common|
crystal cut
a vertical 1
determine
the distang
number of
to refine tH

It is better
tilt, typica

e\t e OS
‘é/fﬂ%\‘?m »
——[011] -
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=00
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= 11_1)—.[;'113;!
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e 9 — Example of a silicon EBSP (left) with the main planes and zones labelled (i

material for this purpose.s polished Si cut on the (0 0 1) plane, with the edge of the
along <1 1 0>, which.should be aligned accurately with the stage tilt axis. For a det
creen and a 70,53°tilted silicon specimen, the PC lies in the [1 1 4] zone, and the
1 by measuring the distance between two known zone axes, e.g. [0 1 1] and [1 0 1], a
e in pixels to €hg"known angle between the two zone axes, which is 60° in the case
reasons, thisds-often used to locate the approximate SSD and PC, and the iterative met
e values;

to mount the reference single crystal together with the specimen to be investigated ¢
ly-65° to 70°. There should be a reliable and accurate means of aligning the specimer

" nickel are
hllel to the
calibration
lepends on
ended that
xed silicon

ight)

calibration
ector with
bSD can be
nd relating
rited. For a
hod is used

t the same
| axes with

the micros

obaframata ahtqin ranraducihlo FRCN) mancniramantc (And naot anlu+a calihyata tha
P TT C T S o ta T T E P OO tro S S DO D T T oo T St e (o o O T Oty O Camroroce T

SD). If the

calibration is not further defined for the specimen to be investigated, then the same accelerating voltage,
working distance, tilt angle and detector distance values should be used as were used for the calibration, i.e.
the specimen should be moved to the operating position using only stage movement to avoid changes to the
beam focus.

If the calibration is refined using a pattern from a known phase in the material to be measured [see 6.6 a)],
then small deviations from the working conditions used to generate the calibration data are permissible.

NOTE For high-symmetry materials, there will always be several possible positions for detection that would give

the same EBSP. This is shown in Figure 10 where the EBSD detector is looking at the highlighted “kite” but could
equally well be looking at any of the other highlighted equivalents.
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<114>

<101> <112> <011>

<1¥1>

™
S
L
be misinterpreted when used to calibrate an EBSD detector. There are s 1 possible vi

for the EBSD detector that would produce the same EBSP (as shown bjg- lled “kites” on|
Miscalibration of this kind will result in consistently rotated, im‘\o rect orientation d

d) Patternn magnification: In this method, an EBSP is taken wit@ detector fully inserted a
with the detector partially retracted. The EBSP will thus zo bout the PC, and the (x, y) o

of the|PC can be located by comparing similar featuress\i{%oth EBSPs (see Figure 11).

determined as in method 6.6 a) in the detector position. ¢,

572
©

Al

lled) can
ewpoints
the left).
ata.

nd another
oordinates
[he SSD is

Figure 11 — PC calibration by the moving phosphor method. By moving the EBSD detector, the EBSP

will appear to zoom out/in about the PC. This is shown schematically on the left. The inde
is shown on the right. In this case, the pattern centre is the [1 1 4] zone axis.

7 Analytical procedure

7.1 Operating conditions

The operating conditions shall be determined as described in Clause 5.
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7.2 Equipment stability check

Some hours after starting the equipment, and again during use, the stability of the system should be verified.
With most FEG-SEMs, at extremely high magnification and with very small EBSD map step-size (= 50 nm
or below), it is recommended that several hours be allowed for stabilization. The electron gun stability
and probe current stability are important parameters and should also be monitored during collection of
EBSD data. Sometimes, stage drift can occur, and it should therefore be checked. It is recommended that a

recording of the image before and after map acquisition be made to detect whether the specimen moved.

7.3 EBSD analysis

Once the above steps have been carried out EBSD analysis can be performed on the spec1men The analysis

cycle consis
cycle shall

NOTE \
might be pd
being used.

Hough peald
out at a late

8 Meas

8.1 Gen
Though th

be repeated for each data point.

