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The application of automated Electron Backscatter Diffraction (EBSD) in the scanning
electron microscope, to the quantitative analysis of grain and subgrain structures is
discussed and compared with conventional methods of quantitative metallography. It is
shown that the technique has reached a state of maturity such that linescans and maps can
routinely be obtained and analysed using commercially available equipment and that EBSD
in a Field Emission SEM (FEGSEM) allows quantitative analysis of grain/subgrains as small
as ~0.2 um. EBSD can often give more accurate measurements of grain and subgrain size

than conventional imaging methods, often in comparable times. Subgrain/cell
measurements may be made more easily than in the TEM although the limited angular
resolution of EBSD may be problematic in some cases. Additional information available
from EBSD and not from conventional microscopy, gives a new dimension to quantitative
metallography. Texture and its correlation with grain or subgrain size, shape and position
are readily measured. Boundary misorientations, which are readily obtainable from EBSD,
enable the distribution of boundary types to be determined and CSL boundaries can be
identified and measured. The spatial distribution of Stored Energy in a sample and the
amount of Recrystallization may also be measured by EBSD methods.
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1. Introduction

The characterisation and measurement of grain and sub-
grain structures in metals is of great importance to Ma-
terials Scientists because not only does the grain size
strongly affect the mechanical properties at low and
high temperatures, but it has an influence on phys-
ical properties, surface properties, phase transforma-
tions and annealing behaviour. The grain size, which
is a well-defined standard parameter of the microstruc-
ture [e.g. 1] and which may be included in materials
specifications, has traditionally been measured by op-
tical microscopy [e.g. 2], although scanning electron
microscopy (SEM) is increasingly used. For the small-
est grain sizes and for subgrain structures, transmission
electron microscopy (TEM) may be required, although
the problems of preparing and working with the thin
specimens required for TEM often make it difficult to
measure representative microstructures.

Recent developments in the technique of automated
electron backscatter diffraction (EBSD) in the scanning
electron microscope which are outlined below, particu-
larly the use of EBSD in conjunction with a field emis-
sion scanning electron microscope (FEGSEM), suggest
that this technique should now be considered as an im-
portant tool for quantitative metallography, and the aim
of the present paper is to explore this possibility. The
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paper considers the application of EBSD to the mea-
surement and characterisation of grain structures and
makes comparison with the traditional methods of grain
measurement. Because this is a new approach to grain
characterisation, there are several aspects concerning
the precision of the measurements which require con-
sideration. There are also a number of important mi-
crostructural parameters which are now routinely avail-
able from EBSD analysis but which are not obtainable
from conventional methods of grain characterisation,
in particular, parameters relating to the grain orienta-
tions and boundary character. As EBSD becomes more
widely used, it is likely that some of these parame-
ters will become routinely used to quantify microstruc-
tures. This paper will concentrate on the analysis of
single-phase materials, although similar principles may
be used to quantify the sizes, volume fraction and tex-
ture distributions in duplex alloys [3—5]

This paper is concerned with the application of EBSD
to various practical problems in Materials Science and
does not consider the formal crystallography or physics
relating to the acquisition or solution of the diffraction
patterns. Detailed treatments of these and other aspects
of EBSD are discussed by Wilkinson and Hirsch [6]
and in a recent book by Randle and Engler [7]. Cur-
rently available equipment and software is such that
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the user can usually obtain useful metallographic data
from EBSD with little knowledge of the acquisition and
data processing methods. However, in order to obtain
the maximum amount of information and to be aware
of the accuracy and limitations of the technique, it is
important that the user is aware of the main principles
underlying EBSD.

2. The EBSD Technique

2.1. The method

Electron backscattered diffraction (EBSD) is based on
the acquisition of diffraction patterns from bulk sam-
ples in the scanning electron microscope, and although
such patterns were first obtained over 40 years ago [8]
it was the work of Dingley [9] who pioneered the use of
low light TV cameras for pattern acquisition and on-line
pattern solution, which stimulated widespread interest
in the technique, leading to the development of com-
mercially available systems. The development of the
EBSD technique up to 1992 is reviewed by Randle [10],
and more recent reviews include those of Adams [11],
Field [12] and Randle and Engler [7].

Of particular importance in the emergence of EBSD
as a metallographic technique was the development
of rapid automated pattern analysis [13—15], and this
when used in conjunction with control of the micro-
scope beam or stage has enabled line or area scans
of a sample surface to be obtained rapidly and auto-
matically. The term “orientation imaging microscopy”
or OIM has been used to describe the area scans of a
sample [13], although the terms “orientation map” or
“EBSD map” which are in common use will be adopted
in this article. A more recent innovation has been the
use of EBSD in conjunction with Field Emission Gun
Scanning Electron Microscopes (FEGSEM) [16], and
the consequent increase in spatial resolution has further
extended the range of applications of EBSD.

The basic requirement is a scanning electron micro-
scope and an EBSD system. For the highest spatial res-
olutions a FEGSEM instrument is required and the ad-
vantages of such instruments are discussed later. The
EBSD acquisition hardware generally comprises a sen-
sitive CCD camera, and an image processing system for
pattern averaging and background subtraction. Fig. 1 is
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Figure I Schematic diagram of a typical EBSD installation.
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a schematic diagram showing the main components of
an EBSD system. The EBSD acquisition software will
control the data acquisition, solve the diffraction pat-
terns and store the data. Further software is required to
analyse, manipulate and display the data. EBSD sys-
tems are now widely available from commercial manu-
facturers, and the method of interfacing an EBSD sys-
tem to the SEM and its cost are comparable with the
cost of an EDX analysis system such as is attached to
most SEMs.

EBSD is carried out on a specimen which is tilted
between 60° and 70° from the horizontal. This is best
achieved by mounting the specimen so that the sur-
face is normal to the electron beam, which is the opti-
mum position for examining the microstructure using
backscattered electrons. Following such examination
the specimen may then be tilted to the EBSD operat-
ing position. If a backscattered image is required from
the tilted sample, additional backscattered electron de-
tectors must be used [17, 18] and these are typically
positioned close to the transmission phosphor screen.

The original and most common application of EBSD
is the determination of the local relationships between
microstructure and crystallography. For example, a di-
rect correlation between the orientations of the grains in
which some particular event is occurring, such as frac-
ture, oxidation, precipitation or recrystallization, or cor-
relation between grain boundary crystallography and
properties such as boundary mobility, diffusivity, re-
sistance to chemical attack, mechanical properties etc.
Such investigations often enable a better understanding
of these phenomena to be obtained. In some cases these
investigations do not require fully automated EBSD
equipment, because only a few orientation measure-
ments at specific points of the microstructure may be
required. A large body of information on such appli-
cations is rapidly emerging and can be found in the
relevant literature and in reviews [7, 11, 12].

EBSD is also becoming increasingly used for phase
identification or crystal structure determination and for
this type of work a very high quality diffraction pattern
is required and this is normally acquired via a slow
scan CCD camera. An automated routine is then used
to extract the positions and widths of the bands in the
diffraction pattern and the unit cell volume is calculated.
This information, coupled with chemical information
obtained by EDX microanalysis is then used to search
a database of crystal structures [19].

The data required for quantitative microstructural
analysis using EBSD is usually obtained in the form
of an orientation map (Fig. 2a), although linescans may
also be used as discussed below, for such applications, a
large amount of data need to be collected in the shortest
possible time and the critical parameters are the speed
of data acquisition and the spatial and angular resolu-
tions. These depend on a number of factors including
the specimen, the equipment and the method of opera-
tion. The results presented in this paper were obtained
on three instruments in the Manchester Materials Sci-
ence Centre, a W-filament SEM (JEOL 6300), and two
Field Emission Gun SEMs (Philips XL30 and CAM-
SCAN Maxim 2040SF). All instruments were equipped



with a CCD camera capable of on-chip integration
(NORDIF) and the CHANNEL EBSD system (HKL
Technology, Denmark) with beam and stage control.
Subsequent data analysis and presentation were car-
ried out using VMAP, an in-house software develop-
ment [20] and /ICE (HKL Technology). It should be
noted that the microscopes and EBSD acquisition sys-
tems are all standard commercially available equipment
with no significant modifications. In order to discuss the
application of EBSD to quantitative metallography it is
first necessary to consider the type, quantity and quality
of the data which can be obtained, and a short discus-
sion of the factors which influence these parameters is
therefore required.

2.1.1. Beam scanning

In beam scanning mode the normal microscope scan
is disabled and the beam is controlled by the EDSD
acquisition software. The advantages of this mode of
operation are that it is simple and requires no modifi-
cations to the microscope and that it is rapid because
the time required to move the beam is negligible. The
disadvantages are that during the scan, the beam moves
off the optic axis and this can result in inaccuracy in
the determination of absolute orientations and in beam
defocus. Except at very low magnifications the inac-
curacy in determining the absolute orientations is typi-
cally only ~1° at the edges of the scan [21] and this is
usually not significant for the applications discussed in
this paper, and in principle the data could if required, be
software corrected for this effect. A more serious error
may arise from defocus of the electron beam as it is de-
flected perpendicular to the axis of tilt [21]. This effect
will be minimised by the use of a “dynamic focus” cor-
rection in the SEM, which automatically alters the focus
during the scan raster. However, in some instruments
the dynamic focus correction may not be compatible
with the external beam control required by the EBSD
acquisition system. Again, any errors will be minimised
at high magnifications and at long working distances.

