Book of Tutorials and Abstracts

, LIBERTAS PERFUNpg,
N~~~ 0‘0‘0
=SS
—+=Il| @
" . |
-+
* OMpja LVCE *

European Microbeam Analysis Society

EMAS 2025

18th
EUROPEAN WORKSHOP

on

MODERN DEVELOPMENTS
AND
APPLICATIONS
IN
MICROBEAM ANALYSIS

11 to 15 May 2025
at the
TecnoCampus
Mataré (Barcelona), Spain

Organized in collaboration with the
Universitat de Barcelona, Spain




EMAS
European Microbeam Analysis Society eV
www.microbeamanalysis.eu/

This volume is published by:
European Microbeam Analysis Society eV (EMAS)
EMAS Secretariat
c/o Eidgendssische Technische Hochschule, Institut fiir Geochemie und Petrologie
Clausiusstrasse 25
8092 Ziirich
Switzerland

© 2025 EMAS and authors

ISBN 978 90 8227 6985
NUR code: 972 — Materials Science

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means, electronic, mechanical, by photocopying, recording
or otherwise, without the prior written permission of EMAS and the authors of the individual
contributions.
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1. INTRODUCTION

Additively manufactured (AM) alloys have heterogeneous microstructures with broad grain size
distributions and highly anisotropic and/or non-convex grain shapes. AM components can have
complex geometries and porosity which may affect the local microstructure. Currently there is
no electron backscatter diffraction (EBSD) based grain size measurement standard suitable for
typical AM materials.

An interlaboratory comparison study was conducted to find out what grain size metrics and
summary statistics are currently used to describe average grain size. Participants were asked to
measure and report the average grain size from the same EBSD map dataset. Detailed reports
have been published in [1]. Based on these results, we have tested and propose recommendations
for a new standard for measuring average grain size in AM materials. The present work
demonstrates the suitability and limitations of the proposal across several different Ni and Al
AM components.

1.1. Grain size standards

A major standardisation need of grain size measurement is for patent claims and alloy grade
specifications. The measured grain size in this context is to distinguish between (dis)similar
structures. Three general standards exist for grain size measurement of metallic materials:
ASTM E112 [2], describes intercept and planimetric methods to measure average grain size from
micrograph images; ASTM E2627 [3] and ISO 13067 [4] both describe electron backscatter
diffraction (EBSD) based grain size measurements, but specify different requirements.
Other material-specific standards for grain size measurement also exist, such as ISO 4499 for
WC grain size measurement in hard metals.

ASTM E112 has been cited within the ‘Claims’ section of 242 patents between 1970 and 2024
[5], but neither ASTM E2627 nor ISO 13067 have been cited in the ‘Claims’ section of any
patents since their first publications in 2013 and 2011 respectively [6].

Quantitative grain boundary identification and full sectional grain size distributions are available
from EBSD orientation maps. For additively manufactured (AM) alloys, which typically have
complex microstructures with broad grain size distributions, EBSD may offer a more complete
description of the microstructure compared to planimetric or intercept-based methods,
which only measure the average grain size. However, EBSD-based average grain size
measurements are extremely sensitive to operator choices during the experimental, data clean-up,
grain reconstruction, and statistical analysis steps, which may limit its usefulness in a patent
claim.
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1.2. Grain size metrics

The simplest grain size metric available from an EBSD grain map is grain area. This metric
makes no assumptions about grain shape, but area units (m?) are less intuitive than length units,
so the equivalent circle (CEq) diameter is often reported instead. This approximation of the grain
sectional diameter in equiaxed microstructures, but can be extremely misleading if the grains are
elongated, e.g., along the build direction. Ellipse fitting can describe the elongation, but the
fitted ellipse shape is sensitive to the choice of best-fit algorithm, especially for highly
non-convex grains. Feret diameters along various directions, which is the minimum distance
between two parallel lines containing the grain, can be used instead. These values are lengths
that can be measured directly from the EBSD grain map. The maximum Feret diameter (MFD)
is most commonly reported. The minimum Feret diameter, as well as Feret diameters along
primary sample axes, are also used. The ASTM number G is specified in ASTM grain size
standards to represent average grain size. It is convenient for relating materials properties
because it scales with most grain-size-dependent material properties [7], but it is unintuitive to
relate to microstructural features on an EBSD map.