Vhile it is common both to capture and to index the EBSP for each point during the ‘acquisit
ssible to capture and save the EBSPs, or the position of peaks in Hough space, depending on
Saving the data can also be done concurrently with indexing, if desired. Retrieval of the E
s (depending on what is saved), followed by band detection, indexing and saying of the result
- time. This allows varying degrees of parameter adjustment during the indexing process.

urement uncertainty

bral

s document is only concerned with the measuremént’of absolute and relative orient

EBSD, all
be aware
of uncertai
analysis be
contributig

asurements are associated with a certain level gfuncertainty, and it is important th

e
%Ithe factors that can influence the measurementresults from an early stage. The accej

ty in an EBSD measurement and the requirements for achieving this depend on the tyj
ing conducted, the material being analysed and the purpose for which the result will b
n of measurement uncertainty to the gualification and quantification of EBSD result

data. This

ion cycle, it
the system
BSPs or the
s, is carried

htion using
at the user
btable level
pe of EBSD
b used. The
5 should be

considered in the contexts discussed in 8.2 to 8.4.

8.2 Uncertainty of crystal orientation measurement

The uncert

a)
b)

ainty of the crystal orientation measurement by EBSD is a combination of the followinlg factors:

uncertiainty in the specification of the specimen coordinate system;

uncert m and the

coordi

dinty in the specification of the alignment between the specimen coordinate systg
nate system of the EBSD detector;

c) uncert
d)

e)

ainty in aequiring the EBSP;

uncertaintiesin the band detection and the indexing of the EBSP;

the eqliiprhent and instrument operating settings (accelerating voltage, spot size, beam currel
distance, etc.).

ht, working

8.3 Absolute orientation

The crystal orientation is measured with respect to the specimen coordinate system. Results will be affected
by all factors listed in 8.2.

8.4 Relative orientation

The orientation of one crystal is measured with respect to another (i.e. the misorientation between two
crystals is measured). This is independent of the uncertainty in the specification of the specimen coordinate
system and the uncertainty in the specification of the alignment between the specimen coordinate system
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and the coordinate system of the EBSD detector, except for the uncertainty associated with the adjustment
of the EBSD system calibration to allow for the resulting change in geometry between the point of beam
impingement and the detector screen (dynamic calibration). The measurement of relative orientation will
also not be affected by any components of the uncertainties that are systematic (i.e. do not vary from point
to point or orientation to orientation) but only by those components that do vary from point to point or
orientation to orientation.

If a specimen contains more than one phase and these phases have different Bravais lattices then, in general,
EBSD can be used to distinguish correctly between the different phases by matching the interplanar angles
between theoretical and experimental results. For materials where pseudosymmetric patterns are expected,
or which have very similar EBSPs, EDX (energy-dispersive X-ray spectrometry)/WDX (wave-dispersive X-ray
spectrometry) data can be used to help distinguish between different phases. Alternatively, in cases where
more than one phase present has the same Bravais lattice, the Kikuchi bandwidth measurements can also be
used to distinguish between the phases.

It is the

and to cal
ISO/IEC G
uncertaint
of this Inte
application

9 Repo
9.1 Theil
9.2 Thej

9.3 The
working di
and magni

9.4 In py
operations

responsibility of the user to record the equipment and acquisition parameters
culate the type A and type B uncertainties for the laboratory's set-up,dn, -accorc
lide 98-3. Detailed guidelines on classifying uncertainty contributors and‘then esti
y in the wide variety of measurements that can be derived from EBSD data fall outsid
Fnational Standard but might be covered in future International Standards relating to

s of EBSD.

rting the results
esults of the analysis shall be reported in accordance with the requirements of ISO/IE
pecimen preparation method and the section ofthé specimen analysed shall be clearly

SEM and EBSD operating conditions shall\be’ indicated. Indicate gun type, accelerati
stance, probe current (if available), specimen tilt angle and type of scan (beam or stagg
fication (or image width).

esenting the data, include at least one map showing the “raw” data (prior to any da
to allow the reader to checkifor artefacts due to data-cleaning procedures.

(see 9.3),
lance with
mating the
b the scope
the various

C 17025.
r indicated.

ng voltage,
), step size

fa-cleaning
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Annex A
(informative)

Principle of EBSD

When an electron beam is focussed on a tilted crystalline specimen, a divergent source of electrons is
generated within the specimen by inelastic scattering involving little energy loss. Electrons from the source
that are incident on a set of crystal planes at an angle that satisfies the Bragg equation (2dsinf = nA) are

diffracted

the inciden
results in 4

For the ac
diffracted

cones with|

These are
the pair o

Kikuchi ba
the Kikuch
electron bd

the interpl
i.e. crystal
formation

Key

(A hm'ng the angle of incidence of the incident hp:\m’ dthe inhnrp]:\n:n' cp:\r‘inol Athe wa

relength of

bf a diffuse background in the pattern.
1

4

t beam and n an integer). For a family of atomic-lattice planes, the electron backscatter
set of two cones of diffracted electrons as shown in Figure A.1.

