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Foreword

ISO (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—haisor—with 1SO —alsotake—pard—in—the—work SO collaborates—closehr—with the
International| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internationall Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by |the technical committees are circulated to the member bodies for voting\Publication as an
Internationall Standard requires approval by at least 75 % of the member bodies casting,a'Vote.

Attention is frawn to the possibility that some of the elements of this document¢may be the subject of patent
rights. 1ISO shall not be held responsible for identifying any or all such patent rights.

ISO 24173 was prepared by Technical Committee ISO/TC 202, Microbeamanalysis.
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Introduction
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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
measure and map local crystallography in crystalline specimens [11:[2],

ually

d via an EBSD detector, which comprises a scintillator (such as a phosphor screenmor a
[) and a low-light-level camera (normally a charge-coupled device, CCD). Patterns are
d directly on photographic film.

imen, which is us

where the signal arises from a depth of just a few tens of nanometres; se careful specimer
ential for successful application of the technique [31.

Orientation measurements in test specimens can be carried out-with an accuracy of = 0,5°.

canning the electron beam over a region of the specimen surface whilst simultaneously a
sing EBSPs, it is possible to produce maps that'show the spatial variation of orientation, p
ty and other related measures. These data.€an be used for quantitative microstructura
sure, for example, the average grain size (and in some cases the size distribution), the cry
re (distribution of orientations) or the ‘amount of boundaries with special characteristid
daries). EBSD can provide three-dimensional microstructural characterization by its use in
hn accurate serial sectioning techniquie, such as focussed-ion beam milling 1.

By s
analy
quali
mea
textu
boun
with

Itis g
the
field

trongly recommended that EBSD users be well acquainted with both the principles of crystal
arious methods for representing orientations (both of which are described in the existing lite
in order to make best use_6f the EBSD technique and the data produced 5161,

(EPMA) to

surface of a
EBSPs are
YAG single
occasionally

ce diffraction
preparation

e achieved,
although the
parameters.

cquiring and
hase, EBSP
analysis to
stallographic
s (e.g. twin
combination

ography and
rature in this
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INTERNATIONAL STANDARD ISO 24173:2009(E)

Microbeam analysis — Guidelines for orientation measurement
using electron backscatter diffraction

IMPORTANT — The electronic file of this document contains colours which are considered to be
usefyl for the correct understanding of the document. Users should therefore consider,printing this
document using a colour printer.

1 Bcope

This| International Standard gives advice on how to generate reliable and, reproducible crygtallographic
orientation measurements using electron backscatter diffraction (EBSD). {t-addresses the reqyirements for
specjmen preparation, instrument configuration, instrument calibration and data acquisition.

2 Normative references

The |following referenced documents are indispensable for-the application of this document. For dated
references, only the edition cited applies. For undated<references, the latest edition of the referenced
document (including any amendments) applies.

ISO/|EC 17025, General requirements for the competence of testing and calibration laboratories

ISO/|IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of upcertainty in
measurement (GUM:1995)

3 [Ferms and definitions

For the purposes of this document, the following terms and definitions apply.

31
crystal
entity consisting-of a regular, repeated arrangement of atoms in space and usually described| by a space
group, a crystal system, unit cell parameters (including the lengths and angles between the unit cell axes) and
the positions:of the atoms inside the unit cell [71.[8]

NOTE 4 For example, an aluminium crystal can be represented by a cube (unit cell) of length 0,404 94 nm along each
edge andwith atoms atthe Corners and centres of the cube Taces.

NOTE 2  Simulations of the atomic arrangement in a small (4 x 4 x 4 unit cells) aluminium crystal, as viewed along the
[100], [111] and [110] directions, are shown in Figure 1, together with the associated spherical Kikuchi 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  For those unfamiliar with crystallography, it is recommended that a standard textbook be consulted (see for
example References [7], [8] and [9]).

NOTE 4  Annex C contains a brief introduction to crystallography and a guide to the indexing of EBSPs for materials
with cubic crystal symmetry.

© 1SO 2009 - All rights reserved 1
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[100] [111] [110]

Figure 1 —|Simulations of a small aluminium crystal (top) as'viewed along the [100], [11 1] and [11 0]
directions,|with their associated spherical Kikuchi patterns (bottom). The symmetry is clearly shgwn.

3.2

crystal pla
plane, usually denoted as (k2 k), representing the.intersection of a plane with the a-, b- and c-axes of the unit
cell at distances of 1/h, 1/k and 1/, where h, k, and [ are integers

NOTE 1 The integers £, k, and [ are usuallyyreferred to as the Miller indices of a crystal plane.
NOTE 2  Sge Annex C for more information.

3.3
crystal direg¢tion
direction, uspally denoted\as [u v w], representing a vector direction in multiples of the basis vectors descijibing
the a, b and [c crystal axes

NOTE See Annex-C for more information.

3.4
crystal unit cell
cell which is repeated (infinitely) to build up the crystal

NOTE It is usually defined by three lengths, a, b and ¢, and three angles, ¢, fand y The lengths are usually given in
angstréms or nanometres and the angles in degrees.

3.5

crystallographic orientation

alignment of the crystal coordinate system (for example, [100], [010], [00 1] for a cubic crystal) in relation to
the specimen coordinate system

NOTE 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 direction].

2 © 1SO 2009 - All rights reserved
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3.6

EBSD detector

detector used to capture the electron backscatter pattern and convert it to an image visible on the display
device (computer screen) via a video-camera, which is commonly a high-sensitivity charged-coupled device
(CCD)

NOTE See also 3.21.

3.7
electron backscatter diffraction

OM—PTOCEeSS T a v, Wweet Te—oactKksScatteret—ereCto anG i hlghlytllted
lline specimen when illuminated by a stationary incident electron beam

Commonly used alternative terms for EBSD are “EBSP” (or more usually the “EBSP.%%niqL e”) (see 3.8),
“BKDy' (backscattered Kikuchi diffraction), “BKED” (backscattered Kikuchi electron diffraction) &@“BKDP” backscattered

N

q/b‘
A
ée Figure 2), produced| by electron
Qample observed on a phdsphorescent

3.9
EBSD grai
regign 6&1 similar orientation, delineated by boundaries at which the misorientation between neighbouring
meagufement points is greater than a defined critical value which depends on the application [10] T

3.10

EBSD spatial resolution

minimum distance between two points in different grains (separated by a sharp boundary) that produces two
distinctly different EBSPs that can be correctly indexed using an EBSD system

NOTE An example is shown in Figure 3 where the electron beam has been passed over a boundary in a meteorite
specimen. Two distinct and different EBSP orientations can be seen in the far-left and far-right images, but the central
EBSP is a mixture of the two. Modern indexing algorithms frequently allow solution of such overlapping patterns, which
leads to an effective improvement in the EBSD spatial resolution.

