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Abstract.  Two very different aspects of electron backscatter diffraction (EBSD) are 
considered in this paper.  Firstly, the use of the technique for the measurement of grain size is 
discussed with particular reference to the development of international standards to help ensure 
reproducible and repeatable measurements.  In particular the lessons learnt for both calibration 
of the complete SEM-EBSD system and in choice of the correct data acquisition and 
processing parameters from an international round robin are summarized.  Secondly, extending 
the capability of EBSD through development of new detectors is discussed.  New shadow 
casting methods provide a means to achieve better accuracy in definition of sample-pattern 
geometry, while increased detail can be obtained by larger cameras and ultimately direct 
electron detection. 

1. Introduction 
A full review of the entire state of the art in electron backscatter diffraction (EBSD) would be 
impossible in a short article so it is intended here to look at a two particular aspects of EBSD, one 
being an application of the technique in common use and the other a development of the technique 
through possible improvements to detector technology. 

One of the most common and important applications of EBSD is the measurement of grain size and 
phase, particularly for industrial quality control and materials characterisation.  This is because of its 
capability to not only group pixels of one particular orientation, but also to unambiguously define 
grain boundaries by the misorientation across a boundary.  Both enable software routines to 
automatically calculate sizes based on area or linear intercept.  However, this automation brings with it 
the usual risk of accepting any number produced without understanding the factors which affect the 
accuracy of the result.  The first section will review a recent study [1] of the repeatability and 
reproducibility of this fundamental measurement and ways of improving it through, for example, 
international standardisation [2, 3]. 

Advances in EBSD detector technology have been evolutionary rather than revolutionary in the 
past decade.  Acquisition rates are one of the most commonly quoted parameters for a detector, and 
the maximum rates have increased perhaps by a factor of 10 over 10 years, with quoted maxima of 
between 600 and 700 patterns per second.  At such rates the drive for faster detectors is perhaps 
lessening and other factors are beginning to receive attention such as accuracy and detail possible in 
acquisition of electron backscatter patterns (EBSPs).  This includes the possibility of moving from 
current phosphor/CCD cameras to direct electron detection.  
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2. Measurement of grain size by EBSD 
Studies comparing the results of grain size measurements by optical and EBSD methods have been 
carried out over the past 15 years [4-10], but reported comparisons of measurements by different 
laboratories have been few [11, 12] and are old enough that they do not reflect improvements in EBSD 
detectors software and scanning electron microscopes of the past 10 years.  In some of these works 
differences were observed in grain size between optical and EBSD and besides the greater spatial 
resolution of EBSD technique other factors were noted, such as limitations of optical methods in 
detecting boundaries below a certain misorientation and the variable effectiveness of etching in 
different samples affecting optical measurements. 

More recently, an interlaboratory comparison was carried out in support of a new international 
standard, ISO 13067 “Microbeam analysis - Electron backscatter diffraction - Measurement of grain 
size and Ddstribution” [2] to provide uncertainty data for grain size measurement by EBSD.  
Commercially pure (CP) titanium metal bar with an average grain size of approximately 30 µm was 
chosen to produce uniform and repeatable samples since, in addition to being suitable for the EBSD 
technique, this size would allow comparison with optical microscopy methods of grain size 
measurement such as ASTM E112 [13].  The following is a summary of the full report of this round 
robin [1].  The report also includes details of the studies undertaken prior to the round robin to confirm 
the consistency of the grain size in the central region of all the samples used.  In this paper, the phrase 
“mean grain size” refers to the most commonly used number average mean: there is not room in this 
paper to discuss the advantages and disadvantages of using various methods of weighted averages 
based for example on grain size area, nor the advantages of using the full grain size distribution rather 
than a single value, but these issues are discussed further in reference [1]. 

Figure 1 summarizes the data for the mean equivalent circle diameter grain size, Dcircle, as returned 
from 12 laboratories, each denoted by a letter.  Each laboratory measured two samples but in some 
cases the laboratories measured the two samples with two different microscopes and EBSD systems or 
in one case with two magnifications; in these cases two sets of two values are shown.  It should also be 
noted that laboratories A and F measured the same sets of samples;  similarly the samples measured by 
C were then measured by H, and those measured by E were measured by L.  The mean value of these 
raw results before removal of any outliers or corrections for errors was 33.7 µm. 
 
