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Abstract: Due to modern advances in micro-analytical facilities, techniques such as electron backscatter diffraction
are becoming the standard tool for performing crystallographic orientation analysis. This has lead to a surge in the
numbers of investigations using electron backscatter diffraction analyses. Electron backscatter diffraction allows the
systematic measurement of the full crystallographic orientation of grains as small as sub-micron in size in rock-
forming minerals as well as other crystalline materials such as metals and ceramics. Performance of electron
backscatter diffraction requires samples to be specially prepared and correctly orientated to suit the aims of the
research, such as understanding the deformation kinematics of the sample. This paper aims to outline the methodology
necessary to go from orientated hand specimen or experimental laboratory sample through to collection of electron
backscatter diffraction data. Practical information often omitted from EBSD publications will be presented such as
detailed descriptions of sample preparation and discussion about how to achieve good quality results. Guidelines are
restricted mainly to the use of Oxford Instruments HKL Channel 5 software and do not cover other analysis hardware
and software. However, parts of the paper such as sample preparation and orientation guidelines will be useful to
anyone performing EBSD analysis.
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Introduction
In the last decade, micro-analytical facilities have in-

creasingly come to include electron backscatter diffrac-
tion (EBSD) (Adams et al., 1993; Dingley, 1984; Vena-
bles and Harland, 1973). This application has been rapid-
ly incorporated into the analytical geological toolbox
(Prior et al., 1999). EBSD enables the systematic meas-
urement of individual crystallographic orientations that
can be used to study microstructures, internal textures,
point-to-point orientation correlations, phase identifica-
tion and distribution, to name but a few examples. EBSD
is a scanning electron microscope (SEM) based technique
and the necessary equipment can be easily added to most
SEM’s. The technique can be performed either on a
standard SEM with a vertical column and the specimen
tilted to achieve the necessary geometry, or on a special-
ized SEM with an inclined column so the sample remains
flat. EBSD is a surface technique, with the signal origi-
nating in the top 50nm of the sample (Lloyd, 1987a) and
any damage to the crystal lattice in this surface layer will
decrease the quality of the electron backscatter pattern
(EBSP). Due to advances in computing capabilities and
camera technology, data collection speed has increased
significantly, allowing larger areas to be studied. From
any sample, a single area can be studied using a variety
of complementary techniques for instance, element/trace
element distributions can be imaged using cathodolumi-
nescence (CL) and measured using energy-dispersive
spectroscopy (EDS), wavelength dispersive spectroscopy
(WDS) or laser-ablation inductively-coupled-plasma
mass-spectrometry (LA-ICP-MS) (Dingley and Randle,
1992; Martin et al., 2010). EBSD data can be used in
conjunction with these other techniques to enhance our
understanding of the evolution of the sample both struc-
turally and geochemically. It also possible to perform 3D
EBSD volumetric mapping by serial sectioning the sam-
ple (by repeatedly removing the sample from the SEM
and grinding down a small distance) or using focused-
ion-beam milling in the SEM to expose new sample sur-
faces for mapping. EBSD is limited to samples with a
crystalline structure and grain sizes larger than several
tens of nanometers. This paper presents a systematic
methodology for application of EBSD to a sample, dis-
cussing how to orientate the sample for analysis, how to
prepare the sample surface, guidelines on how to collect
high quality EBSD data using Oxford Instruments HKL

Channel 5 software and how to manipulate data and
present it for interpretation.

Laboratory preparation of samples for EBSD

Orientating samples

Any type of sample can be analysed by EBSD, as long
as the sample is crystalline and hard enough to produce a
topographically flat surface after polishing. After field
mapping has been completed and orientated hand speci-
mens have been collected or laboratory experimental
samples have been produced, the most appropriate refer-
ence frame to study the sample needs to be chosen (Prior
et al., 1987). A common geological reference frame for
deformed rocks is the kinematic reference frame where
samples are cut perpendicular to foliation and parallel to
lineation. This is also referred to as the XZ reference
frame (Zucali et al., 2002). For samples produced from
laboratory rock deformation experiments it is more appli-
cable to work in a stress-related reference frame, such as
using the compression or extension direction as the im-
portant external parameter (Llana-Fúnez and Rutter,
2005). A common reference frame for metallurgical re-
search is related to the rolling, normal and transverse di-
rections that correspond to how the metal was processed
(Saeid et al., 2010; Siqueira et al., 2011). It is important
to record what reference frame is being used as it will be
needed during data presentation and interpretation.