© 1SO 2009 — Al rights reserved 3
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N)
Figure 3 — Examples of EBSPs from either side (far left and far right) and on a grain boun&y (centre)
(Note that these images were taken at 30 nm spacings and the centre EBSP is a combmaho&@jthe othef two)

q/b‘

3.1 O

Euler angl ’r

set of three fotations for representing the orientation of a crystal relative to a set Q{ ecimen axes

NOTE The Bunge convention (rotations about the Z, X" and Z" directions)@ ost commonly used for describing

EBSD data. The Euler angles give the rotation needed to bring the specimen ¢ ate system into coincidence with the

crystal coordinate system. It should be noted that there are equivalent s% f Euler angles, depending on drystal
O

symmetry (6], $\

form

mathematical technique of image processing which aIIOW\®§automated detection of features of a particular
shape withinjan image

\O
NOTE I EBSD, a linear Hough transform is used entify the position and orientation of the Kikuchi bands in|each
EBSP, which gnables the EBSP to be indexed. Eac chi band is identified as a maximum in Hough space. The Hough
transform is gssentially a special case of the Radon.transform. Generally, the Hough transform is for binary imageg, and
the Radon trahsform is for grey-level images ”& l: See 5.3.7 for more details.

O

3.13

indexing C)

process of identifying the crys raphic orientation corresponding to the features in a given EBSR, for
example defermining which al planes correspond to the detected Kikuchi bands or which ciystal
directions npatch the Kik@ band intersections (zone axes) and thereby determining the orientation

(and phase)
)

?e:llographic orientations whose individual components are linked to their spatial location

trueture (131

population df
within the m

3.15
misorientation
difference in the alignment of the coordinate systems of two crystals, usually expressed as an angle/axis pair

NOTE 1 Misorientation is the rotation required to bring one crystal into coincidence with another. It can be described by
a rotation matrix, a set of Euler angles, an axis/angle pair or a Rodriguez vector. The axis/angle pair is most common, but
the smallest angle description is generally used.

NOTE 2  The EBSD software calculates the crystal orientation of a particular point on the specimen surface based on
the EBSP acquired at that point. The software can then calculate the misorientation between any two chosen acquisition
points (which may or may not be neighbours in the orientation map). [14]

4 © IS0 2009 — All rights reserved
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3.16

orie

ntation

alignment of a crystal relative to a set of specimen axes

NOTE

the crystal and specimen axes and/or a Rodrigues-Frank vector.

3.17

orie
oM

ntation map

73:2009(E)

It is usually represented by Euler angles (¢,, @, ¢,) or a 3 x 3 orientation matrix of direction cosines between

map-like display of crystal orientation data derived from the sequential measurement of the crystal orientation

at egeh-pointin-a-grigl13

NOT
imaging microscopy map.

3.18

orie

Alternative terms are crystal orientation map (COM), automated crystal orientation map’ a

tation noise

hd orientation

n a region of

pt cause any

through the

the acquired

crystal phase

distripution of orientations resulting from a large number of orientation measurements made withi
a peffect single crystal

NOTE 1 The region must be small enough that electron beam movement“over the region does n
detedtable change in orientation.

NOTE 2  This distribution is a reflection of the statistical nature of the ahgular resolution of the EBSD technpique.
3.19

pattern centre

PC

poin{ in the plane of the detector screen on a line. normal to the plane of the screen and passing
poinf where the electron beam strikes the specimen

3.20

phase identification

crystpllographic identification of an unknown phase in a specimen by comparing the features of
EBSP with those simulated or calculated from a set of possible candidate phases [161.[171,[18]
NOTE This can be an automatic process in which the EBSD software searches a preselected set of
dataljases and determines theszphase whose simulated EBSP best matches the acquired EBSP. In this

proce

such

eithe
wave
speedling up the proeess and providing an increased level of confidence in the results.

3.21
pho

dure is referred to as phase discrimination. Alternatively, it can be a manual process in which features
as its symmetry, band.widths and HOLZ (higher-order Laue zone) lines are used in the identification
case, informatiefinabout the chemical composition obtained using energy-dispersive X-ray spectroni
ength-dispersive-X-ray spectrometry (WDX) can be additionally used to reduce the list of possible ph

situation, the
of the EBSP,
procedure. In
etry (EDX) or
ases, thereby

phor screen

!

scre¢n-used to convert the electron diffraction pattern to a visible light signal which can be defected with a
low-light-level camera
NOTE Most EBSD phosphors are made of a thin layer of phosphor particles, =4 ym to 10 uym 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
signal but is thin enough to be relatively electron-transparent.

3.22

pseudosymmetry
potential for an EBSP to be ambiguously indexed in several ways due to internal similarities between the
EBSPs for certain crystal orientations

NOT

E1

© 1SO 2009 - All rights reserved
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NOTEZ2 A

common example is when the <11 1> zone in bcc iron is near the centre of the EBSP, as shown in Figure 4.

If only the circular region shown is used for band detection, then it is very difficult to distinguish between these two
orientations. The <11 1> zone has an apparently 6-fold axis, although it really has only 3-fold symmetry, and only weaker
Kikuchi bands near the edges of the region can distinguish the two possible 3-fold axes.

NOTE 3  Pseudosymmetry effects can usually be minimized by decreasing the specimen-to-screen distance, in order to

capture more

Kikuchi bands, and by using more bands for indexing.

(If only the s

Figure 4 — Pseudosymmetry in bcc iron aroun Q1 11> zone
tronger Kikuchi bands within the circle are used, then the EBSPs can be indexed as either of
the two orientations shown which are related by a 60>otation about <11 1>)

\g\\\

3.23 N2

specimen-tp-screen distance K\

SSD xS

distance befjween the plane of the detector screen and the point where the electron beam strikes the
specimen, measured perpendicular to the patterr\@ntre

NOTE If fhe specimen-to-screen distance @:’reases, then the EBSP will appear to zoom out about the pattern cgntre,
i.e. more Kikuchi bands will be seen. O

3.24 C)

spherical Kikuchi map %O

SKM N

the diffracteq

NOTE1 S
the EBSD sig

representatipn of the EBrSQPg%action pattern projected on to the surface of a sphere, as shown in Figyre 5,

signal emanating spherically from a point source on the specimen surface

bherica hi maps are useful in that they avoid the distortions associated with the gnomonic projectjon of
nal 9{ e flat phosphor screen used to capture each EBSP.