 

 

Figure 1.  Mean values of Dcircle for each sample as initially reported by the 
participants (before any corrections).  Values are plotted as the difference 
from the mean of 33.7 µm.  Error bars show ±1 standard deviation from 
5 maps contributing to the mean. 
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Laboratories were informed of their results and were allowed to recheck their results where they 
appeared to have produced outliers.  In two cases errors (discussed later) were identified which 
enabled some recalculations, after which all the results were analysed statistically following the 
procedures outlined in, for example, ISO 5725-2 [14, 15].  This analysis resulted in two sets of results 
being classed statistically as outliers (for reasons also described later) and after excluding these values, 
the final results of the round robin are summarized in Table 1. 
 
 

Table 1.  Summary of results after statistical analysis 
 

 
 

The repeatability and reproducibility limits are the values less than or equal to which the absolute 
difference between two test results obtained under repeatability/reproducibility conditions may be 
expected to be with a probability of 95 %. 
2.1. Analysis of the variability of grain size measurements 
Before exclusion of any outliers the mean value of Dcircle was 33.7 µm but with a spread (± 2) of 
±8.6 µm.  This wide spread was attributed largely to significantly different values reported by just 4 of 
the laboratories, B, C, H and L, which if completely excluded changed the mean value slightly 
(34.0 µm), but reduced the spread significantly to ±2.9 µm (± 2).  Examining the causes of variation 
for the 4 laboratories B, C, H and L helped identify some of the principal causes for much of the 
variation. 

2.1.1. Magnification.  Calibration of magnification was found to be a cause of variation for two 
laboratories (H and L).  In one case this could be corrected, after tracing the problem to linking 
calibration of the SEM to the EBSD software.  This type of software communication can easily occur 
without the user being aware of it as magnification is all too often taken as an absolute value for the 
SEM when it should refer only to the size at which the scanned image is displayed.  It cannot be 
emphasized enough that what should be checked is the equivalence of scale bar markings or total 
image widths on the SEM and EBSD systems, not the magnification! 

2.1.2. Step size and sample size.  All but one laboratory used a step size of between 2 and 3 µm, or 6 to 
9 % of the mean, agreeing well with the empirical rule established by Humphreys [5], that step sizes 
approximately 10 % of the mean grain size should produce good maps of most microstructures.  The 
one laboratory that used a finer step size of 1 µm obtained a much smaller mean size 15 % below the 
mean.  While this step size allowed resolution of small grains that might have been missed by coarser 
step sizes, the more important factor was that, for a given set of acquisition conditions and mapped 
area, acquisition would take 4 or 9 times longer than with, respectively, 2 or 3 µm step sizes, so  
  

 
Equivalent circle 
diameter Dcircle 

Linear intercept 
Dlin 

Overall mean (µm)  33.5 30.1 

Repeatability standard deviation (µm)         sr    0.88    0.74 

Reproducibility standard deviation (µm)     sR    1.98    1.15 

Repeatability limit  (µm)          r    2.46    2.07 

Reproducibility limit (µm)          R    5.55    3.22 

Number of measurements after removal of outliers 12 11 
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instead much smaller areas were mapped.  This not only reduced the total number of grains but also 
eliminated many of the larger grains from the analysis because such grains are more likely to touch the 
map edges and thus be discarded because they are incompletely analysed. 

It is also worth noting that analysing the results from many of the laboratories by plotting running 
averages showed that, at least for this material, a minimum of between 200 and 300 grains is sufficient 
to obtain a stable average that will change little as further grains are measured.  This is probably 
applicable to most materials with an equi-axed grain structure and a similar size distribution, but with 
this quantity of data a cumulative size distribution curve itself could be plotted to give a more 
comprehensive description of the grain structure. 

2.1.3. Specification of minimum grain size.  It recommended in the standard ISO 13067 that grains 
>10 pixels in area will give valid results since EBSD validates each pixel in a grain by measuring its 
orientation.  Pixellation errors, which alter the true grain size at small sizes, are approximately 5 % at 
the 10 pixel area level.  This cut off limit also agrees approximately with conventional image analysis 
where the minimum size of an object is 9 (3x3) pixels for a square grid or 7 for a hexagonal grid to 
avoid erosion of step size 1 deleting an object completely.  Thus any grain comprised of <10 pixels 
should be ignored in any calculation because it is unlikely to be well defined in size: this size is called 
the cut off limit. 

In the round robin however a variety of cut off limits were used.  Most were stated in terms of 
pixels although a couple were in terms of a minimum size in micrometres.   The cut offs selected by 
the participants included > 1, 4, 5, 6 or 8 pixels, but most chose 10 pixels.  Because of the variation in 
step sizes chosen, the actual sizes of the cut off limits varied from 2 µm to 10.75 µm, equivalent to 
3.46 µm2 to 91 µm2.  Figure 2 plots the mean grain size against the cut off limit used (where this was 
known).  The cut off is plotted in micrometres rather than pixels to take into account the step size used 
as well as the number of pixels and suggests that the mean size initially increases before beginning to 
plateau as the cut off is increased. 
 