2.1.2. Stage scanning

In stage scanning mode a stationary electron beam is
used and the specimen is moved relative to the beam
with stage stepping motors controlled by the EBSD
software. With stage scanning the problem of beam
defocus is eliminated if the sample surface is accu-
rately aligned with the x—y plane of the specimen stage,
and because the beam remains on-axis, the accuracy of
the absolute orientation determinations are also main-
tained. The disadvantage of stage scanning is that it
is slower than beam scanning, and the time for stage
movement, which depends on the size of the scan steps
is typically ~1 second. In addition, the positional ac-
curacy of stage scanning using a normal SEM stage is
not high, and stage scanning is most suitable for scan
steps larger than ~1 um.

2.2. Practical considerations

There are a number of factors which must be taken into
account when deciding if EBSD can be successfully
used for a particular investigation.

2.2.1. The specimen

The backscattered electron signal increases with the
atomic number (z) of the material. The quality of the
diffraction pattern increases with z and the spatial reso-
lution may also improve with increasing z [16,22]. The
results cited in this paper were mainly obtained from
aluminium alloys and somewhat better results would
be expected from steels or nickel alloys. The diffrac-
tion pattern comes from the surface layer and although
in many cases an electropolished surface is required,
a good mechanical polish is sufficient for hard materi-
als. In multi-phase alloys, preferential polishing of one
phase may, because of the large tilt angle, lead to some
shadowing by the protruding phase. In order to obtain
an analysable diffraction pattern the region of the speci-
men from which the pattern is obtained must have a sin-
gle crystallographic orientation (see below). Thus the
smallest grain or subgrain size which can be measured
is related to the spatial resolution of the technique. De-
fects such as dislocations may cause the pattern to lose
sharpness, but unless this is severe, the pattern will still
be analysable.

2.2.2. The speed of data acquisition
The time to acquire a data point during a scan depends
on the slowest of three operations:

(a) The time required to obtain an analysable diffrac-
tion pattern. This depends primarily on the material
and microscope operating conditions and is typically
2-4 TV frames (i.e. 0.05-0.2 s)

(b) The time required to analyse the pattern. This
depends on the processing speed of the computer, the
speed of the pattern-solving algorithm and the num-
ber of lines in the pattern required for a solution, and
is typically 0.1-0.5 s. Software which recognises that
subsequent similar patterns do not require analysis may
lead to significant increases in speed.

(c) The time to reposition the beam or stage, which
as discussed above is negligible for beam scanning but
may be greater than 1 s for stage scanning.

At the time of writing, the average time per data point
on our systems for aluminium samples, where we typi-
cally average the pattern for 2 frames, is 0.1-0.2 s for
beam scanning and ~1 s for stage scanning. Some crys-
tal structures require measurement of more diffraction
lines for accurate indexing and this increases the data
processing time. If it is required to check the solution
against more than one possible phase in the material
then again this slows down the calculation.

2.2.3. Spatial resolution

If the area of the sample contributing to a diffraction
pattern contains more than one crystallographic orien-
tation, e.g. a grain boundary region, a single crystal
diffraction pattern is not obtained, the automated pat-
tern solving routines may fail and the pattern will not
be indexed. This is clearly seen in the small EBSD map
of Fig. 2a, where the colours are chosen to represent the
orientations of the pixels and the individual grains are
clearly revealed. Non-indexed points, which are black,
are seen to occur at some points on the grain boundaries.
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Figure 2 Part of an orientation map. (a) Euler contrast in which the red, green and blue intensities are proportional to the three Euler angles defining
the pixel orientation. Non-indexed points are black. (b) Pattern quality map of the same area. Boundary regions exhibit lower pattern quality due to

pattern overlap.

The area from which an EBSD pattern is acquired
with an electron beam focused on a 70° tilted sample is
approximately elliptical, with the major axis, which is
perpendicular to the tilt axis, being some 3 times that
of the minor axis (Fig. 3). It is a function of material,
beam accelerating voltage, specimen tilt and probe size,
and the resolution parallel to the tilt axis (Aa) for a
standard W-filament SEM is typically in the region of
200-500 nm [16, 22] for aluminium.

However, when analysing a sample with small grains
or subgrains the achievable spatial resolution is rather
smaller than this because, when patterns from two
grains overlap, the acquisition software can, if there is
a significant difference in intensity of the patterns, suc-
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cessfully analyse the stronger pattern. This effective
resolution may be conveniently determined by mea-
suring the fraction of patterns (Ns) which are solved
during a raster scan of the sample, and for grains of
mean size D and Dp parallel and perpendicular to the
tilt axis, Ng is given approximately [23] by
(DA — Ap)(Dp — Ap)
B DaDp
where A, is the effective spatial resolutions parallel to
the sample tilt axis and Ap the resolution perpendicular
to the axis (Fig. 3).

For an equiaxed microstructure of grains of diameter
D, and taking Ap =3 A, which is typically found for
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Figure 3 The geometry of the electron beam and the sample.

a 70° tilted sample [23], then when Ap < D

D(1 — Ng)
AT Ty

These relationships assume that all non-indexing is due
to boundaries, which is a reasonable assumption for
single-phase materials. However, in a sample contain-
ing a volume fraction Fy of a second phase which does
not produce indexed patterns, Ng in the above equations
should be multiplied by 1/(1 — Fy).

Fig. 4a is a plot of Ng against D~! for aluminium
samples under optimum operating conditions, and it
is seen that the spatial resolution for EBSD in the
FEGSEM, which is obtained from the slope of the line,
is some 3 times better than in the W-filament SEM.
As expected, better spatial resolution is obtained for
materials of high atomic number, and data for «-brass
in Fig. 2a show the resolution in the FEGSEM to be
~9 nm, which compares to ~25 nm in the W-filament
SEM [16].

The effect of beam current on A 4 is shown in Fig. 4b.
For the W-filament SEM, A 4 is a strong function of the
probe current [16,23]. For small probe currents, the
pattern-solving algorithms have difficulty deconvolut-
ing and solving overlapping diffraction patterns of poor
quality, whereas at large probe currents the resolution
is limited by beam spread in the sample due to the large
beam size. Thus the optimum resolution is obtained
at intermediate probe currents. It is significant that the
resolution of the FEGSEM is much less sensitive to the
probe current than the W-filament SEM. This arises be-
cause the beam size in a W-filament microscope is a
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Figure 4 EBSD spatial resolution. (a) The effect of grain size on the
fraction of diffraction patterns indexed in polycrystalline aluminium al-
loys and «-brass at 20 keV in a FEGSEM. The results are compared with
those obtained in a W-filament SEM. (b) The effect of probe current on
the effective spatial resolution in aluminium at 20 keV for a W-filament
SEM and a FEGSEM. (c) The effect of accelerating voltage and frame
integration on the effective spatial resolution for aluminium at a beam
current of ~15 nA [16].

*The probe currents shown in figures 4b and 5b and reported in refer-
ence 16 were measured using a Keithley analogue meter. Subsequent
measurements of current using a new digital meter have shown the orig-
inal current readings to be too large and the corrected values are shown
in figures 4b and 5b.
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much stronger function of probe current than for a field
emission gun [24].

There are a number of other factors which affect the
EBSD performance as shown in Fig. 4c. As the length
of time (or number of frames) over which the pattern is
averaged increases, the quality of the pattern and thus
the effective spatial resolution improve [16], although
the data acquisition time is lengthened. The microscope
accelerating voltage also has some effect. The beam
spread in the sample increases with accelerating volt-
age and should therefore be kept as low as possible.
However, below ~15 keV the resolution deteriorates,
and this is believed to be the result of a reduction in pat-
tern quality due to a reduction in the efficiency of the
transmission phosphor at lower voltages. In practice,
an accelerating voltage of ~20 keV is commonly used.
It is to be expected that some improvement in spatial
resolution at lower voltages (5-10 ke V) will be achiev-
able in the future if the pattern acquisition methods are
improved.

2.2.4. Angular precision

The absolute orientation of a crystallite is typically ob-
tained with an accuracy of ~2°, depending on the sam-
ple alignment and EBSD operating conditions [e.g. 21].
However, when characterising microstructures contain-
ing low angle grain boundaries, the accuracy with which
the relative orientation between adjacent data points
can be determined is of great importance, and this is
related to the precision with which the orientations of
data points within the same crystallite can be measured.
If diffraction patterns are obtained from a small area of
a single crystal or a single grain within a large-grained
polycrystal, then although their analysis should result in
identical orientations, this is not usually the case, and
a range of measured orientations results. The result-
ing “orientation noise” can be quantified in terms of
the apparent misorientations between these data points
[16,25,26]. In a sample in which there are low angle
grain boundaries, the measured distribution of misori-
entations is the sum of the orientation noise and the real
misorientation distribution, as shown schematically in
Fig. 5a, and therefore very small misorientations are
difficult to determine.