1.3. Grain size statistics

The simplest statistic to summarise a grain size distribution is the (implicitly number-weighted,
arithmetic) mean. The number weighted mean tends to underestimate the grain size, since small
grains and misindexed points are weighted equally to large grains. The area weighted mean is
a better option as it weights each grain’s contribution to the size distribution by its sectional area.
Use of the arithmetic mean implies a normal distribution shape, whereas the geometric mean
value implies a log-normal distribution, which is both empirically a better match of the grain size
distribution shape, and consistent with normal grain growth and recrystallisation theories [8, 9].
Alternatively, quantile values such as the 10%, 50, and 90" percentiles (written as D10, D50,
and D90 in ISO 13067) do not assume anything about the underlying distribution shape, and can
be expressed as either number- or area-weighted values.

1.4. Recommended updates to existing standards

References [1, 7, 10-12] recommended several updates to both ASTM E2627 and ISO 13067,
both generally and for AM materials. Items which have not already been addressed in
a subsequent version of the standards are summarised below:

(1) Small grains < 10 or < 100 points per grain should not be removed as this severely biases
the average grain size.

(2) The step size requirement could be relaxed. 20 % of the average grain diameter (20 points
per grain) is adequate; 80 - 500 points per grain is too much.

(3) Gaussian statistics are inappropriate as the grain size distributions are far from Gaussian.
Log-normal or Weibull statistics (e.g., using a geometric instead of arithmetic mean) could
be used instead. Also, EBSD measures the sectional grain size distribution, not just the
average grain size; this additional information should be utilised.
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(4) Obtaining EBSD maps of high enough quality (> 90 % indexed fraction) is experimentally
challenging, but absolutely crucial to accurate grain size measurement. In AM
microstructures, unindexed-points along low-angle or sub-grain boundaries can break up
large grains (or, conversely, clean-up procedures can artificially link them).

(5) A 10° misorientation threshold angle may be more appropriate than 5° when analysing
maps with highly developed sub-grain structure.

(6) The EBSD map field of view should follow the average aspect ratio of the grains.

2. GRAIN RECONSTRUCTION METHODS AND SIZE METRICS

This section aims to determine the best grain reconstruction procedure and size metric, subject
to the following constraints:

(1) The procedure and results should be software-agnostic. The map post-processing
procedure must be available in any of the major commercial and open-source software
packages (OIM ANALYSIS, AZTECCRYSTAL, and MTEX), and the measured grain sizes
should be consistent between them.

(2) A good grain size metric (e.g., grain area, equivalent circle diameter, minimum or
maximum Feret lengths) is insensitive to operator-selected experimental or
data-processing parameters, and sensitive to physical differences in the microstructure.

(3) A good grain size statistic (e.g., mean, median, nth percentiles) and visualisation method
(e.g., grain map, histogram plot) should be easy to read (e.g., fewer numbers is better),
intuitive to understand (e.g., familiar measurement units), and conservative in nature,
i.e., low-quality data can be identified quickly and directly. As with the grain size metrics,
it should also be insensitive to operator-selected parameters, and sensitive to physical
differences.

2.1. Grain reconstruction

Consistency between the grain reconstruction and EBSD map clean-up methods in different
software packages was tested using a small EBSD map (161 x 160 points, 1.251 pm step size),
acquired using the Oxford Instruments EBSD system (AZTEC 6.2) and exported in .h5oina
(HDF5 binary) and .ctf (text) formats. Edge grains were not excluded because this map is very
small.

Grain reconstruction was performed in the native analysis software AZTECCRYSTAL (.h50ina),
OIM ANALYSIS 7 (.ctf import), and MATLAB 2024a running MTEX 6.0.0 (.hSoina import).
Similar settings were used throughout: a single grain boundary threshold angle of 10°, minimum
grain size of 1 point, map edge grains included. The MTEX code is
grains = calcGrains(ebsd, 'angle', 10*degree); where ebsd is the imported EBSD map
with type @EBSD. Fig. 1 compares EBSD grain maps reconstructed by the three software
packages.
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Figure 1.  EBSD data subset used to test equivalence of grain reconstruction methods. a) - e): Grains
in random colours with grain boundaries (> 10°) highlighted in black. Unindexed points are
white. ~ White arrows: By default, MTEX hides incomplete boundaries whereas
OIM ANALYSIS and AZTECCRYSTAL shows them. e): EBSD orientation map showing band
contrast and IPF-Z (out of screen) directions overlaid.