 
 
 
 
 
 
 

Figure 2.  Mean values 
of Dcircle for each 
sample (calculated as 
the difference from the 
overall mean value) 
plotted against the cut 
off minimum grain size 
(expressed in µm, not 
pixels) used by each 
participant in the 
calculation of their 
sample mean size. 

 
 

The data supplied by individual laboratories was reanalysed to give a clearer idea of the effects of 
varying the cut off limit.  This showed that if a single cut off value, specified in terms of micrometres  
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rather than pixels, of 8 µm was used for all laboratories (with the exception of the outliers), the data 
spread in figure 3 was reduced from ≈ 5 µm to 2 µm.  It should be noted that good agreement would 
be achieved at any given cut off above about 8 µm, as long as a single consistent cut off is applied to 
all the data. 

2.1.4. “Clean-up” of map data.  A difficult area to specify in the standard ISO 13067 was the amount 
of data “cleaning”, or replacing poorly indexed pixels by more appropriate orientations that might be 
allowed, since many factors can affect how much and where the poor indexing occurs.  Poor data 
cleaning (or noise reduction) did account for one of the initial outliers (C) in figure 1, and the full 
report [1] gives more detail than there is room for here about clean-up issues, but it may be noted that 
the maps in figure 3 show the extremes of the percentages indexed in the raw maps supplied (98.8 and 
75 %) and both these maps with suitable clean up produced grain size values very close to the overall 
mean.  One factor in this was the choice of a suitable cut off since this can remove most or all of the 
poorly indexed pixels.  However, if too large a cut off is chosen before data cleaning, subsequent 
reindexing of the removed pixels may lead to overestimation of the remaining grains. 
 
 

 
 
 
 

Figure 3.  Raw EBSD orientation 
maps before noise reduction showing 
two extreme levels of good indexing 
(left – 98.8 %, right, 75.0 %) which 
gave very similar mean grain size 
measurements (34.2 µm and 34.7 µm 
respectively). 

 

2.1.5. Other factors.  A range of other factors can influence the mean grain size value.  These include 
errors in acquisition, two of which can combine to affect the magnification calibration in the vertical 
direction: firstly, inaccurate measurement of the tilt angle of the specimen, and secondly, drift of the 
specimen/imaged area which usually occurs in the same direction.  Other factors include definitions 
used such as the chosen value of angular misorientation used to define a grain boundary.  In some 
combinations the effect of these factors can cancel each other out, but if combined to, say, all increase 
the mean they can add 15 - 20 % to the quoted value. 
2.2. Linear intercept and optical grain size measurements 
The results discussed in the preceding sections were all based on the use of circle equivalent diameter 
grain sizes Dcircle, but linear intercept measurements Dlin are also commonly used, particularly when 
comparing with optical methods of measurement or where grains are not equi-axed.  The participants 
in the round robin were all asked to report Dlin as well and these are summarized in Table 1 next to the 
Dcircle values, from which it can be seen that: 
i) Comparing the overall mean values, the Dcircle value is about 9 % greater than Dlin, which is close to 

the ratio suggested in the appendix to ISO 13067 [2]. 
ii) The repeatability of the two measurements is very similar (rcircle = 2.54 is 20 % greater than 

rlin = 2.13), but the reproducibility of Dlin is much better than that of Dcircle (Rcircle = 5.79 is 70 % 
greater than Rlin = 3.36). 
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It was also noted that only one laboratory reported linear intercept measurements in both X and Y 
directions and the same laboratory was the only one to explicitly report using a cut off for minimum 
linear intercept size in the same way as a cut off value was reported for the equivalent circle diameter.  
One possible reason for the increased reproducibility range for the Dcircle measurements is the 
unassessed error of measurement in the Y direction caused by drift and/or tilt errors which would only 
be revealed by comparison of Dlin measurements in both directions after using this same method to 
check that the material was truly equi-axed. 

Linear intercept measurements were also made on optical images taken from one of the samples.  
This produced a mean value of 34.6 µm taken from 431 measurements.  The good agreement with the 
EBSD measurements could be seen from plots of the size distribution (figure 4) to be in part a 
consequence of choosing a suitable cut off value for the minimum grain size chosen for EBSD such 
that it had a similar effective resolution to that of the optical microscope. 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Distribution of 
optically measured linear 
intercepts compared with 
EBSD measurements by 
linear intercept and 
equivalent circle 
diameter from a selection 
of participating 
laboratories B, F and J. 