Several of the factors which determine the orienta-
tion noise, including the number of pixels in the CCD
camera, the resolution of the digitised pattern and the
accuracy of the pattern solving algorithms, are beyond
the direct control of the microscopist. However, it has
been shown that the angular resolution is affected by
the microscope operating conditions [16,25], and this
effect has been measured for the FEGSEM as shown in
Fig. 5b. With increasing probe current, the angular res-
olution decreases to a constant value which is the limit
imposed by the data acquisition system. It is seen that
the angular resolution improves at higher accelerating
voltages and this is thought to be because the positions
of the narrower Kikuchi bands are determined more ac-
curately. It has also been shown that the improvement in
angular resolution for larger probe currents is directly
related to the increased pattern quality under these con-
ditions. The angular precision may also improve, par-
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Figure 5 The angular resolution of EBSD. (a) Schematic diagram show-
ing the relationship between the real and measured misorientation dis-
tributions and the orientation noise. (b) The effect of probe current on
the angular accuracy in the FEGSEM for single grains in a large-grained
aluminium sample [16].

ticularly for poor quality patterns if the number of lines
measured from the diffraction pattern is increased [25]
although this slows down the data processing rate. If
the misorientation between regions in the sample is ex-
pressed as an angle-axis pair then for small misorienta-
tions, the lack of precision in orientation measurements
discussed above will result in a large error in the deter-
mination of the misorientation axis [26, 27]. The impli-
cations of the limited angular resolution for quantitative
metallography are further discussed in Section 3.2.4.

2.2.5. Non-indexed data points

Each point on the specimen from which a diffraction
pattern is collected does not necessarily produce data
because the pattern quality may be too poor to analyse
(e.g. a severely deformed region, an inclusion, pit etc.).
Alternatively the software may not be able to distin-
guish between overlapping patterns at grain, subgrain
or phase boundaries (e.g. Fig. 2a). If the number of such
non-indexed points is large then it may be difficult to
obtain quantitative microstructural data, but if the num-
ber of non-indexed points is small then the data may be
“repaired” by assigning the orientation of a neighbour-
ing point to the non-indexed point. This is similar to



TABLE I Summary of typical EBSD performance for various metals in W-filament and FEG microscopes

Spatial resolution Time/pattern
Sample and
. (nm) . (s)
microscope Angular precision
type A Ap (degrees) Beam scan Stage scan
Aluminium W 60 180 1 0.2 1
FEG 20 60 1 0.2 1
Brass w 25 75 1 0.1-0.2 1
FEG 9 27 1 0.1-0.2 1
a-iron W 30 90 1 0.1-0.2 1
FEG 10 30 1 0.1-0.2 1

the dilation methods used in image analysis software,
and some caution should be exercised in using such a
procedure. Non-indexing is a particular problem with
small grain or subgrain sizes as discussed above, and
the consequent limitations on quantitative grain or sub-
grain measurement are discussed in Section 3.2.2.

2.2.6. Wrongly indexed data points

In some cases the acquisition software may wrongly
index a pattern. This is most likely if the diffraction pat-
tern is symmetrical and if the pattern quality is poor. In-
dexing errors are a particular problem in crystals of low
symmetry such as many minerals where pseudosym-
metry may limit the use of automatic pattern analysis
[28,29]. In cubic metals, wrong indexing is rare for a
well calibrated system and mis-indexed points gener-
ally appear as isolated pixels on an orientation map and
as they are typically highly misoriented to the adjacent
pixels they can often be recognised. The software used
for analysing and displaying EBSD data usually allows
such points to be removed. The problem is minimised
by the use of good quality patterns, accurate calibra-
tion and the use of a large number of bands for pattern
solution.

2.3. The current status of the technique
Automated EBSD methods have been established for
a number of years, and standard systems to fit most
SEMs are available. Developments in the near future are
likely to be incremental and will lead to some improve-
ments in acquisition time, angular and spatial resolu-
tion. However, the technique is now mature and stable
and is used in many Materials Research Laboratories
(~1000 World-wide), and we can begin to consider it as
a standard technique. Before discussing the application
to grain characterisation in detail, it will be useful to
summarise typical operating and performance parame-
ters for EBSD, based on our equipment and experience.
When routinely acquiring data for quantitative metal-
lography in a standard SEM and using commercially
available EBSD equipment, we find that the most rele-
vant parameters which affect the quantity and quality of
the data are material, pattern acquisition time, effec-
tive spatial resolution and relative angular precision.
These parameters, which are summarised in Table I for
W-filament and FEG microscopes will be used as a ba-
sis for the discussions which follow.

3. Measuring grain or subgrain size by EBSD
3.1. Strategies
The sizes and shapes of grains in an undeformed metal
or ceramic are parameters which are commonly ob-
tained by standard metallographic methods such as op-
tical or scanning electron microscopy, but these may
also be obtained by automated EBSD. There are several
excellent standard treatments of quantitative metallo-
graphy [e.g. 2,30] which discuss the geometrical and
statistical basis of grain size measurement, and in this
paper some familiarity with the principles of quantita-
tive metallography will be assumed.

As there are a number of ways of both acquiring and
analysing the data, a discussion of the possible strate-
gies is required.

3.1.1. Linear intercept method
An orientation map such as shown in Fig. 6 may be ob-
tained from arepresentative area of the sample. A line of
data points in the x-direction is then analysed by com-
paring the orientations of adjacent points and noting the
number of high angle grain boundaries detected along
the line. A prior decision as to what misorientation con-
stitutes a high angle boundary must be taken and 15° is
often used. The ability to precisely define the nature of
the boundaries constitutes a significant advantage over
methods such as optical or SEM imaging where the vis-
ibility of a boundary is a function of the technique and
where all visible boundaries must be measured.
Non-indexing of patterns will sometimes occur at
grain boundaries because of pattern overlap, in which
case the orientations of the indexed points on either side
of the non-indexed point are compared. This will lead
to inaccuracy if the amount of non-indexing is such as
to cause a complete grain to be missed, although this
will only be a serious problem when the grain size is
very small as discussed in Section 3.2.2. The data scan
is repeated for a new value of y, but not all rows of
data are scanned, and in order to avoid oversampling
of the data it is usual to repeat the procedure for steps
in the y-direction which are no smaller than the grain
size. The procedure is repeated for data scans in the
y-direction at increasing values of x (Fig. 7), and the
mean linear intercept grain size in the x direction (Lx)
is then given by:
Rx Pxd
X = Ny
where Rx =number of rows scanned in x direction,
Nx = number of boundaries intercepted, Px = number

3)
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Figure 6 EBSD map of a recrystallized specimen of a commercial Al-Mg alloy (AA5182) with a weak texture. The specimen has been sectioned
in the ND-RD plane. (a) Orientation map where the grains are shown in Euler contrast and high angle grain boundaries are shown as black lines.
(b) Grains of the main texture components coloured — Red = Cube {100}(001), Green = Goss {011}(100), Blue = Brass {011}(211). (c) Boundary
map with high angle (>15°) grain boundaries shown as black and low angle boundaries as grey. (d) The distribution of grain sizes as measured by
linear intercept. (e) The distribution of boundary misorientations as measured by linear intercept.
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Figure 7 Schematic diagram showing the pixels of an orientation map
as open circles and the data set required to measure linear intercept grain
sizes as filled circles.

of pixels in x direction, § = scan step distance between
pixels.

The mean linear intercept grain size in the y-direction
(Ly) is similarly calculated, and the overall mean linear
intercept (L) may be obtained from Lx and Ly. This
method of analysis is identical to the standard intercept
procedures used to measure grain sizes from optical or
scanning electron micrographs. It is of interest to exam-
ine the time required for the EBSD method. A minimum
number of ~200 grains is typically required for a de-
termination of grain size, and ~5-10 data points across
a grain are required to define the grain size with suffi-
cient accuracy (see Section 3.2.1). This suggests that a
map of ~20,000 points is required. If this is carried out
by beam scanning then this would take ~60 minutes
which is a significant amount of instrument time, but as
the data acquisition and processing procedures are fully
automated, little operator time is required. However, as
seen from Fig. 7, only a small fraction of the data in the
map are used for such an analysis and a more efficient
method of obtaining the data would be to acquire only
the data required by scanning the points correspond-
ing to the filled circles of Fig. 7. If the distance S in
Fig. 7 is taken to be the grain diameter, the amount of
experimental data required is reduced by a factor of
5 and the time taken to acquire the data is reduced to
less than 15 minutes. If the data are acquired by stage
scanning then as discussed above, these times are in-
creased by a factor of ~4-5. In addition to obtaining

the mean linear intercept grain size, the intercept data
may also be used to obtain the grain size distribution in
the sample as shown in Fig. 6d.