celerating voltage considered (typically 20 kV), the Bragg angles are about”1°, so t}
blectrons are largely opened and nearly parallel to the diffracting plane. The intersection of these
the phosphor screen placed in front of the specimen leads to the formation of a pair o
called Kikuchi lines and define an EBSD band, the trace of the diffracting plane lyin
" lines at an equal angle to each. The resulting electron diffraction pattern consis
Inds, each band corresponding to a family of diffracting planes. ‘According to the Brag

diffraction

le cones of

[ thin lines.
g between
's of many
o equation,

i line spacing, for a given value of A which can be determined by the accelerating voltage of the
bam, is proportional to the Bragg angle 6, when 6 is smalkénough, and inversely proportional to
anar spacing. The intersections of the Kikuchi line pairS<«correspond to zone axes in the crystal,
ographic directions. In addition, many electrons are inelastically scattered and contribute to the

1 incident electron beam

2 tilted specimen
3 lattice planes (h k1)

5
6

kossel cones

phosphor screen

kikuchi lines

Figure A.1 — Mechanism for the formation of the Kikuchi bands for a given set of crystal planes
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Annex B
(informative)

Specimen preparation for EBSD»

eral

ffracted electrons escape from within only a few tens of nanometres of the specim

en surface,

any surfac

e defects, such as surface deformation, surface contaminants, oxide or reaction pro

will influence the electron diffraction signal, resulting in EBSPs of either low quality or spuriou

avoid this,
however, s
preparatio
and the pr
ASTME 15

B.2 Cuttl

B.2.1 W}
recorded. |
specimen 1

B.2.2 Th
Avoid aggr
induced at
polishing. |
recrystalli

B.3 Mot

Small sped
grinding a1

Mounting |
effects.Ac
charging e
orientatior
using EBSI
required fa

careful preparation is needed for most bulk specimens to obtain useable EBSPs{ Some
uch as crystal films or planar cleavage surfaces with low levels of surface) relief,

h prior to analysis. Each material under investigation should be considered'on an indiv
eparation scheme should be chosen appropriately. More details can be found in ASTM

58 [22],

ing

en cutting specimens for EBSD, the orientation of thex§pecimen axes shall be pre;j
For rolled sheets, the significant specimen directions, (rolling direction, transverse dij
jormal direction) shall all be recorded.

e cutting process shall not damage or change.the specimen as this will lead to errone
essive cutting methods that generate heat or‘éause deformation at the cut surface. Sevg
this stage can extend so deep into the material that it is not removed by subsequent g

vation or precipitation/diffusion can take place. Therefore, heating shall be avoided.

Inting

imens generally require/mounting so that the specimen is supported in a stable n
1d polishing. The medium chosen can be either a cold-curing resin or a hot-mounting c

pnductive mounting material is preferred for EBSD analysis as it helps to minimize ele
ffects whickean cause intensity blooming in the EBSD patterns and image drift and d

maps. ‘Often, even non-conductive specimens can be mounted in such materials an
D witheut requiring a conductive coating. If the specimens cannot withstand the heg
r ot mounting, then the use of other mounting materials can be necessary. For exampl

are often vi

ery brittle and cannot be subjected to pressure without fracturing. In this case, a cold

Huct layers
5 origin. To
specimens,
require no
dual basis,
E 3 [21] and

erved and
ection and

us results.
re damage
inding and

Heating caused during cutting can cause-changes to the microstructure — phase transformations,

hedium for
bmpound.

s needed for pelishing, but the mounting could be removed after polishing to prevent charging

'tron beam
stortion in
1 observed
t/pressure
e, ceramics
-mounting

epoxy can be more appropriate. Before analysis, the non-conductive surface of the epoxy can be coated with
conductive silver or carbon to minimize charging effects.