 
2.3. Summary 
The use of EBSD for measurement of grain size is now a widely used method in industry and 
academia and the round robin study described has shown reproducible measurements are possible, but 
only with careful attention to detail.  Even obvious issues such as magnification calibration need to be 
checked in orthogonal directions and use should be made of both circle equivalent and linear intercept 
measurements to look for errors caused by, for example, tilt or drift.  Use of agreed standards such as 
ISO 13067 will help with this, and for specific materials attention must be paid to agreeing definitions 
of grain boundary angles and particularly a minimum grain size (cut off value) used in the calculation.   
Further studies, extending perhaps to finer grain sized materials, would be useful to establish if greater 
reproducibility is possible by application of the findings from the current work. 

3. EBSD cameras 
It was noted in the introduction that acquisition rates have increased by a factor of about 10 in the past 
decade.  However, increased speeds usually require the compromise of a large reduction in the 
information available from the EBSPs.  For much day to day mapping of microstructures this is 
perfectly acceptable, but there are some applications where high detail and accuracy in EBSP  
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acquisition is of more importance than speed.  Examples of such applications include discrimination 
between phases with similar structures or small differences in lattice parameter such as tetragonal lead 
zirconium titanate piezoelectric materials with differences between a and b lattice parameters of < 3 % 
[16, 17]. 

A significant application which requires high accuracy and detail in acquired EBSPs is the 
measurement of strain: a paper by Wilkinson [18] this series will describe this method in more detail, 
but it is appropriate here to describe some of the implications this has for detector design and accuracy 
of EBSP acquisition.  A key requirement for the measurement of elastic strain is the ability to compare 
(by cross-correlation) an EBSP from the strained material to an EBSP produced from unstrained 
material of the same orientation [19].  This can be difficult, if not impossible in, for example, small 
grained materials in which unstrained positions in each grain may not be identifiable.  A way of 
overcoming this problem is to use a simulated strain free EBSP.  This has two main requirements:  
obviously a method for producing a detailed simulation is needed, but also an accurate knowledge of 
the geometry of the EBSD system, relating the position of the beam on the specimen generating the 
EBSP precisely to the position of the camera phosphor and any distortions in the optical path between 
the phosphor and the CCD camera. 

Considering pattern simulation first, there are two possible methods with very different 
requirements for computational time.  Kinematical simulations can produce simple patterns (as shown 
in figure 5) relatively quickly but studies by Britton [20] have shown that their use can result in 
significant errors in calculations of strain because of the large differences in intensities, especially at 
the zone axes of the patterns.  Dynamical simulation of EBSPs, pioneered by Winkelmann [21], 
produces much greater detail, as can be seen in figure 5b.  With appropriate filtering of the 
cross-correlation between the real and dynamical simulations in figures 5a and b, realistic calculations 
of strain fields can be achieved. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Cropped 20 kV 
EBSPs from Ge: a) 
experimental;  b) dynamic 
simulation of pattern with 
minimum plane spacing of 
0.5 Å and no inelastic 
scattering anistropy;  c) Bragg 
simulation with 204 reflectors 
and no higher orders;  
d) improved Bragg simulation 
with simple band profile and 
higher order reflectors (after 
Britton et al. [19]). 
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3.1. Detector development 
Given the detail possible from dynamical simulations, it is appropriate to consider if greater detail 
could be captured with improvements to EBSD detectors.  Commercial detectors designed for higher 
quality pattern acquisition use CCD cameras with 12-bit acquisition and ranging from 1000 to 
1600 pixels in their maximum dimension (although in most day to day operations they would be run 
with binning of pixels to reduce acquisition time and images generally stored after background 
correction in 8-bit grey scale).  An experimental system with a 5 MPixel 16-bit CCD camera with 
2448x2050 pixels and a 50 % larger phosphor screen has been demonstrated [22] and figure 6 
compares the output of this camera with that of a commercial camera producing 1340x1024 pixel 
image when positioned 30 % closer.  With only static background correction and no averaging, the 
greater detail, particularly in the black deficiency lines is obvious, as is the greater field of view.  The 
ring and disc shadows visible in the 4 corners of the image will be discussed in the following section. 
 
 

 

 

 
Figure 6.  a) 2448 x 2050 pixel EBSP single frame image acquired from a <001> oriented silicon 
specimen, shown at the same magnification as b) a 1340x1024 pixel image (averaged over 10 frames) 
from a commercial  camera positioned 30 % closer to the specimen. 
 