NOTE 2 The spherical Kikuchi map is centred about the specimen and aligned with the crystallographic directigns of

the crystal bei

ng examined. As the crystal is rotated, the spherical Kikuchi map moves in synchrony.

© 1SO 2009 — All rights reserved
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-

igure 5 — Schematic diagram showing a silicon unit cell (right) with'the main crystal d{rections

labelled and, on the left, a spherical Kikuchi map of silicon atthe same orientatign

(This orientation is the standard silicon calibration orientatior for a 70° tilted specimen
the incident electron beam direction.is’shown)

3.25
symmetry
property an object is said to have if it looks the same when'rotated, translated or mirrored in a cerfain way

NOTE For further information, see Annex C.
3.26
zong axis

poinfin an EBSP where the centres of seyeral Kikuchi bands intersect

NOTE It corresponds to a low-index-crystal direction in the EBSP.

3.27
Bravais lattice
threg-dimensional geometric arrangement of the atoms or molecules or ions making up a crystal

4 Equipmentfor EBSD

4.1 | SEM;EPMA or FIB instrument, fitted with an electron column and including controls for bgam position,
stagT, focus and magnification (see Figure 6).

4.2 Accessories, for detecting and indexing electron backscatter diffraction patterns, including:

4.21 Phosphorescent (“phosphor”) screen, which is fluoresced by electrons from the specimen to form
the diffraction pattern.

4.2.2 Video camera, with low light sensitivity, for viewing the diffraction pattern produced on the screen.

4.2.3 Computer, with image processing, computer-aided pattern indexing, data storage and data
processing, and SEM beam (or stage) control to allow mapping.

NOTE 1 Modern systems generally use charge-coupled devices (CCDs).

© 1SO 2009 - All rights reserved 7
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NOTE 2 Some systems incorporate detector(s) mounted around the phosphor screen to detect electrons scattered in
the forward direction from the specimen; the detectors are usually silicon diodes, similar to those used in solid-state
backscatter detectors. The images (orientation and atomic number contrast) give a rapid overview of the specimen
microstructure [19],

EBSD ingtrument

chamber

EBSD computer

beam control

SEM and stage control

1
2 SEM
3  EDX (engrgy-dispersive spectrometer) (optional)
4  tilted spgcimen

0 N o o

Figure 6 — Diagram of an experimental EBSD arrangement

4.3 If specimens need to beprepared for EBSD, the following equipment might be required (depending on
the types of [specimen to be ptepared — see Annex B): cutting and mounting equipment, mechanical grinding
and polishing equipment, ‘electrolytic polisher, ultrasonic cleaner, ion-sputtering equipment and copting
equipment.

5 Operaring conditions

5.1 Specimen preparation

The volume of material sampled by the electron beam during EBSD analysis must be crystalline. The crystal
features (e.g. grain size, deformation state) of this volume shall be representative of the bulk specimen or of
the part of the specimen about which the nature of the microstructure will be inferred in the case of segmented
microstructures (e.g. layered thin films or heat-affected/non-heat-affected zones near welds). Since the EBSP
is generated by electron diffraction within a few tens of nanometres of the specimen surface, very good
preparation of the specimen surface is required to ensure this and to prevent the EBSD data from being
deleteriously affected by inadequate preparation. The top layer under investigation shall be free from
deformation due to specimen preparation and flat. Poor specimen preparation can leave deformation at, or
just below, the surface or can leave contaminants, oxides or reaction product layers on the specimen surface.
Due to the high tilt of the specimen surface (typically 70°) with respect to the electron beam, minimizing

8 © 1SO 2009 — All rights reserved
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surface relief is also an important part of good specimen preparation. Guidelines on specimen preparation for
EBSD are given in Annex B.

5.2 Specimen alignment

Accurate calibration (see Clause 6) and measurement using EBSD requires careful specification of the
alignment between the coordinate systems of the specimen, the SEM scanning coils, the stage and the EBSD
detector. The specimen shall be aligned in the microscope such that the normal to the acquisition surface is at
a chosen tilt angle (typically = 70°) to the electron beam and such that a reference direction on the acquisition
surface, often a specimen edge, is parallel to both the stage tilt axis and, in the case of beam scanning, to one
axis of the beam-scanning system. Accurate alignment can be achieved more easily when the specimen is

mounted on a stage that allows rotation of the specimen within the tilted acquisition plang
adjustment can be performed with the specimen inside the microscope. First, the speCimg
diregtion shall be aligned with the stage tilt axis. This alignment can be verified by movingthe stg
forth|along the tilt axis and checking in the electron image that the specimen reference, diréction
and forth through a fixed point on the display, such as a particular intersection point en a grid

long |axis of the beam scan can then be aligned with the tilt direction by adjusting the-scan rotatidg
two dlirections appear aligned in the electron image. If a pre-tilted specimen holder’is being used

, since fine
n reference
ge back and
moves back
pverlay. The
n until these
or the stage

he stage can

doeg not allow rotation within the acquisition plane), then it is critical that the specimen be mounted with the
specjmen reference direction as close as possible to one of the orthogonalSEM stage axes.

With|a manual-tilt stage, a mechanical end-stop at the desired tilt angle is'recommended so that t

be tilted to the desired tilt angle with better reproducibility.

5.3 | Common steps in collecting an EBSP

5.3.1 Setting the microscope operating conditions

5.3.1.1  Accelerating voltage

To dontribute to the formation of the pattern, the electrons must have sufficient energy sg

back]
the n

Scattered, they retain enough energy.to cause scintillation in the phosphor screen. This al
umber of electrons falling on the screen and thus the brightness of the diffraction pattern. Th
integration time of the camera to be reduced but will make the spatial resolution poorer by in
electron beam size. Note, howeyer; that this reduced resolution is typically only a small effect. An
voltage ranging between 15 k¥ and 30 kV is recommended for most applications. Increasing the

that, when
50 increases
is allows the
creasing the
accelerating
accelerating

voltage reduces the electron wavelength and hence reduces the width of the EBSD bands in the diffraction

patt
thin

rn. Higher accelerating-voltages within this range are beneficial for analysing the material |
(up to approximately 10 nm) conducting coating or very thin layer of surface deform

5.3.1.2

Incr

pelow a very
ation. Lower
r to reduce

attern and so

allo

age must be

balanced agalnst the associated loss of spatial resolutlon because mcreasmg 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 general use, the ideal working distance for EBSD is the working distance at which the brightest region of

the raw EBSP (i.e. without background correction) is in the centre of the phosphor screen. Other experiments
can dictate a different position. Pattern intensity can be increased by increasing the camera gain but at the

© 1SO 2009 - All rights reserved
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expense of increasing noise levels. Short working distances will generally improve the spatial resolution of
EBSD measurements, although additional care has to be taken to avoid collisions between the specimen and
the pole-piece or the backscatter detector (if present).