It is vital to choose the most applicable reference
frame for the research before preparing EBSD samples. It
is advisable to keep linear features, whenever possible,
parallel to either the long or short axis of the sample (de-
pending upon shape) as this makes data interpretation
easier later on. The overall size and shapes of samples
that can be studied using EBSD is mainly limited by the
size and shape of the SEM EBSD holder. Most holders
produced specifically for EBSD analysis (often custom
made) will normally accept standard thin sections (30 µm
thick slices of rock glued onto glass slides that are often
4.5 x 2.5 cm) and blocks (blocks either rectangular 4.5 x
2.5 cm or 1 inch diameter cylinders). Oversized holders
have been made to allow larger samples to be studied and
the maximum holder size possible is determined by the
size of the SEM sample chamber.
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Advanced preparation of samples for EBSD

EBSD can be performed on broken surfaces of sam-
ples that do not polish well, but most laboratories work
on specially polished sample surfaces. After samples
have been cut and polished to produce standard blocks or
thin sections, the samples are mechanically polished us-
ing decreasing grades of diamond paste such as 3µm,
1µm and either 0.5µm or 0.25µm diamond paste. It is
necessary to perform a final stage of polishing to remove
the surface layer damaged produced by the previous lap-
ping and mechanical polishing stages. This final damage
layer must be removed by an advanced polishing techni-
que such as chemical-mechanical polishing (CMP) (met-
al and geological specimens), electro-polishing (metals),
chemical etching (metals) or ion beam milling (metal and
geological specimens). For geological specimens the
most common technique used is CMP using either a col-
loidal silica suspension (0.02-0.06 µm) (Flynn and Po-
well, 1979; Lloyd, 1987b) or 0.05µm colloidal alumina
suspension. This chemical-mechanical polishing process
results in very slow abrasion rates removing 1-2 µm of
material per hour or ~ 1 atomic monolayer per second
(Lloyd, 1987a).

The important differences between the colloidal silica
and alumina are the grain shape and pH. Colloidal silica
is more rounded in shape and has typical pH values of
greater than 9, whereas the alumina suspension has a pla-
ty shape and a typical pH value of approximately 7. Dif-
ferent brands of colloidal silica and alumina will have
slightly different properties with differences normally be-
ing in the grain size and pH. For instance Buehler produ-
ces two colloidal silica suspensions which have different
pHs and particle sizes, namely (1) MasterMet which is a
0.06μm colloidal silica suspension with a pH of ~10; and
(2) MasterMet 2 which is a 0.02μm non-crystallizing col-
loidal silica suspension with a pH of ~10.5. It is impor-
tant to make sure to use the suspension which has the
properties which suit your task best and which suspen-
sion to use depends upon the bulk mineralogy of the thin
section and the aims of the research. If part of the aim of
the research is to quantify geochemical variations, as well
as textural variations, Al is often one of the important
constituent elements studied and if the sample is polished
with an alumina suspension some of the polishing parti-
cles can become embedded into cracks, holes and in the
sample surface and may create errors in any geochemical
data collected. A good post polishing cleaning routine

will reduce this problem but if both silica and alumina
suspensions are available and there are no other parame-
ters significantly influencing your choice then colloidal
silica is the better option. Due to the pH of colloidal sili-
ca many researchers will not use it to polish carbonates
as it can cause chemical etching of the sample. Chemical
etching can also be a problem if any sample is left to pol-
ish for too long a time.

There are many different types of polishing machines
and polishing pads available. Polishing pads can be made
from cloth that is either stretched out over a disc on the
polishing machine or can be attached via an adhesive
back. Firms that produce quality equipment and consum-
ables include Buehler, Struers and Kemet. Most of these
firms will send out samples so researchers can perform
polishing tests on your own equipment to determine the
best consumables for your research. Also many of these
firms will perform polishing tests on samples supplied to
them. When selecting a suitable final stage polishing
cloth or pad, choose items that are described as chemical-
ly resistant, durable pad ideal for rough and final polish-
ing of hard steels, ceramics and composites for use with
CMP or for use with activated suspensions.

Recently I performed a polishing test on a quartz rich
sample using a Syntron brand vibratory polishing ma-
chine type LP.01C, style B-60693, which operates on
240V, 1.25 amps and 50 cycles. The control dial was
turned to 85 (max = 100). A Buehler brand ChemoMet
10” PSA pad and Buehler brand MasterMet colloidal sili-
ca were used as the polishing pad and medium. With this
setup, the sample needed to be polished for at least 2
hours to produce a surface giving reasonable EBSD pat-
terns. This was slow in comparison to other vibratory
polishing machines I have used in the past and the weight
of the holder was similar (heavier holder should decrease
polishing time). Polishing time of 4-5 hours for this
quartz-rich sample gave the best compromise between
polishing time and polishing quality. A sample polished
for 10 hours showed an extremely high quality polish but
this was not absolutely necessary for EBSD. In general,
harder materials require more time to polish. Minerals of
a similar hardness to quartz should be polished for a sim-
ilar amount of time.

When performing CMP, the sample requires systemat-
ic checking to prevent possible problems such as ‘lifting’
(thin sections) or plucking of grains (thin sections and
blocks). ‘Lifting’ in thin sections is a term used to
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describe when the rock slice begins to peel away from
the glass slide as the polishing fluid flows between the
rock slice and glass slide. This can be a common occur-
rence if using thin sections which were manufactured a
long time ago. This is due to the fact that the adhesives
used to prepare the thin sections may have degraded over
time or were not as high quality as those used in thin sec-
tion preparation nowadays. If lifting does occur, cease

polishing immediately since ‘lifted’ sample sections can-
not be studied using EBSD and the sample will have to
be used as is. Plucking of grains causes problems as it re-
duces the grains available for analysis in the sample but
also the loose fragments can scratch the sample surface
causing damage to other polished areas.