Although the grain size measured by EBSD in a speci-
men with a weak crystallographic texture is usually
found to be similar to that obtained by standard imaging
methods such as optical or SEM channelling contrast
[21], in a specimen with a strong crystallographic tex-
ture it is found that the grain size determined by EBSD
is significantly larger than that produced by e.g. SEM
imaging [21] as shown in Table II. The reason for this
difference arises because all the visible boundaries are
measured when an imaging method is used, whereas
only the boundaries defined as high angle (e.g. >15°)
are measured by EBSD. A strongly textured material
has a large fraction of low angle boundaries and there-
fore SEM backscattered imaging which reveals both
high and low angle boundaries gives a smaller grain
size than when using EBSD and counting only high
angle boundaries. If the EBSD analysis is set to in-
clude all the boundaries, then the grain size becomes
similar to that measured by SEM imaging as shown in
Table II. By using a quantitative definition of a high
angle grain boundary, EBSD therefore provides more
accurate data than conventional imaging in which the
boundaries to be counted depend on the technique used.
EBSD provides both the HAGB-only grain size and the
HAGB + LAGB grain size, and operator may select that
which is most appropriate.

We have discussed a division of boundaries into only
two classes—low and high angle boundaries, but the
EBSD data contain much more detailed information
about the grain boundary misorientations which would
not be obtainable from optical or electron microscopy
images. For example, in some cases, the microscopist
may wish to exclude coherent (¥3) twin boundaries
during grain measurement. When standard imaging
methods are used, such boundaries are crudely iden-
tified by their planarity. However with the use of EBSD
the boundaries are characterised and it is therefore pos-
sible to include or exclude a particular class of boundary
with great accuracy. We see that the additional infor-
mation available from EBSD adds a new dimension
to quantitative metallography, and this is discussed in
more detail in Section 4.

3.1.2. Grain reconstruction method

An alternative method of analysing the grain structures
from data such as shown in Fig. 6 is by grain recon-
struction, in which complete grains are identified. This
type of analysis is capable of producing more complete
information on grain areas, shapes etc than the inter-
cept method, but because it relies on obtaining a full

TABLE 11 A comparison of linear intercept grain sizes (L) measured by various techniques [21]

Optical SEM EBSD

imaging imaging hagb hagb + lagb Mean misn
Sample (pm) (pum) (pum) (pm) (0) % lagb
AA5182 (weak texture) 25.1 24.8 22.8 21.4 40.3 3
AA5182 (strong texture) 48.5 30.9 52 29.7 22.8 433
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orientation map, it is considerably slower. This method
is related to the image reconstruction methods used in
image analysis. Use of grain reconstruction requires
careful consideration of how we define a grain. Two
different, but equally valid definitions are:

(a) A region containing material which is within a
(small) specified orientation range.

(b) A region which is entirely bounded by high angle
grain boundaries.

For a randomly oriented assembly of grains there is
little difference in the grain sizes determined according
to these definitions because ~98% of the boundaries
in such an assembly are of high angle (>15°) [31].
However, if the material has a strong crystallographic
texture, there will be a significant fraction of low angle
boundaries and the grain size measured according to
(a) will be smaller than that defined by (b). Similarly,
a deformed and recovered polycrystal will contain a
large number of low angle boundaries and there will be
a large difference between grain sizes (a) and (b).

Grains may be reconstructed to comply with either
definition by using absolute or relative referencing. Us-
ing absolute referencing, a reference data point or pixel
is selected on the map. The misorientations with respect
to the reference point, of pixels adjacent to the refer-
ence point are determined, and if within a specified limit
(Ap), these pixels are assigned to the same grain as the
reference point. This procedure is then continued until
a complete “grain” has been defined [32,33]. A new
reference point which has not already been assigned to
a grain is then selected and the process repeated until all
the data in the map have been assigned to grains. The
reconstruction procedure using relative referencing is
similar except that the boundaries of the grain are de-
fined in terms of the misorientation between adjacent
pixels.

The differences between absolute and relative re-
construction are illustrated schematically in Fig. 8 in
which the orientation variation across a sample is rep-
resented by a single parameter (6). The sample contains
a number of low angle boundaries (L) and a high an-
gle boundary (H ). If we use absolute referencing, then
starting from a reference point at the origin (O) and
with Ay set to detect high angle boundaries, the grain
edge will be detected at A, although this is actually a
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Figure 8 Schematic graph showing the change of orientation with dis-
tance, and the method of relative and absolute grain reconstruction.
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low angle boundary. This is because the material to the
right is misoriented by more than Ay from the reference
pixel at the origin. The grain which is reconstructed by
such a method is consistent with definition (a) but not
(b). If we reconstruct with relative referencing then the
grain edge is found to be at B and this is consistent with
definition (b). EBSD can thus cope with various defi-
nitions of grains and the user should select that which
is most appropriate to their application.

For the case of a recovered polycrystal containing
both grains and subgrains (e.g. Figs 13 and 18) areason-
able definition of a subgrain might be “a region bounded
by at least one low angle boundary”. Either absolute or
relative referencing may be used to detect the bound-
aries. However, because of the angular resolution limit
in EBSD, misorientations below a lower limit (Ay) are
disregarded and this may cause problems in character-
ising microstructures with small subgrain misorienta-
tions. For example, if we have two adjacent low angle
boundaries, both of which are of misorientation <Ap,
(C and D in Fig. 8) then using relative referencing, nei-
ther boundary would be detected, but using absolute
referencing a boundary would be detected at D. For
low misorientation subgrain structures it may therefore
be preferable to use absolute referencing.

Using reconstructed grains, the size of a grain or sub-
grain is obtained from the number of data points or pix-
els in the grain, and, using the known pixel step size,
the grain area (A) is calculated. The most convenient
measure of grain size from such a knowledge of the
grain area is the “Equivalent Circle Diameter” or ECD,
which is the diameter of a circle having the same area,
and this is appropriate for equiaxed grains.

The ECD is related to the true grain diameter D
[2,34] by:

ECD = 0.816D 4)
and to the mean linear intercept (L) by:
ECD = 1.224L )

The raw data need to be corrected for edge effects using
standard methods of quantitative metallography, and a
correction must be made for non-indexed data points if
these have not been “removed” during data processing
as discussed earlier (Section 2.2.5). The simplest cor-
rection for an indexed fraction of points Ny, is to take
the real grain area as A/Ng. However, a large amount
of non-indexing may introduce other systematic errors
as discussed in Section 3.2.

The advantages of grain or subgrain reconstruction
are that extensive information is obtained about the
grains, including area, ECD, Feret diameters and as-
pect ratios. In addition to orientation, the orientation of
a grain or subgrain with respect to all its (visible) neigh-
bours is known and subgrain misorientations (which
can be defined as the mean misorientation between
a subgrain and its contiguous subgrains [35]), can be
measured.

3.1.3. Intelligent data acquisition

Of the methods discussed above, the linear intercept
method provides limited data and the grain reconstruc-
tion method tends to be slow. Grain reconstruction is



slower than necessary because most of the data acquired
during an EBSD scan is redundant. For example if we
acquire ten pixels across a grain or subgrain then the
total number of data points per grain is ~100, most of
which are redundant because they are located in the
middle of the grain. Other methods of characterising
grains in similar detail to reconstruction, but with more
efficient data collection are currently being developed.
In the technique of Adaptive Orientation Image Mi-
croscopy [36], a coarse grid of data points is initially
acquired. If the four points bounding a cell of the grid
are of the same orientation then it is assumed that this
cell contains only one grain and no further data are re-
quired within this cell. If the points bounding a cell are
not of the same orientation then a higher resolution grid
is obtained within the cell etc. It is claimed that such a
method can reduce the scan time by a factor of between
5 and 50. Another approach is to use backscattered elec-
tron images of the sample to detect the boundaries and
to use this information to automatically locate positions
for EBSD analysis [37]. Although this method can lo-
cate boundaries and triple points rapidly and with great
positional accuracy, the contrast mechanisms are such
that any imaging method is likely to fail to detect some
boundaries [18].

3.2. The Precision of measurement

The accuracy of grain and subgrain sizes determined
by automated EBSD will depend on the sample, mi-
croscope and modes of data acquisition and analysis.

3.2.1. EBSD step size

If grain or subgrain sizes are to be determined from
an EBSD map then consideration must be given to the
pixel step size (8) in relation to the grain size (L or
ECD). The greatest accuracy will clearly be obtained
if § is small, and as § is increased, there is an increas-
ing chance of missing grains or grain intercepts and the
measured grain size will be larger than the true grain
size. The errors involved could be measured experimen-
tally from a series of EBSD maps from the same sample
with varying values of §. However, in order to eliminate
any sampling errors which might occur between the var-
ious maps, a large map with a very small value of § can
be obtained, and from these data, smaller maps with
larger § may be obtained by systematically removing
data points (e.g. 1 in 5, 1 in 4 etc.) and thus construct-
ing maps of the same area with larger step sizes. The
results of such a procedure are shown in Fig. 9, which
was obtained for a single-phase aluminium alloy con-
taining grains of ECD ~30 pm. The errors in both mean
linear intercept grain size and ECD are plotted. These
show that to obtain an accuracy of 10% at least 5 pixels
per grain are required, and for an accuracy of 5%, a
minimum of ~8 pixels per grain are required.