B.4 Grinding

B.4.1 Grinding can be carried out in a number of ways, using a variety of abrasives. Fixed abrasive
surfaces are available using SiC, Al,05, diamond or cubic nitride abrasives. Grinding on a surface that has
blunt abrasives causes a great deal of surface damage by smearing, “burnishing” and local heating. Damage

1) Clauses B.1 to B.7 and Figures B.1 to B.4 have been adapted, with permission of Oxford Instruments, from the section
"Sample Preparation for EBSD" on the Oxford Instruments Electron Backscatter Diffraction website.
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introduced during grinding can be invisible in the polished surface, but can serve to distort the EBSD result
or even completely suppress pattern formation. Therefore, in order to maintain sharp abrasive particles,
grinding papers should be changed frequently during the specimen preparation process. Also, the selection

of grinding material and conditions should be specific for a given specimen.

B.4.2 After every grinding stage, it is advisable to inspect the ground surface using a light microscope in
order to ensure that all damage from the previous stage, whether it was a cutting or grinding stage, has been
completely removed. Progress in this manner to the finest abrasive size required for the specimen to be

ready for p

B.5 Poli

olishing.

shing

B.5.1 Iti

desired su
should be 4

Diamond p
diamond p|
with a 0,05
20 min is (
surfaces ol
surface of {

B.5.2 Foq
polishing s
for metal 1
polish, i.e.

many case
of chemo-1
shall be rel
last few se

5 usually the case that polishing is started on a hard cloth with a coarser abrasive and
a softer clgth with a finer abrasive. Final polishing should not be prolonged, but just sufficient to

finished on
hchieve the

face finish without causing excessive relief. Extreme undulation or relief in the‘polished surface

voided.

olishing compounds or slurries are good for the preliminary stages for most materialg. Typically,

plishing is carried out down to a 1 um or 0,25 pm particle size, and\this is followed b

 polishing

um colloidal-silica slurry. A polishing time for this final step of béetween a few minuteg and about
ommon for metals, while geological specimens or ceramics canyrequire hours. Harder polishing
" cloths produce a flatter, i.e. more nearly plane, surface, bfit can leave polishing damage at the

he material, such as superficial scratching.

EBSD of geological or ceramic specimens, it is generally necessary to use an addi
tage using colloidal silica for a minimum of 10 min.This procedure can also produce be

rional final
Fter results

pecimens having hard second phases, such as\carbide. Colloidal silica is a chemo-mechanical
t combines the effect of mechanical polishingwith etching. This type of stock removall is ideal in
5 for EBSD, as a damage-free surface can bé,obtained with little effort. Figure B.1 shows the effect

hechanical polishing. Note that the film)which forms on the polished surface durin
moved. A convenient method to achieve this is to flush the polishing wheel with water
conds of polishing, thereby cleaning the specimen surface. The specimen is then re
dried in thle usual manner, using a solvent'which has a low water content and is not so volatile

b polishing
during the
moved and
hs to cause
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water condensation on the surface. In some cases, 0,5 % to 1 % hydrochloric acid or nital (a mixture of
alcohol and nitric acid) can be used to further clean the residual colloidal silica from the specimen surface.

/

1

2

3

“~/

Key
1  residug
2 surfacg
3  film foy

Flush the
and store i
avoiding c

| surface damage

layer removed by chemo-mechanical polishing with 0,05 um colloidal'silica or oxide

med during polishing (also removed)

olishing wheel with water until all traces of colloidal silica have been washed away,
n a suitable container in which contamination of the wheel cannot occur. Meticulous 3
ntamination of polishing wheels is an important aspect in achieving the best results.

Figure B.1 — Removal of residual surface damage:by chemo-mechanical polishin

Uy

spin to dry
ttention to
The use of

colloidal silica produces good results with nearly:all materials, and is particularly effective with ceramic
ical specimens that are otherwise difficult to prepare.

and geolog

B.6 Etch

jing

B.6.1 Po

EBSD.

ished surfaces can be examined using EBSD, but in many cases the pattern quality is in
etching. Additionally, etching delineates the grain structure, which is of obvious benefit. Howey
can attack|a second phase preferentially or attack grain boundaries excessively. Materials that a
to polish cdn benefit fromrepeated etching and repolishing. This method can expose an undamag
suitable for EBSD when enventional polishing and etching fail to achieve an adequate surface. A
thatis used shall dissolve the specimen surface in an even manner and not leave behind any oxide
product layers. Such’layers can completely suppress diffraction. Many etchants listed in met
textbooks [are,“Contrast etches” which rely on the formation of oxide layers of different thic
generate cplours which are visible when using a light microscope. Such etches are generally not ¢

hproved by
er, etching
re difficult
red surface
ny etchant
or reaction
hllographic
knesses to
uitable for