Post polishing cleaning routines

Figure 1. The effects of polishing and data processing

(A) Is an example of a poorly polished sample surface. (B) Is a well polished sample surface where all grains and their
boundaries are well defined. This sample is used for remaining figures. (C) The raw EBSD data for an experimentally de-
formed calcite sample. (D) Illustrates how the ‘wildspikes’ data processing technique has removed erroneous single data
points. Compare the area inside the yellow circle between figures 1C and 1D and the green single pixels have been re-

moved. (E) Displays the data after growth to completion based on 8 and 7 neighbours. (F) Shows the final data after pro-
cessing is complete.
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After the allotted polishing time, check the polished
sample using reflected-light on an optical microscope for
polishing defects. Figure 1a & 1b illustrate the difference
between a poorly polished surface (Fig. 1a) and a well
polished surface (Fig. 1b). It is important to thoroughly
clean the sample surface to remove all contamination
caused during polishing. The sample should be rinsed un-
der cold water, placed into a small beaker of water, and
then deposited into an ultrasonic cleaner for approximate-
ly ten minutes. This will remove some of the polishing
solution particles that have become located in cracks,
holes, grain boundaries and embedded into the sample
surface. The sample can then be removed from the ultra-
sonic cleaner and dried using lint free tissues. Another
cleaning method is to wipe the surface with ethanol and
then allow it to evaporate taking dirt and grease particles
with it or dry it using a hot-air dryer. The sample should
then be blown off using an inert aerosol spray such as
dust off to remove loose particles still attached to the
sample surface before being placed into the SEM.

Eliminating charging in the SEM
Electron charging is the buildup of negative charges

on a specimen irradiated with an electron beam. Charging
may occur in a SEM when there is poor electrical con-
ductivity of the specimen. To eliminate electron charging
most mineral samples will need to be coated with a thin
conductive film before being placed into the high-vac-
uum SEM chamber. Depending upon the SEM it is also
possible to work under low vacuum and in this case no
coating would be required. Also if a sample has a high
electrical conductivity then it may not need a conductive
coat. When coating is required, carbon is most commonly
used as it provides a good electron transparent (low
atomic number), conductive coating, but other materials
can be used such as gold. Many carbon coaters use a rod
of carbon as an evaporation source. Before use, the car-
bon rods will need to be sharpened to create a tip with the
required angle and shape for the coating unit - if this is
not done the carbon coat may not be even across the sam-
ple. The thickness of the carbon coat needs to be control-
led accurately, as a thin coating will cause the sample to
charge and a thick coating will reduce the strength of the
diffraction patterns and decrease the fraction of success-
ful indexing. While reports vary as to optimal carbon
coat thicknesses, such as 2.5-5nm for biominerals (Perez-
Huerta and Cusack, 2009) and 8nm for Mg coated

standards (Limandri et al., 2010), all of the literature
agrees that the carbon coat should be as thin as possible
and 3-5nm is generally accepted for EBSD (Bestmann et
al., 2011; Trimby and Prior, 1999).

After the conductive coat has been applied to the sam-
ple either conductive paint (carbon or silver) or carbon
tape is used to make sure any charge build up can be dis-
sipated via the sample holder. The choice of whether to
use carbon paint or carbon tape comes down to the geom-
etry of your sample and personal preference. If your sam-
ple is a thin section, then you have a slice of rock sitting
on top of a glass slide with sharp edges, these edges will
only be very thinly coated. In this situation conductive
paint is generally the better choice as all edges can be
painted to eliminate any possible charging. If your sam-
ple is completely flat (thin wafer or sample in resin), then
either can be used, although carbon paint is more conduc-
tive than carbon tape and silver paint is more conductive
than carbon paint.

Scanning electron microscope settings for
EBSD

The SEM conditions used to collect your EBSD data
depend upon the type of SEM being used, resolution of
the camera, phases of interest, desired speed of data col-
lection and desired quality of data. Conventional SEMs
utilize thermionic emitters such as tungsten or lanthanum
hexaboride (LaB6) whereas field emission guns (FEG)
can use cold-cathode, thermal or Schottky type emittters.
The most important difference is that FEGs produce an
electron beam which has a smaller diameter and therefore
has a higher resolution, which is important if working on
fine-grained samples. The specifications of the charge-
coupled device (CCD) camera available will affect the
quality of the patterns collected and therefore affect the
optimum operating conditions. EBSD utilises a geometry
with an angle of 70° between the incident beam and the
normal to the sample surface. EBSD can be performed at
lower angles (such as where the sample stage can only be
tilted to 60°) but the quality of the patterns will be re-
duced. The distance between the phosphor screen (moun-
ted in front of the CCD camera) and the sample is impor-
tant, the closer the screen is to the beam interaction point,
the larger the angular range of the collected EBSP which
improves indexing. The downside of this close geometry
is the increased risk of collision between the sample and
detectors. The spacing between the pole piece and the
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sample surface, the working distance, also needs to be
matched to the best projection of the EBSP on the phos-
phor screen. Typical distances are between 14 and
33mm.