3.2.2. Measuring small grains and
subgrains—the effects of
non-indexed points

Although the methods of characterising grains or sub-

grains by EBSD are simple in principle, problems will
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Figure 9 The effect of pixel step size on the accuracy of grain size
measurement using linescan and grain reconstruction.

arise when the size approaches the limit of spatial reso-
lution for EBSD and when the subgrain misorientations
approach the limit of angular resolution of EBSD. The
latter factor will be discussed in the next section, but
some further discussion is required of the effects of spa-
tial resolution on the determination of the sizes of small
grains or subgrains.

It was shown in Section 2.2.3 (Equations 1 and 2)
that there is a simple relationship between the effec-
tive spatial resolution, the grain size, and the fraction
of diffraction patterns which can be solved. If we con-
sider an EBSD linescan, in a direction parallel to the
specimen tilt axis, of a material with an equiaxed grain
structure of mean linear intercept L , then if Ap < L,
all boundaries on the line will be detected and the mea-
sured grain size (L) will be correct. However, as L ap-
proaches Ap, the amount of non-indexing of patterns at
boundaries will cause some small boundary segments
to be missed and thus the measured linear intercept
grain size increases. This effect has been modelled in
the computer by superimposing a rectangle of dimen-
sion Ap by A (aspect ratio 3:1) on a simulated grain
structure, moving this to simulate a line scan and as-
suming that data points would not index if the rectangle
covered a boundary [21]. The variation of Ly; with Ap,
for Ap/L < 0.5, was found to be given by the empirical
equation:

T 2
M Ap Ap
7 +L+(L) (6)

This indicates that the error in determining the grain
size is less than 10% if L > 10Ap but then increases
rapidly as Ap approaches L. Comparison with Equa-
tion 2 shows that the criterion for an error of less than
10% is equivalent to a pattern indexed fraction (Ng) of
>0.85.

We therefore expect that the smallest grain or sub-
grain sizes that can be accurately measured by EBSD
by linear intercept analysis in aluminium are ~1.8 um
in a W-filament SEM and ~0.5 um for a FEGSEM.
For a material of higher atomic number, Table I sug-
gests that these figures may be substantially reduced.
For materials with small grain sizes the apparent grain
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size measured by linear intercept could in principle be
corrected by the use of Equation 6.

The discussion above shows that although mea-
surement of grain/subgrain size and misorientation by
means of line or grid scans is rapid, errors will occur
when Ap/L increases and the fraction of indexed points
falls below ~0.85. In such circumstances the use of high
resolution EBSD maps which allow the correction of
non-indexed points, and grain reconstruction methods,
may be preferable because in such maps only the small-
est grains rather than the smallest intercepts are lost. If
the real grain size distribution is known then the effects
on the mean measured grain size of missing the smaller
grains may be calculated. For example a recrystallized
metal typically has a grain size distribution which is
close to log-normal with the largest grains around three
times the mean. If grains of size less than Ap are not
detected, analysis of the “measured” size distribution
suggests an error of less than ~10% if L is larger than
~2 Ap which corresponds to ~50% of the grains being
indexed, and to a lower grain size limit for aluminium
of ~0.4 um in a W-filament microscope and ~0.12 um
in a FEGSEM.

The effect of non-indexing of patterns on the mea-
sured grain size may also be estimated by taking an
EBSD map of a recrystallized grain structure which is
well indexed (e.g. >95%) and deliberately de-indexing
pixels in the vicinity of grain boundaries. This allows
the effect of indexing to be studied on the same data
set, although there is some uncertainty as to how well
the artificial de-indexing mimics the real situation. The
results of such a procedure are shown in Fig. 10, which
is based on data from an EBSD map of a single-phase
aluminium sample with a grain size of ~25 pum which
was 97% indexed. The important points to note are that
for the raw data, the error in determining the mean lin-
ear intercept grain size corresponds reasonably well to
Equation 6 and shows that substantial errors occur if
the indexing is less than ~85%. However, if the non-
indexed points are restored by the standard EBSD data
analysis routines, then the errors in grain size (both
linear intercept and ECD) are substantially less, and re-
main below ~5% even when the indexing is only 50%.

It should be emphasised that the discussions above re-
late to data from single-phase polycrystalline materials
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Figure 10 The effect of non-indexed points on the accuracy of grain
size measurement by linear intercept analysis of the data and from grain
reconstruction.
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where all non-indexing arises from diffraction pattern
overlap at grain boundaries. If the presence of second-
phases leads to additional non-indexing, then this must
be taken into account as discussed in Section 2.2.5.

3.2.3. Other errors in grain size
measurement

In the preceding sections we have discussed the meth-

ods of grain size measurement by EBSD and the inher-

ent advantages and limitations of the technique. There

are however, a number of other factors which must be

taken into account if accurate results are to be obtained.

Instrument calibration. The scan rasters used for
EBSD are generated by either beam or stage scanning.
Care must be taken that the scan distances are accurately
calibrated and that the x and y scans are orthogonal. In-
ternational standards for scanning electron microscopy
are not yet available, although standards for the cali-
bration of the magnification of the SEM are being de-
veloped (ISO 16700) [38].

Specimen tilt axis. The specimen tilt axis must be
accurately aligned with one of the scan directions oth-
erwise a distorted scan raster will result.

Sample alignment. The surface of the sample must
be planar and accurately parallel to the x—y plane of the
stage (i.e. normal to the electron beam). A sample is
typically supported either on its base or is gripped by
its sides and as samples are rarely cut in the form of
orthogonal parallelepipeds, it may be difficult to align
the top surface accurately. If this is not achieved, then
the inaccuracies in the scan raster on a 70° tilted sam-
ple may be substantial and render quantitative metallo-
graphy impossible. The most significant errors occur
if the untilted sample surface is misaligned from the
horizontal about the tilt axis by an angle («). On tilt-
ing for EBSD, the real specimen tilt is now 70° £«
and the raster scan in the y-direction which is inversely
proportional to the tangent of this angle is substantially
altered. For misalignments («) of 1°, 2° and 5° the er-
rors in the magnitude of the y-scan are 5%, 13% and
35% respectively, and thus it is concluded that accurate
sample alignment is a critical factor if accurate grain or
subgrain sizes are to be obtained.

3.2.4. Measuring subgrains—the limitations
of angular precision
The improvement in EBSD spatial resolution obtain-
able from a FEGSEM mean that the sizes and size dis-
tribution of grains or subgrains as small as ~0.1-0.2 um
can be determined and this make the technique viable
for most deformed metals. However, if such substruc-
tures consist primarily of subgrains of small misorien-
tation, limitations may be placed upon EBSD analysis
by the inaccuracies in the acquisition and analysis of
electron backscatter patterns which were discussed in
Section 2.2.4. This is well illustrated by a recent com-
parison of TEM and EBSD investigations of aluminium
deformed to moderate strains, in which it was shown
that the lower angle boundaries were not detected by
EBSD [39]. In summary, the smallest misorientations



between grains or subgrains which can be determined
by automated EBSD are typically between 0.5° and
1.5°. However, the lower limit is achievable only from
very high quality patterns using a well calibrated sys-
tem. This limit will be lowered when higher resolution
cameras are employed and when more accurate algo-
rithms for pattern measurement are developed. Individ-
ual diffraction patterns and hence misorientations may
be measured with substantially better accuracy than this
by measuring the relative positions of points from two
overlapping patterns [26] which are recorded on a sin-
gle image. However, this procedure has not yet been
incorporated into automated commercial data acquisi-
tion systems, and for the metallographic applications
discussed in this paper, only rapid and fully automated
pattern acquisition and analysis method are relevant.

Because the orientation of each grain or subgrain is
measured several times in an orientation map, some im-
provement in angular resolution may be achieved at the
expense of spatial resolution by data processing. In a
typical orientation map such as shown in Fig. 6a, there
are a considerable number of data points in each grain,
and the orientation of a grain could be more precisely
defined if averaging of the data within a grain were to
be carried out. The potential benefits of such a process
can be determined from a simple statistical analysis. If
the accuracy of a single orientation measurement is 1°,
then the 95% confidence limit in the orientation of a
grain will fall with the number (n) of pixels averaged,
as n~1/2, Orientation averaging is only valid if the true
orientation is constant within each grain or subgrain,
and this should be considered before such procedures
are used. In annealed samples, this is generally a good
assumption, but in materials containing many free dis-
locations and only poorly developed boundaries, orien-
tation averaging would not be appropriate.

It is not a trivial matter to average orientations be-
cause although only three independent angular param-
eters are required to define a rotation, and so an ori-
entation, in three spatial dimensions, there is no set of
such parameters which facilitate operations such as ori-
entation averaging in a satisfactory way. The problems
associated with the statistical analysis of orientation
data and various possible methods of orientation aver-
aging are reviewed and discussed by Krieger Lassen
et al. [40], Humbert ef al. [41] and Humphreys et al.
[42]. The use of the four Euler-symmetric parameters
(often referred to as the quaternion description, though
they are only coefficients of a quaternion) appears to
be the best solution, particularly if only orientations
spread over a range of a few degrees are to be averaged
[41,42], and this has recently been applied to EBSD
maps [42]. Simple orientation averaging is not adequate
as this would remove the boundaries, and it is necessary
to incorporate an edge preserving routine such as the
Kuwabhara filter [43].