 

An alternative method being investigated is to eliminate the phosphor screen and CCD camera 
altogether and detect electrons directly;  previous work has looked at direct electron detection for 
transmission [23, 24] and low-energy electron microscopes[25] but is now looking at energies suitable 
for scanning electron microscopy [26, 27].  The conversion by the phosphor screen of the electrons to 
light and then reconversion of this light back to electrons by the CCD is obviously inefficient.  
Detecting the electrons directly increases the signal available and can in principle run faster with 
greater definition in the pattern as well.  It also reduces errors arising from misalignment of the optic 
system and, being planar, removes distortions due to the lens, both of which cause problems for 
comparison of real and simulated patterns [28, 29].  Figure 7 shows an EBSD pattern from a GaN thin 
film acquired with a direct electron detection Timepix chip positioned approximately 3 cm in front of 
the sample [26]. The EBSD pattern shown in figure 7 was acquired at an acceleration voltage of 
30 kV, at a beam current of order 0.5 nA, a beam spot size of around 2 nm and an acquisition time of 
1 second.  While the field of view is limited, the increase in detail available with this camera is 
noticeable. 
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Figure 7.  Direct electron detection EBSP of GaN 
acquired with a Timepix chip at 30 kV (after Vespucci et 
al. [26]). 

 
 
3.2. EBSD camera geometry and pattern centre measurement 
It has been shown [29] that, while not obvious in day to day use, detector geometry issues such as 
optic axis misalignment, spherical distortion by the EBSD system lens and vignetting can be 
significant and need to be minimized to reduce the effects that simulation must take into account.  The 
5 MPixel camera used to produce the pattern shown in figure 6 was designed to minimize these 
effects, for example selecting the camera lens to produce minimum spherical distortion even with the 
large apertures needed to increase light levels.  Using the methods described in [29], these issues were 
accurately characterized since they would remain generally constant in operation.  The other major 
design factor was to increase the rigidity of the system while allowing for fine adjustments to centre 
the system at precisely the required working distance before fixing in place.  Even with this rigidity, 
the specimen-camera geometry, described by the pattern centre (PC) parameter, still needs to be 
measured accurately for each new specimen, and to do this a shadow casting technique was used [29].  
With the geometry shown in figure 8, the solid discs projecting from a brass grid mounted in front of 
the camera phosphor produce shadows on the phosphor.  Having assembled the front small grid in 
alignment with a larger grid mounted in the plane of the phosphor, the whole system of grids, 
specimen and camera can be aligned so that the common axis of the two grids marks the pattern centre 
when the circular disk artefacts are aligned with the rings.   Even when the system is out of alignment, 
the true pattern centre can be calculated from the displacement of the disks relative to the circles. 

Figure 9a shows an EBSP from a silicon specimen acquired with the 5 MPixel camera in which 
superimposed on the disc shadows are simulations of these discs produced using the calculated pattern 
centre parameters.  To demonstrate the tracking of the movement of the pattern centre, the sample was 
displaced in the Z-direction by +0.30 mm, in X by 0.52 mm and Y by 0.24 mm.  Figures 9b and c 
show enlargements of the disc shadows and simulations before and after the movement.  At the centre 
between the four disc shadows the position of the pattern centre calculated from the disc positions is 
shown by the large “X” relative to the perfect alignment with the camera axis denoted by the smaller 
“+”.  It can be seen the “X” tracks the movement of the vertical {220} band from the EBSP with the 
change in PC caused by the sample displacement, indicating the calculations must be at least close to 
an accurate value.  It may be noted that there is scope for refinement of this calculation as the ellipse 
fitting used to simulate the disc shadows could still be improved. 
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Figure 8.  Geometry of shadow 
casting system 

 
 
 

 
 

 
 
 
 

Figure 9.  Calculation of pattern centre shown by 
simulation of disc shadows.  a) Full pattern with 
disc shadows seen in corners;  b and c) Show 
enlargements of the disc shadows and simulations 
before and after movement of the sample by 
+0.30 mm  in Z, 0.52 mm in X and 0.24 mm in Y.  
Position of the pattern centre indicated by green 
X, tracking the movement of the dark vertical 
{220} band. 
 

a) 

b) c) 
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4. Conclusions 
EBSD technology is now sufficiently advanced that grain size measurement by this method for 
development and quality purposes in industry is becoming important.  However care needs to be taken 
in both calibration of the complete SEM-EBSD system and in choice of the correct data acquisition 
and processing parameters.  Development of international standards provides guidance to minimize 
errors. 

Extending the capability of EBSD to enable more widespread use of, for example, the local 
measurement of strain requires improvements in the accuracy and detail available in EBSP acquisition.  
New shadow casting methods provide one way to achieve better accuracy in definition of sample-
pattern geometry while increased detail can be obtained by larger cameras and ultimately direct 
electron detection. 
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