Typical accelerating voltages used for EBSD are be-
tween 10 and 30kV with most systems using 20kV (Best-
mann et al., 2011; Ebner et al., 2010; Okudaira et al.,
2010; Peternell et al., 2010; Schwarzer et al., 2009). It is
important to note that if the carbon coat is a little too
thick a higher accelerating voltage can be used to gener-
ate a useable EBSP or if the sample is heavily deformed a
lower accelerating voltage may be more appropriate. The
beam current is controlled by the chosen aperture size
and spot size. A high beam current (10-100nA depending
upon the SEM) can be used if mapping very quickly
(30-50 points per second in minerals or 300 points per
second in metals), but if running more slowly (3-6 points
per second) then a lower beam current should be used to
avoid unacceptable levels of electron damage. The set-
tings given here are guidelines which will need to be ad-
justed based upon the hardware and software available as
well as the phase(s) to be measured. For an in depth dis-
cussion of the factors which affect EBSD patterns see
(Britton et al., 2010; Mingard et al., 2011).

Data acquisition settings for EBSD
The settings listed and discussed here are for use with

Oxford Instruments HKL Channel 5 program (Schmidt
and Olesen, 1989), which currently is the most common-
ly used software for geological applications. TSL also
produces EBSD cameras and their software is called
OIM. Bruker and Thermo-Noran also produce their own
software and hardware. No two SEMs are exactly the
same and these settings are a guide for initiating data ac-
quisition using Oxford Instruments HKL Channel 5 pro-
gram Flamenco. The specification of the camera being
used to collect the data will have a large affect upon the
parameters required. These settings can be used for ac-
quiring your first indexed point and should be modified

to achieve the best results for the sample being studied,
the type of analysis required and the hardware setup. The
settings given are from my personal experience and/or
from settings published in the literature.

Number of Reflectors: increasing the number of re-
flectors is necessary in lower symmetry crystals to allow
accurate determination of the orientation. The higher the
symmetry the fewer reflectors are needed.

Number of Bands: the Channel 5 software allows the
minimum and maximum number of bands to be defined,
but these can be the same number.

Band Centers verses Band Edges: if the EBSP exhib-
its well defined band edges in the collected pattern, then
band edges should be used, as this provides extra infor-
mation later, but if the centre of the band is clear and the
band edges are fuzzy, then band centers should be used
instead.

Hough Resolution: the higher the Hough resolution,
the more likely it is to be correctly indexed, but increas-
ing the Hough resolution will increase the time per point
required to index the pattern. So the value used is a trade-
off between the percentage of correctly indexed data
points and the time required to collect the data. For in
depth discussions of the Hough transform see Dingley
and Randle, (1992) and Hough, (1962).

Number of frames noise reduction: increasing the
number of frames averaged to generate each EBSP im-
proves the signal-to-noise ratio and causes an increase in
the percentage of correctly indexed grains but increases
the collection time at each point.

Each time you analyse a sample you will need to opti-
mize the data acquisition settings and the calibration for
that run to ensure you achieve the maximum amount of
indexing possible at the fastest analysis rate. It is impor-
tant to note that when indexing only one phase the pa-
rameters can be set which result in the fastest indexing
rate to correctly indexed data points. When multiple pha-
ses are being analysed, the set of conditions used has to
be a compromise between those for the individual phases.
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Table 1. Suggested initial parameter settings for data acquisition using HKL Channel 5’s Flamenco program

Phase No. of Re-
flectors

Minimum
no. of
Bands

Maxi-
mum no.
of Bands

Hough
resolution

No. of
frames

noise re-
duction

Reference

Quartz 70-75 7-8 7-8 90-120 2-3 (Bestmann et al., 2011; Half-
penny et al., 2006)

Calcite 60-100 7-9 7-9 60-100 1-3 (Bestmann et al., 2006)

Feldspar 60-75 4-6 6-8 60-120 3-4 (McLaren and Reddy, 2008)

Hornblende 70-75 6-7 7-8 90-120 2-4 Personal experience

Clinopyroxene 70-75 6 8 120 3 (Bascou et al., 2001)

Orthopyroxene 70-80 6-7 8-9 90-120 3-4 Personal experience

Garnet 50-80 4-6 6-8 90-120 3 (Bestmann et al., 2008)

Olivine 75 6-7 7-8 120 3 (Bystricky et al., 2006)

Pyrite 60-120 6-7 8-9 100 3 (Barrie et al., 2008)

Magnetite 60-75 4-7 5-8 80 3 (Morales et al., 2008)

Ilmenite 75-80 6-7 7-8 70-80 2-3 Personal experience

Zircon 75 6 10 60 4 (Reddy et al., 2007)

Data collection methodology
The way EBSD data is collected will vary depending

upon the type of analysis desired. There are three meth-
ods for data collection (1) collecting individual points (2)
collecting a line of points (3) collecting an XY controlled
systematic grid of points usually known as a map (single
or multiple maps can be collected). EBSD data collection
can be integrated with chemical analysis by simultane-
ously collecting EDS at each analysis point. Performing
integrated analysis increases the time required to collect
the data at each point but has the advantages of having
co-located structural and geochemical data.