B.6.2 Electrolytic polishing and etching are effective methods for dissolving the deformed layer near the
surface of a metal specimen by applying a controlled voltage for a controlled time to the specimen in an
electrolytic cell. Figure B.2 shows the characteristic curve for an electrolytic cell. This curve is dependent
on the electrolyte used and will vary for different electrolytes. Control of the voltage and current density at
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the anode, plus electrolyte composition, temperature and stirring, are all critical in achieving the desired
etching/polishing characteristics.

y A

Me = Me** + 2e

X  voltagg
Y current
1  etching
2 polishil
3  format
4  Dbestpg
5  oxygen|

B.6.3 Pl4

density C}\O

18

on of viscous electrolyte IQQ
lishing O .
formation %\

Ql‘gure B.2 — Characteristic curve for an electrolytic cell

sM&Ehing is a process which is the reverse of sputter coating. Generally, it should b

means of ¢

~V

e used as a

e@ging or improving a mechanically or electrolytically prepared surface.

B.7 lon beam techniques

B.7.1 lon milling is a process, applied to a specimen under vacuum, whereby a selected area of the surface
is bombarded by an energetic beam of ions. Generally, the use of rotation and grazing bombardment angles
promotes even erosion of the specimen surface and minimizes damage effects. However, certain grain
orientations, grain boundaries and phases can erode at different rates, as shown in Figure B.3. lon milling
can give reasonably high rates of material removal, and this can be enhanced by the use of reactive gases,
such as iodine, in the reaction chamber. The EBSD pattern quality is determined by the milling time and
ion energy, as shown in Figure B.4. lon milling can produce surfaces suitable for EBSD with minimal prior
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preparation, especially with materials that are difficult to prepare by conventional metallography, such as
zirconium and zircaloys.

SN
. V
a) Mechanically prepared surface b) Ion-%@‘}surface

N\
Figure B.3 — Effect of ion milling on titanium [back—scattereélectron (BSE) images]

a) No ion mill&@ b) 5 min c) 15 min

Figure/B.4 —@ct of different ion-milling times on quality of pattern acquired with a copper

specimen
s

B.7.2 A focussed-ion beam (FIB) instrument is similar to the SEM, with the exception that a beam
of excited ions is used instead of the conventional electron beam. The ion beam can be used to vaporize
material from the specimen surface and is capable of “micro-machining” trenches and troughs and removing
layers to reveal sections or surfaces of interest for imaging and EBSD examination. In the case of dual-beam
instruments that have the capability of focussing both the ion and the electron beams onto the same region
of the specimen, the prospect of specimen preparation in situ and under vacuum becomes a reality. The
FIB technique is of interest with materials that are reactive or oxidize easily, which makes preparation by
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conventional methods impossible. FIB also creates the possibility of preparing materials that are too soft for
conventional preparation.

Because the technique can expose surfaces that are directly suitable for EBSD, without any further
preparation or conditioning, and on a microscopic scale, it is especially useful in the semiconductor industry
where ever smaller device geometry rules out conventional preparation methods.

B.8 Conductive coating [23]

Observing non-conductive specimens in the SEM is difficult due to charging effects. For EBSD work, charging
effects include pattern degradation and beam drifting. The application of a thin, amorphous, conductive
coating can eliminate charging effects. For such work, carbon is used as the primary coating material. While

it is possil
atomic nur
increases,

is recomm
high. If thi
the acceler
number m
extremely
controlled
2 mm) can

[e To use other materials (e.g. gold, gold-palladium or tungstenj, carbon 1s best dug
nber. Materials can be either sputtered or evaporated onto a specimen. As the coatin
the signal-to-noise ratio of the patterns decreases. A carbon coating of between, 2 nm
ended. This thickness provides adequate conductivity while still keeping the sigrial-to
s ratio drops to the point that the patterns are difficult to index, it is often useful {
ating voltage on the SEM, which increases beam penetration through the«coating. If h
hterials (e.g. gold, gold-palladium or tungsten) are used for coating, thelcoating needg
thin (around 1 nm in thickness). Coating non-conductive specimens-‘is often not ned
pressure SEM is used. Reducing the size of non-conducting specimens (e.g. to as small
also help to reduce charging effects.

to its low
b thickness
and 20 nm
noise ratio
0 increase
igh atomic
to be kept
essary if a
as 2 mm x
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Annex C
(informative)

Brief introduction to crystallography and EBSP indexing, and other

information useful for EBSD

C.1 General

This anney gives a very brief introduction to the concepts of crystallography as well as usefuli

hformation

for EBSD analysis. Since most users are likely to start with simple cubic phases, a section‘on”hdw to index
a cubic EB}P is also provided. This is useful for checking automatic EBSP analysis. It issreeommlended that
standard introductory textbooks on crystallography also be consulted, e.g. References{9], [10] and [11].