The ideal detector (specimen-to-screen) distance for EBSD depends on the size of the phosphor screen and
on the nature of the analysis being conducted. For a typical EBSD investigation, the phosphor screen is
placed approximately 15 mm to 25 mm from the point of intersection between the electron beam and the
specimen. With a smaller specimen-to-screen distance, more bands are captured in each EBSP, which can
be useful for improving the indexing of low-symmetry phases and for improving discrimination between
phases or of orientations with similar (pseudosymmetric) EBSPs. With a larger specimen-to-screen distance,
a smaller region of diffraction space is imaged on the phosphor screen, and the bands in each captured EBSP

are wider. Aptomated-indexingmighthrowevernotbepossibte if-the—detectordistancets-increased beyq
certain valug.
At low magnifications, the pattern centre position will move significantly during beam scanning,- and thi

affect the ac

curacy of the orientation data collected. Some systems have calibration and indexing routines

account for fhis movement. Some systems allow for calibrations at different working distances'and interp

between the
system remg

5.3.3 Cam

se for intermediate working distances. The range of working distancesfor* which the E
ins accurately calibrated shall be determined.

pra integration/exposure time

Most moderp CCD cameras have the ability to control the amount of time ¢hat the camera pixels are exp|

to light. This
will generall
parts of the i

The integrat

give better-quality EBSPs with lower noise levels; however, if the exposure time is too
mage can become saturated (i.e. completely white).

on time should be set so that the raw EBSP (i.e, without background correction) is as brig

possible without any portion of the EBSP becoming over-saturated. The integration time required to ac

this conditio
voltage, high
higher gain §
to make full
the raw, unp

5.3.4 Binn

Most moder,
signal and h
increase the
also increas

The series @
factor is repg

10

h will be smaller with higher atomic number\of the phase being examined, higher acceler
er probe current, smaller detector distance, lower camera resolution (higher binning levels
etting. The integration time shall be optimized for the specific conditions used in each experi
use of the dynamic range of the CCD.J A useful check is to examine the grey-level histogra
rocessed EBSP and to adjust the settings so that approximately 75 % of the range is being u

ing

h CCD cameras are Capable of combining blocks of pixels to give an enhanced, i.e. brig
gher camera sensitivity, at the cost, however, of a lower-resolution image. Binning can be us

s the effective 'sensitivity of the detector.

atedlydoubled. Each doubling corresponds to a halving of the EBSP image width in pixel un

nd a

5 will

that
olate
BSD

osed

parameter is usually referred to as the camera integration of.exposure time. Long exposure fimes

ong,

ht as
hieve
ating
and
ment
m of
sed.

hter,
ed to

speed of EBSP_mapping as the increased binning results in a faster CCD readout speed. Bifning

f images{in Figure 7 shows the effects of binning on the EBSP signal and speed as the bifning

ts.
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2x2°
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x1,7°

a8  Hinning.

b lmage intensity (compared to that obtained without binning).

¢ Readout speed (compared to that obtained without binning).

Figure 7 — Schematic diagram showing the effect of camera binning on image size,
intensity and-speed

5.3.5 EBSP averaging

Digital averaging of several EBSPs gathered'from the same crystal volume is sometimes carried ¢ut to reduce
the noise level in the final EBSP. EBSP averaging leads to higher-quality EBSPs but slows down the EBSD
mapping speed. The total camera time is the product of the camera integration time (time per frgme) and the
number of frames used to obtain the averaged EBSP but can improve indexing rates and indexing quality in
some applications. Averaging between 1 frame (i.e. no averaging) and 3 frames is typical for mapping. Higher
levels of averaging can be used/for some applications, such as difficult phase identification.

5.3.6 EBSP background correction/EBSP signal correction

EBSPs generally‘have a bright centre and become much darker near the corners. Background correction
should be used-to convert the “raw” EBSPs into ones with more uniform average brightness acrgss them and
with petter local contrast near the edges and corners. Background correction involves collecting 4 background
signal andthen removing it from an EBSP by subtraction, division or a mixture of the two. (Divjsion usually
improves the contrast in the corners of the EBSP and, in image-processing terms, is called “flat-figlding”.)

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 below [111.[12],

Note the foll
a) Attheu
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with pog
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e) The qug
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Care is requ
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bwing:
ser's discretion, the resolution of the EBSP can be reduced by binning, to increase speed.

space is parameterized in terms of p and @ which represent the distance of \each specimer
e origin and the inclination of the line, respectively (see Figure 8). A paint in Hough s
ms to a straight line in the EBSP. Correspondingly, a point in each,  EBSP transforms
al curve in Hough space that defines each specimen line that passes thfough the point.

e Hough space transformation has been carried out (in practice, this is achieved usin
ation algorithm) and, optionally, normalized (to correct for the ariation of specimen line I
ition in Hough space), the Hough image can be filtered to_highlight the peaks that correspo
chi band. This is normally done using a so-called “butterfly” filter. In Hough space, each Ki
bpears as a bright peak with a pair of darker valleys above and below. The bright

bnds to the Kikuchi band centre, and the dark valleysto’the two edges of the Kikuchi band.