Point analysis is most commonly used to determine
the orientation of a single crystal, to confirm that the
crystal is a single orientation (take multiple points in one
crystal and check the orientation does not change), to
verify or identify phases or to compare the orientation of
multiple crystals (collect a single point in each crystal
and compare the orientations). When point analyses are
being performed the researcher controls the location of
the beam, choosing the sites to be analysed manually.
Once the EBSP is generated the software will provide in-
dexing solution(s) which the researcher goes through

manually to choose the correct solution, which will then
be saved. With this manual data collection method no
non-indexed or mis-indexed points will be saved. This
data can be presented using either pole figures or orienta-
tion distribution functions (ODF).

Line scans collect a line of systematically spaced data
points and are usually performed to analyse grain sizes, it
is the same principle as the linear intercept method
(Thorvaldsen, 1997). The advantages of performing line
scans using EBSD, rather than on an optical microscope
are that smaller grains can be identified, it is more accu-
rate and you also get orientation information on the
grains analysed which may reveal information about in-
ternal substructure. Again this data can be presented us-
ing either pole figures or ODFs.

Maps are required to answer more complicated ques-
tions about issues such as rheology or controlling defor-
mation mechanisms or active slip systems. Maps provide
the most information but also take the longest time to
collect. Map data can be collected in two ways, either by
using low magnification and collecting one large map, or
by using higher magnification and collecting multiple
smaller maps. The multiple maps can be combined into
one map using software called Map Stitcher. The
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downside of multi-mapping is that occasionally the
stitched maps do not fit together exactly and low angle
boundaries are artificially produced at the overlapping lo-
cations. Multi-mapping tends to be used when a large
area needs to be covered at a magnification that does not
allow the entire area of interest to fit on one screen. This
is common when you have bi-modal grain sizes associ-
ated with, for example, recrystallised or porphyritic tex-
tures.

As maps are collected automatically the data will in-
evitably contain non-indexed points (points with no ori-
entation solution generated at grain boundaries, cracks
and surface particles) and mis-indexed points (points
with an incorrect solution, either the wrong orientation or
the wrong phase). Therefore maps will require data pro-
cessing to decrease/remove any non-indexed points and
mis-indexed points. This has to be done carefully so that
no artifacts (incorrect data) are produced (this is dis-
cussed later in Data Processing). The data acquisition set-
tings for EBSD should be optimized to produce as few
non-indexed and mis-indexed points as possible. The per-
centage of indexed analysis points required for the raw
(uncorrected) data to be useable depends on the type of
sample being analysed and what the aims of the research
are. If the sample is made up of phenocrysts contained
within a non-crystalline groundmass and maps are per-
formed to capture multiple phenocrysts, the indexing
could be as low as 5-10% but the data is useable as the
phenocrysts are completely indexed and all the non-in-
dexed points are located in the groundmass. In a sample
which contains several phases or just multiple grains,
100% indexing cannot be achieved due to the grain boun-
daries. In these situations maps with raw indexed rates of
less than 50% (more incorrect solutions than correct solu-
tions) should be used with caution. XY grid collected da-
ta can be presented as maps, pole figures or ODFs.

Both line scan and map data collection can be automa-
ted by defining the start and end location (in the Flamen-
co software) but there are two data collection methods
used in automated EBSD, stage scan or beam scan. In
stage-scan mode the stage mechanically steps between
each data point and the incident beam remains stationary
(Adams et al., 1993), whereas in beam-scan mode the in-
cident beam is deflected across the sample surface while
the stage remains stationary. Currently it is much faster
to deflect the beam rather than move the stage when per-
forming line scans or maps. If multiple maps are being

collected then the beam will be scanned across the de-
fined area of a single map then the stage will move to the
XY starting coordinates of the next map and the mapping
process will resume until all maps have been collected. It
is also possible to save all of the generated EBSPs so the
patterns can be reanalysed offline by hand to check for
and correct mis-indexed and non-indexed points. This
can be extremely important when analysing challenging
materials.

Data processing
If the data have been collected automatically as maps,

the data will need to be corrected for non-indexed and
mis-indexed points and is essential to eliminate errors
and artifacts. The amount of data processing required will
depend upon how well the raw data indexed and what the
data will be used for (Bestmann and Prior, 2003; Prior et
al., 2002; Toy et al., 2008). Once the raw EBSD data has
been collected (Fig. 1c) a good way to start is to remove
the ‘wildspikes’, single data pixels that are surrounded by
8 pixels of a different orientation. When the software re-
moves each ‘wildspike’ it assigns the pixel an average
orientation of the surrounding 8 neighbours (Fig. 1d).
This is only appropriate in raw data sets with high index-
ing rates and low mis-indexing rates (Prior et al., 2009).
The justification for doing this first is that the next step of
data processing involves ‘growth’ and growing incorrect
data points could introduce artifacts into the data.