C.2 Symmetry

An object has symmetry if it looks the same when rotated with a certain angle, translated or mi

certain waly. For example, a cube looks identical if it is rotated by 1202 about its main diagonal.

rotation ayis is usually referred to as a “triad” axis. Figure C.1 show$ya cube and an aluminiun
Kikuchi map with their major symmetry elements labelled. EBSPs*asually show a lot of symme
symmetry|can be difficult to see if the EBSP is shown as a flat image. A spherical Kikuchi map i

clearer.

i

Key
B tdtrad
A tfiad

a djad

frrored in a
This 3-fold
h spherical
ry, but the
s generally

-
"V
0
v

a) b) c)

— mirror

Figure C.1 — Schematic diagram showing: a) the symmetries of a cube and b) the symmetries of fcc

EBSPs, c) also shown as a spherical Kikuchi map.

A 2-fold rotation axis is usually called a diad, a 3-fold a triad, a 4-fold a tetrad and a 6-fold a hexad. A mirror

means that everything on the left of the mirror must be mirrored on the right.

An example comprising a cube with EBSPs stuck on its faces and a spherical Kikuchi map for bcc iron is
shown in Figure C.2. The spherical Kikuchi map will look the same if spun about one of the symbols, e.g. the
triangular triad, or mirrored about one of the mirror planes. The cube with the EBSPs on it has the same

symmetry.
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Figure C
EBS
symmetri

C.3 The

A crystal c

and are repeated (almost) infinitely. The unit cell is described in terms of six parameters — three

b, ¢, and th
in degrees
being the g

Figure C.3
used to

2 — a) six fcc EBSPs stuck on the surface of a cube to show the symmetry of'expe
Ps; b) and c) the cube has been “inflated” to produce a spherical Kikuchimap and
es are shown — mirrors as raised lines, diads as ellipses, triads as triangles and
squares.

unit cell

ree angles, @, B, y (see Figure C.3). Lengths are usually.given in nanometres or angstrd
The coordinates of the atoms are given as fractions ‘of the unit cell a-, b- and c-axes, Y
rigin, (12,%,%) the centre of the unit cell and (1,040 the a-axis.

b) Atom positions

Cell parameters

— Schematic diagrams showing: a) the unit cell parameters, b) the fractional cg
ndicate the position of an atom within the unit cell and c) the crystal directions

¢) Crystal directi

rimental
| the
tetrads as

pnsists of a group of atoms, called the basis, that are positioned relative to the crystal's unit cell

lengths, a,
ms, angles
vith (0,0,0)

[010]

ons

ordinates
pr zones

C.4 Crystal directions

A crystal direction is usually written [u v w] and represents a vector direction from the origin of the crystal

in multiple

s of the crystal axes a, b, c.

A family of symmetrically equivalent directions is written <u v w>. For example, in a cubic crystal, <1 1 1> is

shorthand

NOTE

for[111],[-111],[1-11],[11-1],[1-1-1], [-11-1], [-1 -1 1], [-1 -1 -1].
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C.5 Crystal planes

A crystal plane is usually written (h k [) and intersects the a-, b- and c-axes at 1/h, 1/k and 1/I, where h, k,
and / are integers and are usually referred to as indices.

Examples of (00 1), (11 1) and (1 2 2) planes, together with repeated planes, are shown in Figure C.4. Usually,
the higher the indices, the closer the planes are together.

c

Figure C.4 — Schematic diagram sh(&‘si}ig examples of crystal planes
¥

In EBSD, itlis usually difficult to tell (h k1) and (—h\'@ -1) apart as they correspond to both edges df a Kikuchi

band, so tHe convention is that (h k I) usually r’eﬁers to both the (h kI) and the (=h -k -I) planes. |A family of

symmetry{related planes is written {h k I}. el%gkample, the cubic {2 0 0} planes include (2 0 0), (0[2 0) and (0
0 2) and will also imply (-2 0 0), (0 -2 0) a 0-2).