Fig. 11 shows an example of orientation averaging
applied to part of an EBSD map from an Al-0.1wt% Mg
alloy deformed 20% by cold rolling and annealed at
200°C. Fig. 11a shows the raw EBSD data. The sub-
grains are coloured according to their orientation rel-
ative to a reference pixel in the map. The subgrains

are visible, but the data are noisy. If low angle grain
boundaries of misorientations larger than 0.5° are su-
perimposed on the map as in Fig. 11b, then it is seen
that many of the “boundaries” lie inside the subgrains.
Fig. 11c shows the effect of two passes of a modified
Kuwahara filter on the raw data. The orientation noise is
significantly reduced and the subgrains are more clearly
visible. In Fig. 11d, the low angle grain boundaries
>(.5° are superimposed on the map and in contrast to
Fig. 11b, the detected boundaries clearly match the mi-
crostructure. The subgrain sizes, shapes and misorien-
tations and their distributions may be retrieved rapidly
and automatically from the processed data of maps such
as Fig. 11, and Fig. 12 is an example of the extensive
information about subgrain size and misorientation dis-
tributions which can be obtained.

In analysing subgrain structures, the choice of tech-
nique is between EBSD or TEM. EBSD can analyse
subgrains of a fraction of a micron in diameter, and, with
orientation averaging, it can resolve low angle grain
boundary misorientations of ~0.5°, and several thou-
sand subgrains may be analysed from a single map. The
TEM can be used to image even the smallest subgrains,
and subgrain misorientations of 0.1° can be determined.
However, the numbers of subgrains which can be seen
in a TEM thin foil is much less than can be determined
in a solid SEM. Semi-automated methods for pattern
analysis are available [7,45] but these may take up to
~60 seconds per pattern and a data set of more than
100 patterns from a sample is unusual [e.g. 46]. The
techniques used for automated EBSD pattern analysis
have been applied to the analysis of TEM diffraction
patterns [7,47,48,49], but it has proved more difficult
to implement them for routine use [7, 48]. In selecting
the most appropriate technique, the microscopist must
therefore give serious consideration to the nature of the
sample, the importance of including low angle grain
boundaries of less than ~0.50°, and the scale of the
grain or subgrain structure.

4. The additional information available
from EBSD

In Section 3, the use of EBSD for basic characterisation
of grain and subgrain structures was discussed and it
was concluded that in many cases there were significant
advantages in using EBSD rather than standard metal-
lographic methods for such analyses. However, there is
a substantial amount of additional data available from
EBSD maps, which is not available by other methods,
and this will be highlighted in this section. This addi-
tional information is mainly related to the orientations
of the grains and subgrains and to the character of the
boundaries.

4.1. Microstructure and texture

The use of EBSD allows much more detailed grain char-
acterisation than that discussed in Section 3 and in par-
ticular the relationships between the sizes and shapes
of the grains and subgrains and their crystallographic
orientation or texture can be determined. The orienta-
tions within a polycrystalline material which has un-
dergone thermomechanical processing are usually far
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Figure 11 The effect of orientation averaging on the reduction of orientation noise in an EBSD map of a deformed and recovered aluminium alloy.
(a) Raw data, (b) Raw data with boundaries >0.5° superimposed. (c) Data after two passes of modified Kuwahara filter. (d) Processed data with

boundaries >0.5° superimposed [42].

from random, and the texture of such a material may
often be considered to comprise several ideal texture
components [e.g. 7, 50-52]. Because the mechanical
and physical properties of a material are related to the
texture, there is great interest in the control of texture
during processing. As the orientation on each pixel in
an orientation map is known, it can be checked against
the various ideal texture components and if sufficiently
close (typically within 15°), designated as belonging to
that texture component. Analysis of the data of figure 4
shows that the only significant texture components are
Cube {100}(001) 9%, Goss {011}(100) 3%, and Brass
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{110}(211) and in Fig. 6b, the grains of these orienta-
tions are highlighted. In addition to the amounts of the
texture components we can determine the grain sizes,
shapes and subgrain misorientations for each texture
component.

4.1.1. Bulk texture determination by EBSD

Textures are conventionally determined by the analysis
of pole figures which are obtained from a sample by
x-ray diffraction, and quantitative orientation distribu-
tions (ODFs) are obtained from analysis of 3—4 pole
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Figure 12 Distribution of subgrain sizes and misorientations in an Al-
0.1%Mg alloy cold rolled 75%. showing the large amount of data avail-
able from an EBSD map [44], (Courtesy of P. J. Hurley).

figures. Such procedures are fully automated and as the
time to obtain a single pole figure is typically ~1.5 hrs
the data acquisition time for a specimen is ~4—6 hrs.
There are certain errors in the experimental x-ray pro-
cedures such as line broadening [7,51] and in the data
analysis (e.g. ghost peaks), which lead to inaccuracies
in calculating orientation distribution functions by the
deconvolution of pole figures, and one of the original
reasons for the development of fully automated EBSD
analysis was to eliminate such errors by obtaining the
crystallographic texture of a specimen directly from in-
dividual diffraction patterns [15, 32].

The experimental method of obtaining a “bulk” tex-
ture from a sample by EBSD is relatively straightfor-
ward. The sample, which should be representative of
the bulk material, is often polished on the RD-ND plane
because in rolled material this section samples the mi-
crostructure better than the rolling plane. A specimen
which is 15 mm in the rolling direction, cut from 3 mm
sheet in a material of grain size 100 um would re-
veal ~5000 grains on its surface. Diffraction patterns
are obtained from a grid of points covering the entire
specimen or a selected region. From these data the ori-
entation distributions are obtained and these can be
displayed as pole figures or ODFs in Euler space, or
alternatively the fraction of material approximating to
selected ideal texture components may be calculated.
If a texture representative of the bulk material is to be
obtained then it is important that data is obtainable from
all parts of the microstructure. A heavily deformed ma-
terial may contain cells or subgrains which are below
the resolution of a W-filament SEM, and this may result
in an unacceptably low fraction of indexed diffraction
patterns. In addition, if the cell size depends on grain
orientation (e.g. Table IV), certain orientations will be
sampled more efficiently than others and measured tex-
ture will be incorrect. For such materials, it may be
necessary to used a FEGSEM to achieve an acceptable
level of pattern solution.

If the technique described above is used to deter-
mine the texture of a suitably representative specimen
then the number of data points required to produce
a statistically significant orientation distribution func-
tion needs consideration. Experiments have shown that

the number of orientation determinations required is in
the range 500-1500 [32,53]. If these individual ori-
entations are used directly, then the pole figures or
orientation distribution functions are noisy. The data
is therefore usually smoothed by convolution with a
Gaussian of half width 1-5°. The amount of smoothing
for optimum fit with conventional x-ray data remains
a matter of debate, but for a given material is usually
determined by experiment [32, 53]. Such a texture de-
termination using 1000 points and carried out by stage
scanning will take only ~20 minutes, which should be
compared with the 4-5 hrs required for x-ray analysis.
We therefore conclude that for suitable materials, bulk
texture determination by EBSD may offer a significant
time saving over conventional x-ray analysis.

In many rolled materials the deformation or recrystal-
lization textures vary through the sheet thickness [e.g.
54]. In such circumstances, suitable data grids on a
single ND-RD section specimen may be analysed by
EBSD to provide through-thickness texture data in a
fraction of the time which would be required for con-
ventional x-ray analysis of several specimens sectioned
parallel to the rolling plane and ground to the required
depths.

The spatial distribution of texture components within
a sample may also be important. For example undesir-
able ridges may occur on the surface of drawn metal
sheet and these are known as “roping” in aluminium
alloys and “ridging” in steels. EBSD has been used
to investigate these effects and it is now believed that
they are associated with the spatial distribution of cer-
tain texture components [55]. An EBSD map may be
analysed to determine the size and spacing of concen-
trations of particular texture components, using fourier
transform methods, and Lee et al. [56] have defined a
“disorientation correlation function” which quantifies
the spatial distribution of texture.