It is common in geological raw data sets for indexing
and mis-indexing rates to be heterogeneous whereby one
grain is fully indexed and contains no errors yet the adja-
cent grain is only, say, 80% indexed and contains mis-in-
dexed points. In these cases it is necessary to ‘grow’ the
grains using the extrapolation routines in HKL’s Tango
program. The Tango software allows non-indexed points
to be filled with the average orientation of a specified
number of neighbour pixels (where their orientation is
the same within a defined tolerance). The software allows
the number of neighbours to be altered to allow more or
less growth to take place. Growth to completion on the
basis of 8, 7, 6, neighbours does not create significant mi-
crostructural artifacts, nor does a single step at 5 neigh-
bours (Prior et al., 2009). Figure 1e shows how the data
looks after the wildspikes have been removed and growth
to completion at 8 and 7 neighbours, whereas figure 1f
shows the data after growth to completion at 6 and 5
neighbours plus one step at 4. Comparison of figure 1b
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and 1f shows that the boundary structure is still equiva-
lent and no artifacts have been introduced. If you com-
pare the grain that is inside the yellow circle between
each of the maps, it shows how the ‘wildspikes’ (green
coloured pixels) are apparent in figure 1c but removed by
figure 1d and that non-indexed points (black pixels) are
completely removed after the data processing is complete
(Fig. 1f). After this type of data processing has been
completed, continued growth based on fewer neighbours
can introduce significant errors into the data set. Intro-
duced errors can be identified and avoided by continu-
ously comparing the processed data with the pattern qual-
ity map (which for the purpose can be assessed like a
backscattered electron image). As soon as grains ‘grow’
so that the new positions of their grain boundaries cross
those of the pattern-quality component map, then arti-
facts have been introduced and the data processing has
gone too far. For more complicated ways to perform data
processing see Prior et al., (2009).

Data presentation
The HKL software allows multiple data presentation

methods such as maps (Tango), pole figures (Mambo),
inverse pole figures (Mambo) and ODFs (Salsa). Each
method is used to interrogate a specific aspect of the data.
The data shown in Figures 1b-f, 2, 3, 4 and 5 are for an
experimentally deformed calcite sample.

Maps

Maps can only be plotted from data collected in the
XY grid mapping mode. Point data and line scans cannot
be plotted up as maps. Maps are used to illustrate the
overall microstructure and allow different aspect of the
maps to be interrogated such as grain size variations, low
angle grain boundaries, high angle grain boundaries, the
type and location of twins, phase distribution, inter-phase
relationships and much more. A few examples are shown
in figure 2. The maps are created by using single or mul-
tiple components. Each component is designed to high-
light a particular aspect of the microstructure such as the
misorientation angle of the boundaries or the distribution

of phases. Multiple components can be used on one map
and these types of overlain maps are used to understand
the inter- and intra-grain relationships.

Figure 2a shows the band-contrast or pattern-quality
component overlain by the boundary component, where
each colour represents a defined range of misorientation
angles: ≥2° = yellow, ≥5° = green, ≥10° = blue, ≥20° =
pink and ≥30° = black. In the band-contrast map the
grayscale of each pixel reflects the definition of the pat-
tern regardless of index result, where darker shades are of
poorer pattern quality and generally correspond to grain/
phase boundaries. The signal can be affected by the dif-
fraction intensity for the phase, the dislocation/crystallo-
graphic defect density and the orientation. The boundary
component draws boundaries between map pixels where
the orientation change is greater than the user defined
minimum. Depending upon the phase boundaries with
misorientation angles of less than 10° (different angles
can be selected for different phases), are defined as low-
angle grain boundaries, whereas boundaries with misor-
ientation angles of greater than 10° are classed as high-
angle grain boundaries. The boundary component shows
the distribution and concentration of boundaries but it is
also possible to show the percentage of boundaries which
display particular misorientation angles using the misor-
ientation angle distribution bar chart.

Special boundaries can be plotted using specific axis-
angle relationships corresponding to known twin laws
(Halfpenny, 2011), or phase boundaries. It is also possi-
ble to map complicated phase boundaries such as specific
exsolution texture relationships. Special boundaries can
also be used to determine previously unknown axis-angle
relationships either between grains or intra-grain. In fig-
ure 2a inside the yellow circle is a light blue coloured
boundary which represents an E-twin. The sample con-
tains surprisingly few E-twins for a deformed calcite
sample. The ability to highlight special boundaries is an
important feature as the type of twinning can be used to
understand the deformation mechanisms and evolution of
a sample and the locations of phase boundaries can illus-
trate angular relationships between layers.
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Figure 2. Example maps produced using HKL Channel 5 Tango software

(A) Shows the band-contrast or pattern-quality component overlain by a boundary component, where each colour repre-
sents greater than or equal to a defined misorientation angle: ≥2° = yellow, ≥5° = green, ≥10° = blue, ≥20° = pink, and
≥30° = black and also the e-twin special boundary component which colours e-twins in light blue. An e-twin example is

highlighted inside the yellow box. (B) Grains coloured according to their crystallographic orientation expressed using Eu-
ler angles, φ1, Φ, φ2 semi-transparently overlain on the band-contrast component. (C) Grains coloured with the inverse
pole figure component shown in figure 2D. (D) IPF crystal reference frame of colours used to produce the map shown in
figure 2C. (E) Grains coloured with a grain size (area µm2) component from red (large) to blue (small) (see figure 2F) semi-
transparently overlain on the band-contrast component. (F) Shows the legend for the colour scheme used in figure 2E.