S

C.6 Crystal systems O
Each crysthl belongs to a cry 3;stem which describes its basic symmetry. The usual crystal systems are
given in Taple C.1. %\

© IS0 2024 - All rights reserved

26


https://standardsiso.com/api/?name=1375d189c1c4461d4575e3d5a833bc95

ISO 24173:2024(en)

Table C.1 — Usual crystal systems

Crystal system Unit cell parameters Examples
Cubic a=b=c, a=£=y=90° Iron, nickel, rock salt
Hexagonal a=b#c, a==90°, y=120° Titanium, apatite
Trigonal a=bzc, a=4=90°, y=120° . .
(rhi;)mbohedral a) (a=b=c, afﬂ=y¢9)(/)°and <120°) Quartz, calcite, haematite
Tetragonal a=b#c, a=f=y=90° Tin, zircon
Orthorhombic azb#c, a=f=y=90° YBa,Cu30., sulfur, PbSO,
Monoclinic b a=c #b, a=y=90°#£$>90° Clinopyroxene
Triclinic (anorthic) azb#c, azf#y+90° Kyanite, copper sulfate

NOTE Some modern textbooks merge trigonal and rhombohedral with hexagonal.

 Some trigonal crystals can also be represented using a rhombohedral unit cell, which is basically 4
cube that has been squashed or stretched along a diagonal. Three rhombohedral unit cells will/fit intq
the hexagonal unit cell, as shown in Figure C.5. There are also two possible unit cells for rhonmibohedral
the “obverse” and the “reverse”, which are mirror images of each other.

P By convention, monoclinic crystals have the b-axis unique, and this axis is shown‘vertically. Thig
s not always the case, and older crystal data can have the a- or c-axis unique; this\s treferred to as an
hlternative setting. The orthorhombic crystal system also has a wide range of alt€rnative settings in
Wwhich the order of the a-, b- and c-axes are effectively permutated.

C.7 Lau

The Laue g

e groups

roups (see Table C.2) describe the essential symmetry-of the EBSPs, i.e. the diffraction

symmetry

after Friedel's law has been applied. Friedel's law means that we cannot easily tell (h k I) and (f k I) apart

because th

e lattice looks very similar to an electron travellifig backwards or forwards.

Table C.2 —Lidue groups

Laue group Examples
High cubic Aluminium, nickel, galena
Low cubic Pyrite (FeS,)
High hexagonal Titanium
Low hexagenal Apatite
High trigenal Quartz, calcite
Lowstrigonal Dolomite
High'tetragonal Chalcopyrite
Eow tetragonal Waulfenite
Orthorhombic YBa,Cu30,, magnesium sulfate
Monoclinic Zirconia
Triclinic Copper sulfate, anorthite, albite

NOTE—For —some geotogical piases, tie
important and can have unexpected symmetries, for example pyrite
(FeS,), which is low cubic, has no 4-fold axes.

tow"—groups —are quite

C.8 Bravais lattices

The Bravais lattice description allows the basis (the group of atoms to be duplicated) to be copied and placed
at special sites in the unit cell. This is known as centring. The special sites are shown in Figure C.5 as black

spheres. In

some cases, they will correspond to single atoms, but, in general, this is not necessary.

An undecorated unit cell has the symbol P (primitive), while one with a special site at the centre of the unit
cell has the symbol I (internal). The centres of the faces can also have sites. If all the faces are centred, then it
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is referred to as F (face); if only one pair of faces is centred, then it will usually be the C
B centring can also occur.

face, although A and

ry

Cubic P Cubic F
E %
Hexagonal P Trigonal R Tetragonal P Tetragomal 1

\

: 3=

|
e o
—~—=

Orthgrhombic P Orthorhombic C Orthorhombic I Orthorhombic F

MonoclinicP. Monoclinic C Triclinic P

[

NOTE Forhe trigonal (rhombohedral) cell, the alternative hexagonal triple unit cell is also shown|(see second

row). For mpngelinic, the unique b-axis option is indicated by the angle £.