Lichi bands detected can optionally be displayed-on top of the original EBSP.

lity of indexing for given settings of the Hough transform shall be checked (see Clause 8).
is poor, the suitability of the settings forthe Hough transform should be investigated.

ired in setting the parameters for the Hough transform, and the effects of changing them o
atterns of materials similar to_those of interest should be observed.
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120°
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Key \\
r  fadius of area of interest 5\\}
p  distance of a specimen line from the origin \\S\Q
6 |nclination of the specimen line @

Figure 8 — Schematic diagram showing a) a&%wnsized EBSP of = 100 pixels in width; b} a Hough
space parametrization; c) a Hough transfo}?\ of the EBSP shown in a); d) the original EBSP with the
detected bands 1 to 7, correg{g ding to the numbered peaks in ¢), superposed

&
6 [Calibrations require&@%ndexing of EBSPs

6.1 | Calibration of the E@D system geometry is required to measure accurately the relationghip between
the gpecimen and the c@tallographic axes (the crystal orientation). For this, it is necessary tp be able to
determine the (x, y) Es)tlon of the pattern centre (PC) on the phosphor screen and the specimen-to-screen
distapce (SSD) (S@ gure 9).

6.2 | The c tion applies to a fixed tilt angle of the specimen, a fixed position of the screen or camera
assembly§~ fixed working distance of the microscope. Any alteration of any of these parametgrs can affect
the rasu& pattern indexing and requires a recalibration.

In systems where magnetic fields are present near the specimen, calibration shall also include measurement
of the effects of distortions in the EBSP caused by these magnetic fields.

6.3 At any magnification, the PC position will move as the beam is scanned over the specimen. At low
magnification, the PC motion can be significant and might affect the accuracy and results of the indexing
routines. Some systems have calibration and indexing routines that allow for this movement. Some systems
allow calibration at different working distances and interpolation for intermediate working distances. It is
important that the range of working distances for which the EBSD system remains accurately calibrated be
known.

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.
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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.

14
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It is important that the known phase be accurately represented in the database.
Shadow-casting techniques: These are rarely used now but have a place in precision work [2].

Use of a crystal of known phase and orientation: Single crystals of germanium, silicon or nickel are
commonly used. The crystal shall produce high-quality EBSD patterns and the plane parallel to the
acquisition plane and the direction parallel to the tilt axis shall be known. The accuracy of the calibration
(and therefore the accuracy of absolute orientation measurement using the EBSD system) depends on
the accuracy with which these planes and directions are known. Therefore, it is recommended that these
planes and directions be known to within an accuracy of 0,5°.

AT exampte of arrindexed siticom EBSPisstowm i Figure

?1i4]/ ‘.b".l’
~ \ ,0,3’“/ | \'\40111 /
/—[101]—(111)—[112 [011]:\
SR g
<< o [111]
ZS]/ J\[ni]
O
o> \ 3 / N
® T

Figure 11 — Example of a silicon EBSP (left) with the main planes and zones labelled|(right)

A\ common material for this purpose-is'polished Si cut on the (00 1) plane, with the edge of the calibration
crystal cut along <11 0>, which should be aligned accurately with the stage tilt axis. For a dgtector with a
Vertical screen and a 70,53°-tilted: silicon specimen, the PC lies in the [114] zone, and the [SSD can be
Hetermined by measuring the distance between two known zone axes, e.g. [01 1] and [1 0 1] and relating
he distance in pixels to the known angle between the two zone axes, which is 60° in the cas¢ cited. For a
number of reasons, this\is often used to locate the approximate SSD and PC, and the iteratiye method is
ised to refine the values.

t is better to mountthe reference single crystal together with the specimen to be investigated at the same
ilt, typically_65°to 70°. There should be a reliable and accurate means of aligning the spgcimen axes
vith the microscope frame to obtain reproducible EBSD measurements (and not only to falibrate the
5SD). JfatHe calibration is not further defined for the specimen to be investigated, thegn the same
hccelerating voltage, working distance, tilt angle and detector distance values should be used as were
ised\for the calibration, i.e. the specimen should be moved to the operating position using only stage

Movementto-avoid chanaes-to-the bheam focus
RV B-B8RH—o-aVoia-cHahRyg to-+tHe-beaH HS-

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 12 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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<1~‘1‘4>

<10>— f<:1:‘12;>* —<011>

Figure 12 + Schematic diagram showing how a calibration EBSP (right, with a “kite” labelled) can be
misinterpreted when used to calibrate an EBSD detector. There are several possibleiviewpoints for the
EBSDsEetector that would produce the same EBSP (as shown by labelled “kites” on the left).

Misfcalibration of this kind will result in consistently rotated, incorrect orientation data.

d) Pattern|magnification: In this method, an EBSP is taken with the detector fully inserted and anothef with
the detgctor partially retracted. The EBSP will thus zoom about the PC) and the (x, y) coordinates gf the
PC can|be located by comparing similar features in both EBSPs (se€ Figure 13). The SSD is determined
as in me¢thod 6.6 a) in the working position.

Figure 13 — : :
will appear to zoom outlm about the PC. This is shown schematlcally on the Ieft The mdexed EBSP is
shown on the right. In this case, the pattern centre is the [1 1 4] zone axis.

7 Analytical procedure

7.1 Pre-test preparation

Before the specimen is observed under the electron microscope, it is useful to mark the position of the area of
interest. Micro-hardness indents can be used for this purpose. Note that micro-hardness indents can be
difficult to find with the SEM, so they should be complemented either by macro-hardness indents (placed at
sufficient distance to avoid introducing plastic deformation into the area of interest) or by the use of a marker
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pen (this method is very efficient and convenient, but the marks can be removed if the specimen is later rinsed
with ethanol or a similar solvent). If the axes of the specimen coordinate system are not defined by the edges
of the specimen or by other easily recognizable features on the specimen, then they should be marked. For
this purpose, indentations or a marker pen can be used or, alternatively, lines can be scribed on the specimen

surface, again taking care to place the lines sufficiently far from the area of interest.

7.2

Operating conditions

The operating conditions shall be determined as described in Clause 5.

7.3

Equipment stability check

Som

With
belo
curre
Som

e hours after starting the equipment, and again during use, the stability of the system should

most FEG-SEMs, at extremely high magnification and with very small EBSD map step-size
V), it is recommended that several hours be allowed for stabilization. The electron‘gun stabili
nt stability are important parameters and should also be monitored during collection of
btimes, stage drift can occur, and it should therefore be checked. It is recommended that a

the ifnage before and after map acquisition be made to detect whether the specimén moved.

7.4

EBSD analysis

Oncg¢ the above steps have been carried out, EBSD analysis can be-performed on the specimen.

cyclg
cycle

NOTE

be pqg
used
(depd

consists of beam positioning, EBSP acquisition, band detegtion, indexing and saving of th
shall be repeated for each data point.