Figure 2b plots grains coloured according to their
measured crystallographic orientation expressed using

Euler angles, φ1, Φ, φ2 (Dingley and Randle, 1992), in
general similar colours indicate similar orientations and
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these maps are used as a display the texture of the overall
microstructure. Euler maps clearly show preferred orien-
tations and layering. Euler colouring is used in Tango to
assign each Euler angle to a red, green, and blue colour
and the three are combined into a single RGB colour per
pixel. A full definition of Euler angles and Euler space
can be found in (Wenk, 1985). In figure 1f inside the yel-
low circle is a deep pink grain that contains some green
areas. These areas are not mis-indexed points which re-
quire removal via data processing but are actually within
a couple of degrees of the rest of the grain. This “wrap-
around” effect is due to how the colours are assigned
based on the measured Euler angles. This happens when
one or more of the Euler angles are near a limit, causing
the R, G, or B component to vary between maximum and
minium, giving vast colour differences where little or no
orientation change occurs. Due to this limitation it may
be more applicable to use another colouring scheme such
as inverse pole figure (IPF) colouring. It is important to
note that all orientation colouring schemes have some
sort of limitation.

In figure 2c, the grains are coloured according to the
IPF component semi-transparently overlain on the band
contrast component (for background on IPF’s, see Law et
al. (1986)). The IPF colour scheme is shown in figure 2d.
The inverse pole figure component uses a basic RGB col-
ouring scheme, to fit the IPF appropriate for the crystal-
lography of the phase. For trigonal, red, green and blue
are assigned to grains whose c-axis or m-axes, respec-
tively, are parallel to the user-defined projection direction
of the IPF. In this case the map is dominated by blue and
green coloured grains which have m-axes parallel to XO
(the user-defined projection direction). IPF component
colouring is most useful for understanding preferred ori-
entations and viewing internal substructure. This compo-
nent works on all crystal systems except for triclinic. IPF
colouring is not susceptible to the “wraparound” effect
but does have a limitation - two crystals which share the
crystallographic axes that is parallel to the specified IPF
projection direction but can possess significantly differ-
ent orientations are coloured the same.

Grain size is an important parameter in understanding
the nucleation and recrystallisation mechanisms a sample
has been subjected to. Grain size distribution can be re-
vealed readily via maps. Figure 2e is coloured based
upon the grain size component utilizing a rainbow colour

scheme from red (largest) to blue (smallest) semi-
transparently overlain on the band contrast component.
The legend for the colour scheme is shown in figure 2f.
The map shows very few original large grains because
deformation has reduced the grain size. These maps are
extremely useful when analysing bi-modal grain size
samples such as highly deformed samples where protolith
grains will be large and recrystallised grains will be
small.

Map data is extremely powerful as it allows the mi-
crostructure to be separated into subsets, so specific fea-
tures can be studied. An example would be separating the
data into recrystallised grains and protolith grains. In this
way, grain size calculations can be performed individual-
ly for each subset and the texture of each subset can be
plotted to provide information about the controlling re-
crystallisation and nucleation mechanism. Other common
applications of subset creation involve polyphase sam-
ples where individual texture and orientation relation-
ships can be divided into individual phases to interrogate
the P-T-t path. Subsets are an extremely powerful way of
interrogating the data, especially in complicated samples.
Maps can also be used to study aspects of single grains,
for example internal misorientation distribution. This can
be used to determine the controlling slip-system(s).

Pole figures

Pole figures can be plotted no matter how the data
have been collected and are most commonly used for tex-
ture analysis, for confirming single crystal orientation
and for studying slip systems. It is important to present
data in the most suitable reference frame for the research.
If the XZ kinematic reference frame is selected, then Z
conventionally plots at the north position and X plots at
the east position. In figure 3, the sample was deformed
under extension and the data is presented with the exten-
sion direction plotting along the vertical axis and is repre-
sented by a pair of opposed arrows (Fig. 3). Figure 3a
plots every measured data point from the map as point
data (poles to the planes). Figure 3b shows the same data
but contoured. Sometimes it is not necessary to contour
the data as the texture can clearly be seen from the point
data (as in this case) but at times there are so many data
points that the plot is covered and no relationship can be
clearly defined from the point data alone.
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Figure 3. Pole figures produced using HKL Channel 5 Mambo software

Equal area, lower hemisphere pole figures, with the experimental extension direction marked plotting: (A) Point data plot
for all data points (72620), the colours correspond to figure 2b. (B) Contour plot of the same data shown in figure 3A,

where the half width used is 15° and the data clustering was 5°. (C) One point per grain data for the same area (495 data
points), the colours correspond to figure 2B. (D) Contour plot of the same data shown in figure 3C, where the half width

used is 15° and the data clustering was 5°.