4.1.2. Texture and substructure

In addition to determining the subgrain size, shape and
misorientation, EBSD allows correlation of these pa-
rameters with the orientation. The analysis of a hot-
deformed aluminium alloy provides a good illustration
of the power of the technique. Fig. 13 is an orientation
map from a specimen of a typical hot-worked commer-
cial aluminium alloy in which both the elongated origi-
nal grains and the subgrains are seen. The high and low
angle boundaries are easily differentiated during anal-
ysis of the data as is shown in Fig. 13a. The EBSD data
may be analysed to obtain the mean size and shapes
of the grains and subgrains as shown in Table IIT (the
data for which were obtained from a larger area of the
same sample). However, in addition, EBSD reveals cor-
relations between size and orientation, orientation and
misorientation or size and misorientation as shown in
Table I'V. From this table we can see that the “cube” ori-
ented subgrains are not only larger than those of other
orientations but they also have a larger mean misori-
entation to their neighbours. Such detailed information
is invaluable in interpreting the behaviour of deformed
alloys during subsequent annealing [e.g. 46]. There is
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TABLE III Grain and subgrain sizes from EBSD data from the speci-
men of Fig. 13

TABLE IV Subgrain sizes, orientations and misorientations from
EBSD data from the specimen of Fig. 13

Grains Subgrains
Mean Std err Mean Std err
Number 379 1356
Diameter (um) 4.23 0.23 2.47 0.05
X-length (um) 6.68 0.59 2.95 0.09
Y-length (nm) 3.33 0.15 2.18 0.04

Mean

Texture Diameter misorientation  Texture
component Number pm (o) fraction
Brass {011}(211) 112 2.48 5.67 0.13
Copper {112}(111) 138 2.43 5.04 0.16
Cube {001}(100) 81 3.01 6.69 0.08
Goss {011}(100) 80 2.22 6.11 0.01

P {011}(122) 1 1.79 — 0

S {123}(634) 344 2.58 5.16 0.35

(b)

Figure 13 Orientation map from a commercial Al-Mg alloy (AA5182),
deformed by plane strain compression at 350°C and sectioned in the
RD-ND plane. (a) High angle boundaries shown as black and low angle
boundaries as grey. (b) Regions within 15° of the main texture com-
ponents are shaded — Cube {001}(100) red, Brass {011}(112) blue, S
{123}(634), green, Copper {112}(111) purple), with other areas in white.

a great deal more information about grains and sub-
grains which may easily be obtained from an orienta-
tion map. For example, correlations between subgrain
size and misorientation during recovery have been used
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to determine the mobility of low angle boundary mo-
bilities [57].

4.1.3. Stored energy

Although the spatial and angular resolutions of EBSD
are currently insufficient to resolve information about
individual dislocations, lattice misorientations and ori-
entation gradients may be measured and hence informa-
tion can be obtained about the geometrically necessary
dislocation content of the material [11]. If the disloca-
tion substructure is in the form of subgrains of diameter
D and boundary energy y then the stored energy of the
material (E) can be taken as [50].

_ Ky
D

E )

where K is a geometric constant ~3.

If the subgrain structure is reconstructed from EBSD
data, the subgrain sizes and misorientations may be de-
termined and thus the local stored energy calculated.
A measure of the spatial distribution of stored energy
in the sample can then be represented as a “stored en-
ergy map” as shown in Fig. 14b. An alternative method
of determining the spatial distribution of stored energy
is to determine the misorientation of a pixel from its
neighbours and for each pixel calculate a mean bound-
ary energy. The sum of the boundary energy over the
map then enables the stored energy of the map area to
be determined, and again, the spatial distribution of the
energy can be represented as a map.

The deformed sample of Fig. 14 has an inhomoge-
neous microstructure, and in particular shows “defor-
mation bands” (B) within grains such as A. The stored
energy map of Fig. 14b shows that the stored energy
varies through the microstructure and in particular, that
the deformation bands have larger stored energies than
the remainder of the grain. Analysis of the stored en-
ergy map shows that the mean stored energy in the
sample is 0.38 MJ m~, the stored energy in region A
is ~0.27 MJ m~ and in region B is ~0.45 MJ m~.

4.2. Boundary character

Some of the most important parameters which can be
determined from EBSD are related to the nature of
the grain boundaries. A boundary is characterised by
five degrees of freedom, three of which relate the ori-
entation of the material either side of the boundary and



(b)

Figure 14 EBSD map of Al-0.13%Mg deformed to a strain of 1.3 by
Equal Channel Angular Extrusion, showing inhomogeneous deforma-
tion. (a) Euler colour map with high angle boundaries marked in black.
(b) Stored energy map in which the grey level is proportional to the local
stored energy. (Map data courtesy of J. Bowen).

two degrees of freedom which define the inclination of
the plane of the boundary.

4.2.1. Misorientation and disorientation

Once a boundary is detected in an EBSD map, the an-
gular relationship between the crystals associated with
the boundary is readily calculated because the orienta-
tions of the crystals are known (within the experimen-
tal errors discussed in Section 3.2). This relationship
may be expressed in terms of the rotation matrix [e.g.
7,51,58], the Rodrigues vector [59], or more com-
monly as an angle-axis pair. The last method, which
is used in this paper, defines the angle by which one of
the crystals must be rotated about a particular axis so
as to bring it into register with the other crystal. In a
cubic crystal there are 24 possible solutions, and in the
absence of any special sample symmetry, it is conven-
tional to describe the relationship between the grains
as the angle/axis pair associated with the smallest ro-

tation [31] and this is often termed the disorientation.
It should be noted that misorientations other than the
disorientation may sometimes be appropriate [60].

4.2.2. The boundary plane

The other two degrees of freedom describing the bound-
ary plane are less readily determined. One of these pa-
rameters is obtainable from the direction of the bound-
ary in the map, but the other parameter, which is the
inclination of the boundary to the surface of the sample,
is not directly obtainable. For large grains, the boundary
plane may be determined by sectioning and examining
the sample in two orthogonal planes [7,61], or in the
more general case, by serial sectioning in which the
sample is measured after controlled etching [62—64].
The crystallography of free boundary planes such as
fracture surfaces may also be determined by EBSD
[e.g. 12,65]

4.2.3. The distribution of boundary angles
EBSD data may be processed so as to display the char-
acter of the boundaries, and a simple case is shown in
Fig. 6¢ where boundaries designated high angle (>15°)
are shown in black, and low angle (<15°) are grey. The
distribution of boundary angles is also obtainable, and
Fig. 6e shows a histogram of the distribution of grain
boundary misorientation, sometimes called a McKen-
zie plot [31] for the specimen of Fig. 6. The shape of
this distribution and the mean boundary misorientation
of 40.3° is close to the value of 40° which would be
found for a randomly oriented assembly of grains [31].
Parameters such as the mean boundary misorientation
and fraction of high angle boundaries (0.97) which are
obtainable from EBSD data may be as relevant to the
properties of the material as is the grain size, and EBSD
allows such parameters to be readily measured.

Recent research on the production of sub-micron-
grained alloys by thermomechanical processing pro-
vides a good illustration of the application of EBSD
boundary characterisation. It has been shown that after
plastic deformation to very large strains, followed by
low temperature annealing, many alloys develop a rela-
tively stable micron-scale grain structure [e.g. 66—70].
In order to distinguish between a true micron-grained
microstructure and a microstructure comprising mainly
micron-sized subgrains, it is necessary to determine the
nature of the grain boundaries.

Selected area diffraction patterns in the TEM from
such materials generally exhibit arcing, which indicates
that the material contains large orientation gradients
within the selected area. Such observations give no in-
dication as to boundary character, and do not prove, as
has been claimed [e.g. 67] that the majority of the grain
boundaries are high angle. However, detailed boundary
characterisation can be readily obtained from EBSD
maps [68-70], and Fig. 15, shows how EBSD may be
used to determine the relative amounts of high angle
and low angle boundary as a function of the deforma-
tion strain, thus enabling the processes involved in the
microstructural evolution to be clarified.
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Figure 15 The percentage of high angle boundaries as a function of
strain in AA1050 deformed by Equal Channel Angular Extrusion [68].

4.2.4. Special boundaries
EBSD analysis can determine the complete orientation
relationship at a grain boundary and therefore more
information than the misorientation angle, which was
discussed in the preceding section, is available. For ex-
ample it is possible to detect and measure boundaries
which have special orientation relationships, such as co-
incidence site lattice (CSL) boundaries [71] in which
there is good atomic matching across the boundary and
a significant fraction of the atom sites are common to
both crystals. The reciprocal of the ratio of atom sites
which are common to both crystals (coincidence sites)
to lattice sites is denoted by X. For example, in a twin
boundary in fcc material, one third of the lattice sites
are common to both crystals and this is therefore a X3
boundary. Detailed tables of the orientation relation-
ships for CSL boundaries are given by Mykura [72] and
shorter tables are found in several books [e.g. 7, 50].
In order to determine whether a measured boundary
can be classified as a CSL boundary, some criterion as
to the allowable deviation from the exact orientation
relationship must be used, and the Brandon criterion
[73] is most commonly used. This states that the max-
imum allowable misorientation (Af) from the exact
CSL relationship is

A = 0,212 (®)

where 6, is the maximum misorientation angle for a
low angle boundary (typically 15°). Thus for a low an-
gle boundary (X1), A =15° and for a ¥3 boundary,
A = 8.7°.Ithas been suggested that this criterion is too
broad and that a ¥ ~>/% dependency is more appropri-
ate [74]. More detailed discussion of CSL boundaries
may be found in the references cited in this section.

Fig. 16 is an orientation map of a recrystallized o-
brass sample. In figure 16b the %3 boundaries are
shown in red, £9 boundaries in green and other bound-
aries in black. Analysis of the data shows that the mi-
crostructure contains 2% of low angle (¥ 1) boundaries,
67% of £3 twin boundaries and 5% of the higher order
29 twin boundaries. These figures are length-related
boundary frequencies, but number-related frequencies
are also obtainable if grain reconstruction is used.

3850

(b)

Figure 16 EBSD map of a fine-grained recrystallized «-brass specimen.
(a) Orientation map (Euler contrast), with high angle grain boundaries
are shown as black lines. (b) Twin (X3) boundaries shown as red, X9
boundaries as green and other boundaries as black.