While it is common both to capture and to index the EBSP for each point during the acquisition
ssible to capture and save the EBSPs, or the position\0f ‘peaks in Hough space, depending on the
Saving the data can also be done concurrently with indexing, if desired. Retrieval of the EBSPs or the

This allows varying degrees of parameter adjustment during the indexing process.
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8.2

Measurement uncertainty

General

gh this International Standard is only concerned with the measurement of absolute
tation using EBSD, allymeasurements are associated with a certain level of uncertain
rtant that the user be-aware of the factors that can influence the measurement results from a

acceptable leyél of uncertainty in an EBSD measurement and the requirements for achieving
e type of EBSD analysis being conducted, the material being analysed and the purpose fi
t will becUsed. The contribution of measurement uncertainty to the qualification and qua
D results-should be considered in the contexts discussed in 8.2 to 8.4.

Uncertainty of crystal orientation measurement

be verified.
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ty and probe
EBSD data.
recording of

The analysis
e data. This

cycle, it might
system being
Hough peaks

nding on what is saved), followed by band detectionyindexing and saving of the results, is carried out at a later time.

and relative
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h early stage.
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The uncertainty of the crystal orientation measurement by EBSD is a combination of the following factors:

a) uncertainty in the specification of the specimen coordinate system;

b) uncertainty in the specification of the alignment between the specimen coordinate system and the
coordinate system of the EBSD detector;

c) uncertainty in acquiring the EBSP;

d) uncertainties in the band detection and the indexing of the EBSP;

e) the equipment and instrument operating settings (accelerating voltage, spot size, beam current, working

distance, etc.).
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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 and the
coordinate system of the EBSD detector, except for the uncertainty associated with the adjustment of the

EBSD syst
impingemen
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e used to distinguish correctly between the different phases by matching, thé interplanar a
bretical and experimental results. For materials where pseudosymmetric_patterns are expectd
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Principle of EBSD

When an electron beam is focussed on a tilted crystalline specimen, a divergent source of

73:2009(E)

electrons is

generated W|th|n the spemmen by inelastic scattermg mvolvmg I|ttle energy loss. Electrons from the source

that 2

which can be determined by the accelerating voltage of the electron beam, is proportional to the
6, when @ is small enough, and inversely proportional to the interplanar spacing. The interse
Kiku¢hi line pairs correspond to zone axes in the crystal, i.e. crystallographic directions. In ad
electrons are inelastically scattered and contribute to the formatior of a diffuse background in the
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Figure A.1 — Mechanism for the formation of the Kikuchi bands for a given set of crystal planes
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Annex B
(normative)

Specimen preparation for EBSD

the section "Sample Preparation for EBSD" on the Oxford Instruments Electron Backscatter Diffraction website.
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the electron diffraction signal, resulting in EBSPs of either low quality or spurious origin. To
preparation is needed for most bulk specimens to obtain useable EBSPs. Some speci
ch as crystal films or planar cleavage surfaces with low levels of/surface relief, requin
prior to analysis. Each material under investigation should be considéred on an individual b

aration scheme should be chosen appropriately. More details can ¢ found in ASTM E 3 [20
g 211

n cutting specimens for EBSD, the orientation of.the specimen axes shall be preserved
br rolled sheets, the significant specimen directions (rolling direction, transverse direction
rmal direction) shall all be recorded.

cutting process shall not damage or change the specimen as this will lead to erroneous re
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Esive cutting methods that generate heat or cause deformation at the cut surface. Severe dar
is stage may extend so deep into(the' material that it is not removed by subsequent grinding

on or precipitation/diffusion may take place. Therefore, heating shall be avoided.

ting

mens generally"require mounting so that the specimen is supported in a stable mediun
polishing. The:atedium chosen can be either a cold-curing resin or a hot-mounting compoun

needed. fop ‘polishing, but the mounting could be removed after polishing to prevent cha
nductive mounting material is preferred for EBSD analysis as it helps to minimize electron |
pcts‘which can cause intensity blooming in the EBSD patterns and image drift and distorti

:

Clauses B.1 to B.7 and Figures B.1 to B.4 have been adapted, with permission of Oxford Instruments, from

any
yers
void
ens,
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asis,
and

and
and

sults.
hage
and

ating caused during cutting may cause changes to the microstructure — phase transformations,

n for
.

rging
eam
DN in

orientation n

naps. Often, even non-conductive specimens can be mounted in such materials and obseé

rved

using EBSD without requiring a conductive coating. Tf the specimens cannot withstand the heat/pressure
required for hot mounting, then the use of other mounting materials may be necessary. For example, ceramics
are often very brittle and cannot be subjected to pressure without fracturing. In this case, a cold-mounting
epoxy may be more appropriate. Before analysis, the non-conductive surface of the epoxy may be painted
with conductive silver or carbon paint 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,O3, 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
introduced during grinding can be invisible in the polished surface, but can serve to distort the EBSD result or
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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 selectio
material and conditions should be specific for a given specimen.

n of grinding

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 polishing.

B.5 Polishing

or clpths produce a flatter, i.e. more nearly plane, surface, but can leaye\polishing damage at th
the material, such as superficial scratching.

B.5. For EBSD of geological or ceramic specimens, it is génerally necessary to use an ad

inished on a
achieve the
hed surface

s. Typically,
olishing with

ing surfaces
e surface of

ditional final

polishing stage using colloidal silica for a minimum of 10 min.<Fhis procedure can also produce better results
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etal specimens having hard second phases, such as‘carbide. Colloidal silica is a chemg
h, i.e. it combines the effect of mechanical polishing-with etching. This type of stock remov
cases for EBSD, as a damage-free surface can_be-obtained with little effort. Figure B.1 sho!
emo-mechanical polishing. Note that the film, which forms on the polished surface during pq
moved. A convenient method to achieve thislis to flush the polishing wheel with water during
hds of polishing, thereby cleaning the spe€imen surface. The specimen is then removed ang
| manner, using a solvent which has.;a low water content and is not so volatile as to
ensation on the surface. In some cases, 0,5 % to 1 % hydrochloric acid or nital (a mixture of
acid) can be used to further clean\the residual colloidal silica from the specimen surface.
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surface layer removed by chemo-mechanical polishing with 0,05 um colloidal silica or oxide
film formed during polishing (also removed)

Figure B.1 — Removal of residual surface damage by chemo-mechanical polishing
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Flush the polishing wheel with water until all traces of colloidal silica have been washed away, spin to dry and
store in a suitable container in which contamination of the wheel cannot occur. Meticulous attention to
avoiding contamination of polishing wheels is an important aspect in achieving the best results. The use of
colloidal silica produces good results with nearly all materials, and is particularly effective with ceramic and
geological specimens that are otherwise difficult to prepare.