Figure C.5 — Schematic diagram showing the Bravais lattices

(The crystal system and centring are indicated)

C.9 Manual indexing of a cubic EBSP

[t is relatively easy to index a cubic EBSP manually and it is a useful skill when checking automatic indexing
of EBSPs. Most EBSD systems have a means to simulate an EBSP at a chosen orientation. It is easier to learn
from a spherical Kikuchi map, as an EBSP can be viewed from any orientation with minimum projection

distortion (most EBSPs are gnomonic projections).
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The first thing to look for is symmetry — try to identify mirrors, 2-fold axes (diads) or, even better, a 3-fold
(triad) or 4-fold (tetrad) axis. Once these are identified, use the map to locate other symmetry elements.
However, the gnomonic projection of the EBSP can sometimes make the symmetry difficult to see, especially
when zones are near the edges of the EBSP.

The small parts of EBSPs shown in Figure C.6 illustrate mirrors, diads, triads and tetrads for face- and body-
centred cubics. Further explanation is given in Table C.3.

b) Iron bcc c) Iron bcc b"<\ d) Iron
V

3-fold (triad) 4-fold (tetrad) 2-fold (d

e) [ron fcc f) Iron fcc \@$ g) Iron fcc h) Iron fcc
mirror 3-fold (triad) OA 4-fold (tetrad) 2-fold (djad)

x$

Figure C.p — Examples of parts of iron b @&p row) and fcc (bottom row) EBSPs, showing mirrors,
triads (3-fold rotations), éads (4-fold) and diads (2-fold), as indicated

Q&

'@e C.3 — Symmetry for fcc and bcc

Zone Symmet@:fol"fcc and bcc Comments
<001~ 4-fold with fouglﬁs\'gr planes running through | Can sometimes be mistaken for <1 1 0> in fcg.
111> 3-fold with tQée)mirror planes running For bcg, it looks like a 6-pointed snowflake; fpr fcc,
through 0 there is a triangle around it.

<110> 2-fold®h)‘ewo mirrors running through

Roughly half-way between a 4-fold <0 0 1> and a 3-fold
<11 1>. For fcc, it looks like the centre of a bow tie.

N
<112> O&f\%rror running from<00 1>to<111>

Very ciose to <0 0 I>and, for fcc, itcan easily be mistak-

<114> On a mirror running from<0 0 1>to <11 1> en for <1 1 1> with a triangle around .

C.10 Examples of indexed cubic EBSPs

Figure C.7 gives examples of EBSPs in which the symmetries have been highlighted and the main zones
marked. They can be used as self-test exercises by covering up the centre and right-hand images and locating
the mirrors, diads, triads and tetrads and then identifying the main zones.

NOTE Itis not critical that the reader be able recognize the indices shown (for example [0 0 1] is equivalentto [1 0

01).
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Figure é-?l:ﬁckel fcc EBSP (left) and the main symmetries (centre) and indexed zonegq (right)
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Figure|C.8 — Iron bcc EBSP (left) and the m 'h\}ymmetries (centre) and indexed zones
X
O
- N
C.11 Hexpgonal indices ) O
When working with hexagonal and nal phases, four-digit indices are frequently used for pla
and for crystal directions [uvtw hey show equivalent planes and directions more readily.

digit comes$ from having three sqjl.metrically arranged axes, as shown in Figure C.9.

(right)

hes (hkil)
The fourth
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S~/

b

.

a

as u a

b) Four-digit indices: (h kil)and [u vt w]

case) and

minus the

Figure C.9 — Schematic diagram showing hexagonal indices for crystal planes (left in each
directions (rightiin each case)
Planes areleasy to convert from three-digit indices to four-digit indices. The third digit is simply
sum of thelfirst two:
(h ki 1)=(h3,k3,-(h3+k3),l3)

where (h3 k5 I3) is the three-digit plane.

Frequently, the third digit wilkbe shown asadot,e.g. (12.4)or (01.2).

To convert|from four-digit planes to three, drop the third index, i, as shown in Table C.4:

Table C.4 — The transformation of usual crystal plane indices
KD (hkil) (hkI) (hkil) (hkI) (hkil)

100) (10-10) (210) (21-30) (101 (10-11)
(110) (11-20) (211) (21-31) (111) (11-21)
(001) (0001) (010) (01-10) (120) (12-30)
(011) (01-11) (-110) (-1100) (112) (11-22)

The following formulae, sometimes known as Miller and Miller-Bravais formulae, respectively, convert to
and from three-digit crystal direction indices, [u3 v3 w3], and four-digit crystal direction indices,:

1
[“4=§(2u3—"3)'

[us =uy —t,

V3 :V4 —t,

V4 =§(2V3—U3)'

w3 =w,]

1
t=——(uz+vy),
S (3 +vs)
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