Certain low X boundaries may have special proper-
ties (see below), if they also lie on specific planes. A
well known example of this is found for ¥3 bound-
aries, where the coherent boundaries which lie on the
{111} twinning plane have much lower energies and
mobilities than the incoherent twin boundaries on other
planes, leading to their characteristic planar habit seen
in Fig. 16. This is an example of a case where knowl-
edge of the boundary plane is required in addition to
the misorientation. Although, as discussed above, the
boundary plane cannot be fully determined from a sin-
gle EBSD map, some information may be obtained
from the trace of the boundary. For example, in Fig. 16b,
measurement of the boundary at A shows it to have a
60° misorientation about a (111) axis, whichisa X3 re-
lationship. The trace of this rotation axis, (dotted line in
Fig. 16b), is perpendicular to the trace of the boundary,
and this is consistent with the boundary being parallel
to the twinning plane, i.e. a coherent twin boundary,
although of course it is not conclusive proof.

4.2.5. Grain boundary engineering

There is evidence that particular types of boundaries
such as coincidence site lattice (CSL) boundaries are
less susceptible to damage such as creep cavitation or
corrosion than normal boundaries, and the concept of
Grain Boundary Engineering in which the material
is processed to maximise the number of CSL bound-
aries in order to optimise properties has gained promi-
nence in recent years [74—77]. EBSD is an essential
tool in measuring the amount of CSL boundary and
Fig. 17, from the work of Ardakani and colleagues [78]
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Figure 17 Distribution of coincident site lattice (CSL) boundaries
in a directionally solidified nickel superalloy [78]. (Courtesy M.G.
Ardakani).

shows the fraction of CSL boundaries formed during
controlled solidification of a nickel superalloy which is
being developed for creep resistance. The numbers of
CSL boundaries in this sample are much larger than in
arandom grain assembly where the numbers of X1, X5
and X 13a boundaries would be 2.2%, 1.2% and 0.3%
respectively [79].

5. Estimating recrystallization
from EBSD data

The characterisation of fully recrystallized materials
and deformed materials has been discussed in previous
sections. There is also interest in following the progress
of recrystallization, and in particular in determining the
fraction of the microstructure which has recrystallized.
When examining deformed and annealed samples, the
fraction recrystallized is normally determined by opti-
cal metallography [e.g. 80]. However, there are several
methods by which this information may be obtained
from EBSD.

5.1. The fraction of indexed patterns

The unrecrystallized regions of a sample contain dislo-
cations, cells or subgrains [50]. If the deformed regions
are such that an analysable pattern cannot be obtained
from them, this could be used as a criterion to distin-
guish the recrystallized regions and thus obtain a mea-
sure of the fraction recrystallized. Such a method relies
on the region sampled by the beam being sufficiently de-
fective so as not to produce an analysable pattern. This
method will not work if the material contains subgrains
larger than the area sampled by the beam (A X Ap)
and is therefore rarely suitable for most aluminium al-
loys or hot deformed materials. Even in non-cell form-
ing metals such as stainless steel and brass which have
been cold deformed to large strains, analysable patterns
will be produced in some deformed regions, depending
on the crystallography of the local deformation and our
attempts to use this method have not produced reliable
results.

5.2. The pattern quality

An alternative approach is based on the assumption that
the quality (sharpness or contrast) of the diffraction
patterns will be different for recrystallized and non-

recrystallized regions. A semi-automated version of
this method has been successfully used to differenti-
ate between deformed and recrystallized area in steels
[81], and the use of automated methods has been pro-
posed [82-84]. However, there are several problems
automating such a method:

e The pattern quality is not necessarily a good mea-
sure of the defect density and even in recrystallized
grains, pattern quality depends on crystallographic
orientation (see Fig. 18a)

e The method requires calibration for each type of
sample

e Pattern quality is lower in boundary regions
(Fig. 2b) because of overlapping patterns, and grain
boundaries cannot readily be distinguished from
defective grain interiors.

e A diffraction pattern comes from the region of
beam interaction (Fig. 3). If the cell or subgrain
size is smaller than this, a poor quality pattern re-
sults and vice versa. Therefore the pattern quality
depends not only on the sample, but also on the
EBSD spatial resolution (Section 2.2.3). Thus the
pattern quality for a given sample will be better in
a FEGSEM than a W-filament SEM and will be
sensitive to beam defocus etc.

The two methods described above both have the ad-
vantage that comparatively little data are required in
order to analyse the microstructure. They may be used
as point counting methods, similar to that used for op-
tical microscopy [80], where a coarse grid of points
is obtained and each point is analysed to determine
whether it corresponds to a recrystallized or unrecrys-
tallized region. The number of data points required for
an accurate analysis depends on the number and size of
the recrystallized grains, and is typically 500—600 [80].
Such an analysis would take only 2-3 minutes with
beam scanning and ~10 minutes with stage scanning.

5.3. From high resolution EBSD linescans

An alternative approach is to achieve a high success
rate of pattern solving, obtain data at a spatial resolution
which is less than the subgrain size and subsequently
analyse the data to determine the grain boundary char-
acteristics [21]. This method is applicable to materials
which have well-defined subgrain structures which are
larger than the effective spatial resolution of EBSD, and
good results have been obtained from a number of alu-
minium samples including hot deformed AA5xxx and
AA6xxx alloys. An EBSD linescan is obtained and the
data are subsequently analysed to identify high angle
and low angle boundaries. The method is somewhat
similar to that discussed in Section 3.1.1 for grain size
analysis, but differs because the character of adjacent
boundaries is examined. If during this one-dimensional
analysis, two adjacent low angle boundaries are de-
tected then the material between them is considered to
be a subgrain. A region bounded by a high and alow an-
gle boundary is also considered to be a subgrain. How-
ever a region bounded by two high angle boundaries is
considered to be a grain. In this way, the microstructure
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is divided into grains and subgrains and the proportion
of grains in the material can be taken to be the fraction
recrystallized. This method of analysis has the advan-
tage over conventional optical metallography in that it
can measure the early stages of recrystallization, and
that it is fully automatic, requiring no interpretation by
the operator. The time to acquire data depends on the
heterogeneity of the microstructure, the amount of re-
crystallization, the size of the subgrain structure and the
accuracy required. For example, for 5 um subgrains, a
scan step of ~1 pm is appropriate and for a data lines-
can of total length 10 mm, some 10,000 data points are
required, This would take ~2-3 hrs by stage scanning
or ~30 minutes by beam scanning.

5.4. From high resolution EBSD maps

A more accurate but considerably slower method of
analysing the microstructure is to acquire an EBSD map
with a step size smaller than the subgrain size (Fig. 18).
After grain and subgrain reconstruction the boundaries
surrounding all the grains and subgrains can be exam-
ined. A quantitative definition of a recrystallized grain
is then required, and on this basis all regions can be

(b)

Figure 18 EBSD map of hot-deformed and partly recrystallized AI-Mg
alloy (AA5182). (a) Pattern quality map in which the high quality patterns
appear brighter, with high angle boundaries superimposed. (b) As (a),
but the regions define as being recrystallized are coloured.
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classified as either recrystallized or non-recrystallized
[21].

Examining the microstructure in such detail gives
rise to the interesting decision as to how a recrystallized
region should be formally differentiated from an unre-
crystallized region, and no clear answer can be given.
We can define aregion as being recrystallized according
to one or more of the following criteria:

e A region bounded by a certain fraction (0-1) of
high angle boundaries

e A region which is larger by a given factor (e.g. 4)
than the cells or subgrains

e A region where the pattern quality is greater than
a certain fraction (e.g. 0.5) of the mean.

In Fig. 18b, a recrystallized grain has been defined as
being a region which has at least one high angle bound-
ary and is at least 4x larger than the subgrain size,
and analysis gives the result that the sample is 42%
recrystallized with a mean recrystallized grain size of
7.7 pm and that 11% of the recrystallized grains are
of the cube orientation. It should be emphasised that
such high resolution EBSD maps are unlikely to be-
come an economical method of estimating the recrys-
tallized fraction. However, they are invaluable aids to
analysing the evolution of microstructures and textures
during annealing.

6. Conclusions

1. The technique of EBSD has reached a state of matu-
rity such that EBSD linescans and maps can be routinely
obtained and analysed using commercially available
equipment. EBSD in a FEGSEM allows quantitative
analysis of grain/subgrains as small as ~0.2 yum.

2. Automated EBSD can result in more accurate mea-
surements of grain and subgrain size than conventional
imaging methods, often in comparable times.

3. Subgrain/cell measurements may be made more
easily than in the TEM. The limited angular resolu-
tion of EBSD may be problematic for subgrains of low
misorientation, although this can be reduced by data
processing.

4. Additional information available from an EBSD
map includes texture and its correlation with grain or
subgrain size, shape and position.

5. EBSD may rival X-ray methods for determining
bulk texture.

6. Boundary misorientations, which are readily ob-
tainable from EBSD, enable the distribution of bound-
ary character to be determined. CSL boundaries can be
identified and measured.

7. Recrystallization and stored energy may be mea-
sured by EBSD methods.
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