Data must be contoured to quantify the texture
strength. Figure 3b exhibits a maximum texture strength
of 10.83 times random, which is significant. There are
other methods for comparing texture strength such as
Kearns factors (Gruber et al., 2011), the J-index

(Mainprice and Silver, 1993) and the M-index (Skemer et
al., 2005), Kearns factors can be calculated in Mambo
but to calculate J- and M- index the data has to be expor-
ted into another program such as excel. How the data is
contoured is also important as it will sharpen or weaken

Journal of the Virtual Explorer, 2010
Volume 35

Paper 3
http://virtualexplorer.com.au/

Some important practical issues for the collection and manipulation of Electron Backscatter Diffraction (EBSD) data from geological
samples

Page 13



the appearance of the contoured data but more important-
ly it will change the calculated texture strength. So when
performing a comparison it is important to always use the
same contouring conditions. Figure 3b was produced
with a half width of 15° and data clustering set to 5° and
plotted on equal-area, lower-hemisphere pole figures.
The data in figure 3 show a-axes split into upper and low-
er hemispheres as required by the trigonal crystal sym-
metry.

The data in figure 3a and 3b were produced using ev-
ery measured data point but each grain will contain mul-
tiple data points and these will cause a cluster on a pole
figure. If the aim of the research is to compare texture
with volume then this methodology is appropriate but
single point-per-grain can be used for the analysis, to en-
sure the CPO is real and not an artifact of over sampling

of the large grains. Figures 3c and 3d plot only one point
per grain for the same areas as shown in figures 3a and
3b. The number of data points used has been significantly
reduced from 72620 to 495, the number of grains con-
tained within the mapped area. Texture strength when us-
ing all of the data points is 10.83 compared to the one
point per grain value of 11.12. Also if you compare the
contoured pole figure plots (Fig. 3b and 3c), 3c is a better
representation of the point data and is therefore more re-
alistic and a better display of the CPO. These are the
most common methods used for creating contoured pole
figure data but there are others (Halfpenny et al., 2006).

Inverse pole figures

Figure 4. Misorientation data plotted using inverse pole figures

Misorientation angle/axis pair data plotted up in 10° intervals of misorientation on inverse pole figures. (A) Raw point da-
ta. (B) Contour plot of the same data shown in figure 4A, where the half width used is 15° and the data clustering was 5°.

(C) Separates off the 2-10° plot and contours it singularly (contoured using the same settings as figure 4B).
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Inverse pole figures can be used in place of traditional
pole figures (plotting the same data as on the pole figure
or highlighting fiber textures discussed in the IPF map
component section) or for misorientation analysis (plot-
ting the misorientation angle/axis data pair data relation-
ships). For discussions on how IPF’s are generated please
see (Law et al., 1986; Lloyd and Ferguson, 1986; Lloyd
et al., 1987; Lloyd and Law, 1987; Randle, 1995). The
data shown in figure 4 are misorientation angle/axis pair
relationships. These data illustrate which axes dominate
the rotation geometry and allow the determination of
controlling slip systems or twin laws. Also the data can
be used to indicate mechanisms that have caused micro-
structural modification such as grain boundary sliding.

Figure 4a shows the point data separated out into 10°
slices up to the maximum allowed rotation (104.5°) due
to the trigonal crystal class. Figure 4b shows the same da-
ta as in 4a but contoured using a half width of 15° and a
cluster size of 5. Figure 4c is contoured using the same
conditions as in figure 4b and is shown to illustrate the
fact that when multiple plots are contoured at the same
time, all of the plots are contoured relative to each other.
If each plot is contoured individually there is no loss of
data (compare figure 4c with the first plot 2-10° in 4b)
and the variations can be seen more clearly. The white
zones on the plots for misorientation angles > 70° are
symmetry related since no rotations can exist in these
zones. The data show that for internal subgrain bounda-
ries (plot 2-10°) the rotations are around the c-axis with
some rotations about the a-axes whereas at higher angles
the dominant rotation axes are e and m.

Orientation distribution functions

ODF’s are used to illustrate texture. ODF’s are not
commonly used in the geological sciences but are the
standard viewing method for orientation analysis in mate-
rials science. There is some literature applying ODFs to
geological samples: (Bunge, 1981; Bunge et al., 1989;
Law, 1987; Law et al., 1990; Mainprice et al., 1993; Rus-
sell and Ghomshei, 1997; Schmid et al., 1981) but it is
difficult to use ODFs to illustrate twin relationships.
ODFs are more suited for studying samples where the re-
lationship between the anisotropic properties of single

crystals and the polycrystalline material are being com-
pared (Bunge, 1981).

Summary

• EBSD provides quantified analysis of crystallographic
data that can either be handpicked from important lo-
cations or systematically collected along lines or XY
grids.

• It is important to define the focus of the research be-
fore samples are even cut as the plane of sectioning
will have important controls upon the information
which can be gathered.

• Most crystalline minerals can be measured using
EBSD. Phyllosilicates (including clays and micas) re-
main problematic.

• A very high standard of sample finish is essential for
the collection of high quality data and is not an insig-
nificant task but is not unmanageable either.

• Meticulous data processing is crucial for geological
applications.

• The benefits of EBSD are in the versatility of the data
that can be used for a wide range of investigations
such as using CPOs to calculate the anisotropic proper-
ties of minerals and rocks, to constrain dislocation slip
systems, to understand recovery and recrystallisation
mechanisms, or to determine twin laws. These repre-
sent just a few of the possible examples.
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