B.6 Etching

B.6.1 Polished surfaces can be examined using EBSD, but in many cases the pattern quality is improved by
etching. Additionally, etching delineates the grain structure, which is of obvious benefit. However, etching may

attack a seqond phase preferentially or attack grain boundaries excessively. Materials that are diffic
polish may benefit from repeated etching and repolishing. This method can expose an undamaged“su

suitable for

that is used| shall dissolve the specimen surface in an even manner and not leave behind any oxig
reaction prgduct layers. Such layers can completely suppress diffraction. Many etChants liste

metallograp
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BSD when conventional polishing and etching fail to achieve an adequate surface.Any et

ic textbooks are “contrast etches” which rely on the formation of oxide, layers of diff
to generate colours which are visible when using a light microscope. Such eiches are gen¢
or EBSD.

trolytic polishing and etching are effective methods for dissolving-the deformed layer nea
metal specimen by applying a controlled voltage for a controlled’time to the specimen
ell. Figure B.2 shows the characteristic curve for an electrolyticycell. This curve is depende
te used and will vary for different electrolytes. Control of the voltage and current density 3
electrolyte composition, temperature and stirring, arexall critical in achieving the de
hing characteristics.
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Figure B.2 — Characteristic curve for an electrolytic cell

B.6.3 _/Plasma etching is a process which is the reverse of sputter coating. Generally, it should be used as a
means of cleaning 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, as shown in
Figure B.4. lon milling can produce surfaces suitable for EBSD with minimal prior preparation, especially with
materials that are difficult to prepare by conventional metallography, such as zirconium and zircaloys.
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),
b) lon-milled surface

a) Mechanically prepared surface

Figure B.3 — Effect of ion milling on titanium [back-scattered elec{ts%»}BSE) images]
O

\V/
a) N& milling b) 5 min c) 15min
é Figure B.4 — Effect of different ion-milling times on quality

&?‘ of pattern acquired with a copper specimen

o)

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 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.
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B.8 Conductive coating [22]

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 possible to use other materials (e.g. gold, gold-palladium or tungsten), carbon is best due to its low atomic
number. Materials can be either sputtered or evaporated onto a specimen. As the coating thickness increases,
the signal-to-noise ratio of the patterns decreases. A carbon coating of between 2nm and 20 nm is
recommended. This thickness provides adequate conductivity while still keeping the signal-to-noise ratio high.
If this ratio drops to the point that the patterns are difficult to index, it is often useful to increase the
acceleration voltage on the SEM, which increases beam penetration through the coating. If high atomic
numbper materials (€.g. gold, gold-palladium or tungsien) are used jor coating, the coating needs to be kept
extrgmely thin (around 1 nm in thickness). Coating non-conductive specimens is often natngcessary if a
contiolled-pressure SEM is used. Reducing the size of non-conducting specimens (e.g.)to as small as
2 mm x 2 mm) can also help to reduce charging effects.
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Annex C
(informative)

Brief introduction to crystallography and EBSP indexing,

C.1 Genefal

This annex gives a very brief introduction to the concepts of crystallography as well as useful informatig
EBSD analygis. Since most users are likely to start with simple cubic phases, a section on howto ing

cubic EBSP

standard intrjoductory textbooks on crystallography also be consulted, e.g. References [7],[8]\and [9].

C.2 Symnmetry

An object ha
a cube look|
referred to a
symmetry el
the EBSP is

and other information useful for EBSD

is also provided. This is useful for checking automatic EBSP analysis. It is reGommended

s symmetry if it looks the same when rotated, translated or mirrored in a certain way. For exa
5 identical if it is rotated by 120° about its main diagonal~This 3-fold rotation axis is us
5 a “triad” axis. Figure C.1 shows a cube and an aluminium, spherical Kikuchi map with their 1
ements labelled. EBSPs usually show a lot of symmetry; but the symmetry can be difficult to s
shown as a flat image. A spherical Kikuchi map is generally clearer.

-

2V
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n for
ex a
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mple,
ually
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Key

1 tetrad
2 triad
3 diad
4 mirror

Figure C.1 — Schematic diagram showing the symmetries of a cube (left) and the
symmetries of fcc EBSPs (centre), also shown as a spherical Kikuchi map (right)

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.

26

© 1SO 2009 - All rights reserved


https://standardsiso.com/api/?name=a5d764a08a3832267e328cfff7fa0140

ISO 24173:2009(E)

C3

A crystal consists of a group of atoms, called the basis, that are.positioned relative to the crystal's
are nepeated (almost) infinitely. The unit cell is described in.terms of six parameters — three ler
hree angles, «, S, y (see Figure C.3). Lengths are usually given in nanometres or angstroms, angles in

and

degr
being the origin, (%,%2,%2) the centre of the unit cell and\(1,0,0) the a-axis.

(centre and right) and the symmetries are shown — mirrors as raised lines,
diads as ellipses, triads as triangles and tetrads as squares.

The unit cell

pes. The coordinates of the atoms are given as fractions of the unit cell a-, b- and c-axes

b

[210]

a) CelPparameters b) Atom positions c) Crystal directi

coordinates used to indicate the position of an atom within the unit cell and (right) the

Figure C.2 — Six fcc EBSPs stuck on the surface of a cube (left) to show the, symmetry of
experimental EBSPs. The cube has been “inflated” to produce a spherical Kikuchi map

unit cell and
gths, a, b, c,

with (0,0,0)

[010]

jons

Figure €.3 — Schematic diagrams showing (left) the unit cell parameters, (centre) the fractional

crystal

directions or zones

C.4 Crystal directions

A crystal direction is usually written [uvw] and represents a vector direction from the origin of the crystal in
multiples of the crystal axes a, b, c.

A family of symmetrically equivalent directions is written <uvw>. For example, in a cubic crystal, <111> is
shorthand for [111], -111], [1-11], [11-1], [1-1-1], [-11-1], [-1-11], [-1-1-1].

NOTE

© 1SO 2009 - All rights reserved

Negative indices are often written with a bar above the number, e.g. [Tﬁ] is the same as [-11-1].
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C.5 Crystal planes

A crystal plane is usually written (%2 k) and intersects the a-, b- and c-axes at 1/h, 1/k and 1//, where 4, k, and [
are integers and are usually referred to as indices.

Examples of (001), (111) and (122) planes, together with repeated planes, are shown in Figure C.4. Usually,
the higher the indices, the closer the planes are together.

a) (001) plane b) (111)pl @%nd (below) c) (211) plane and repeat
anothenéépeat, plane planes
QS

N
Figure C.4 — Schematic di@am showing examples of crystal planes

In EBSD, it [s usually difficult to tell Wand (-h—k-I) apart as they correspond to both edges of a Kikuchi
band, so th¢ convention is that ( sually refers to both the (2k!) and the (-h—k—I) planes. A famijly of
symmetry-related planes is wriu;??&(h k[}. For example, the cubic {200} planes include (200), (020) and
(002) and will also imply (—2@ 0-20) and (00-2).

C.6 Crystal sys%@@

Each crystal be&\%% to a crystal system which describes its basic symmetry. The usual crystal systems are
given in Tab 1
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Table C.1 — Usual crystal systems

Crystal system Unit cell parameters Examples

C.7

The
after
beca

Cubic a=b=c, a=p=y=90° Iron, nickel, rock salt
Hexagonal a=b#c, a==90°, y=120° Titanium, apatite
z—r;:?)(r):bacihedral ) ?a_zbbicé,o;_z'b,;’_zgfqé 90° ;ﬁg <120°) Quartz, calcite, haematite
Tetragonal a=b#c, a=pF=y=90° Tin, zircon

Orthorhombic a#zb#c, a=pF=y=90° YBa,Cu307, sulfur, PbSO,4
Monoclinic a=c#b, o= y=90° = fwhich is >90° Clinopyroxene

Triclinic (anorthic) azb#c, a+ f#y+90° Kyanite, copper sulfate

NOTE Some modern textbooks merge trigonal and rhombohedral with hexagonal.

a8  Some trigonal crystals can also be represented using a rhombohedral unit cell, which is basically a cu

that has been squashed or stretched along a diagonal. Three rhombohedral unit cells will fit into the hexagor
unit cell, as shown in Figure C.5. There are also two possible unit cells for rhombohedral,"the “obverse” and {
“reverse”, which are mirror images of each other.

b By convention, monoclinic crystals have the b-axis unique, and this axis_is*shown vertically. This is 1
always the case, and older crystal data may have the a- or c-axis unique; this is referred to as an alternat
setting. The orthorhombic crystal system also has a wide range of alternative settings in which the order of
a-, b- and c-axes are effectively permutated.

al
he

ve
he

Laue groups

| aue groups (see Table C.2) describe the essential symmetry of the EBSPs, i.e. the diffracti
Friedel's law has been applied. Friedel's law~means that we cannot easily tell (#k/) and

use the lattice looks very similar to an electron travelling backwards or forwards.

Table C.2 — Laue groups

Laue group Examples
High eubic Aluminium, nickel, galena
Eow/cubic Pyrite (FeS,)
High hexagonal Titanium
Low hexagonal Apatite
High trigonal Quartz, calcite
Low trigonal Dolomite
High tetragonal Chalcopyrite
L ow tetragonal Waulfenite

Orthorhombic YBa,Cu307, magnesium sulfate
Monoclinic Zirconia

Triclinic Copper sulfate, anorthite, albite

NOTE For some geological phases, the “low” groups are quite

important and can have unexpected symmetries, for example pyrite
(FeS,), which is low cubic, has no 4-fold axes.

© 1SO 2009 - All rights reserved
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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 | (internal). The centres of the faces can also have sites. If all the faces are centred, then it is
referred to as F (face); if only one pair of faces is centred, then it will usually be the C face, although A and B
centring can also occur.

Cubic P Cubic | Cubic F

YL

Tetragonal P Tetragonal |

[120°

Orthorhombic C Orthorhombic | Orthorhombic F

_ K -~
Monoclinic P Monoclinic C Triclinic P
NOTE For the trigonal (rhombohedral) cell, the alternative hexagonal triple unit cell is also shown (see second row).

For monoclinic, 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)
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C.9 Manual indexing of a cubic EBSP

It 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 may be viewed from any orientation with minimum projection
distortion (most EBSPs are gnomonic projections).

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.

a) lIron bcc
mirror

c) lIron bcc
4-fold (tetrad)

b) Iron bcc 2
3-fold (triad) ,{S\

L

e) Iron fcc mirror % ) f) Iron fcc g) lIron fcc h) Irgn fcc
%\ 3-fold (triad) 4-fold (tetrad) 2-fold (diad)

Figure C.6 — E ples of parts of iron bcc (top row) and fcc (bottom row) EBSPs, showing mirrors,
ads (3-fold rotations), tetrads (4-fold) and diads (2-fold), as indicated

% Table C.3 — Symmetry for fcc and bcc
Zone Symmetry for fcc and bcc Comments
<001> | 4-fold with four mirror planes running through Can sometimes be mistaken for <11 0> in fcc.

For bcc, it looks like a 6-pointed snowflake; for fcc, there

<111> | 3-fold with three mirror planes running through is a triangle around t.

<110> | 2-fold with two mirrors running through

Roughly half-way between a 4-fold <001> and a 3-fold

<112> | On a mirror running from <001> to <111> <111>. For fcc, it looks like the centre of a bow tie.

Very close to <001> and, for fcc, it can easily be

<114> | Onamirror running from <0 01> to <111> mistaken for <11 1> with a triangle around it.
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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 It is not critical that the reader be able recognize the indices shown (for example [00 1] is equivalent to [1 0 0]).

Example 3

Figure C.7 — Nickel fcc EBSP (left) and the main symmetries (centre) and indexed zones (right)
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Figure C.8 — Iron bcc EBSP (left) and the &@n symmetries (centre) and indexed zones (right)
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Figure C.9

Planes are €
of the first tw

(hkil)

where (3 ks

a, R

b) Four-digit indices: (hkil)and [uviw]

directions (right in.each case)

0.

() is the three-digit plane.

Frequently, the third digit will beyshown as a dot, e.g. (12.4) or (01.2).

To convert flom four-digit.planes to three, drop the third index, i:

— Schematic diagram showing hexagonal indices for crystal planes (left in each case)|and

asy to convert from three-digit indices(to four-digit indices. The third digit is simply minus the[sum

34

(R k1) (hkil) (hkI) (hkil) (hkI) (hkil)
(1lo.oy 4-0-40) (210) (24-30) “01) 4041
(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)
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