Grain area can be computed using two methods: either multiply the EBSD map pixel area by the
number of points belonging to a grain, or construct a polygon from a grain’s boundaries and
compute its area. Figure 2 shows the difference this makes in grains containing internal
unindexed points. AZTECCRYSTAL and OIM ANALYSIS use the point counting method only,
whereas in MTEX has both: grains.area uses the polygon construction method and the output
is in units of um?, and grains.grainSize uses the point counting method and the output is in
units of pixels (The grains.grainSize property in MTEX 6.0.0 (released November 2024) has
since been deprecated and renamed as grains.numPixel in MTEX 6.1.beta2 (March 2025)).

6 7 22 8 23 9

10 11: 12 13

14 15 16 17 18

Figure 2.  Schematic showing different grain area computation algorithms. The grain of interest is blue
with black boundaries. Yellow points belong to a different grain. Unindexed points are
white. AZTECCRYSTAL and OIM ANALYSIS counts the number of blue points and computes
the grain area as 21 um?>. MTEX computes grains.area as 23 um® and grains.grainSize
as 21 pixels.

129



2.2. EBSD map clean-up

No equivalent clean-up methods are available in the three software programmes. Therefore, the
maximum allowable clean-up routines compliant with ISO 13067 (< 5 % change to EBSD map)
were performed in AZTECCRYSTAL (remove wild spikes, remove zero solutions level 2) and
OIM ANALYSIS (neighbour orientation correlation level 2). AZTECCRYSTAL’s ‘Autoclean’
function, which for this dataset is compliant with ASTM E2627 (< 10 % change) but not ISO
13067, was also tested. The MTEX method [13] is different: by default, it does not clean-up the
EBSD map, but assigns the map area to grains by interpolating unindexed regions. The effective
‘change’ to the EBSD map is therefore equal to the fraction of unindexed points (6.69 % for this
data). The code to implement this is grains = calcGrains (ebsd('indexed'), 'angle',
10*degree).

Grain maps (grains in random colours) from the three software programmes are shown in Fig. 1.
The reconstructed grains are identical as long as no clean-up is performed. Figs. 1d and 1e show
cleaned-up maps using the AZTECCRYSTAL and OIM ANALYSIS algorithms. There are minor
differences but the overall grain structures appear qualitatively similar.

The uncertainty component from clean-up varies between datasets, but an uncertainty range can
be determined from the difference between no clean up and maximum clean up and modelled as
a Type B uncertainty with rectangular distribution. Examples will be shown later on a set of
Ni-base superalloy and AISi10Mg samples in Section 3, including two AISi10Mg maps where
the indexing rate was very low.

2.3. Grain size metrics

Although the cleaned-up maps in Figs. 1d and le appear similar and have similar % changed
orientations (Table 1), they produce extremely different number-weighted metrics (Table 1
column 10). The number-weighted metrics vary by a half range of + 26 - 100 %. In contrast,
area-weighted metrics are an order of magnitude less sensitive to clean-up method at
+0.2-10 %.

The number-weighted 10" percentile (D10) values describe grains containing only a single point,
which is related to the EBSD map step size, not the microstructure. Area-weighted D75, D90
and D100 values all describe the largest grain in the system. In this small EBSD map, the largest
grain occupies about 30 % of the map area. For microstructures with extremely broad grain size
distributions, quartile values (25", 50" i.e., median, and 75" percentiles) may be better statistical
descriptors of the grain size distribution than D10/D50/D90.

Table 1 columns 1, 4 and 8 show the grain size measurements with no data cleaning.
The reconstructed grain areas are numerically identical for all three methods. The MFDs are
numerically identical in OIM ANALYSIS and AZTECCRYSTAL, and negligibly different in MTEX
(£ << 1 pixel length).
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Table 1. Grain size summary statistics of the same EBSD map using different software packages and
clean-up methods using a grain boundary threshold angle of 10°.

Column 1 2 3 4 5 6 7 g 9 10
Ni AJGQ Subset 2 AztecI:Cr}'stall 32 MI.EX. 6.0.0 DLI\IA 7 0%
(native hoina) (h3oina import) (ctf import) @
9331 % indexed | _ = | Nocka | mewolaed | F
8 - B unindexed™® & m_ | S
3 8 2 lz=]|¢ 2 =|5 = E E
2 | B | 2 |2E|2E|2R|2E 2| P |2
= S 2 D oo ',.3 H
% points changed] 0 4.11 | 6.48 0 6.69** 0 3.49 0%
Num. grains 111 g5 64 111 | 111 63 63 111 88 126.77%
Mean | 217 | 295 [ 402 | 217 | 218 | 382 | 411 | 217 | 283 |33.04%
— |Geomean| 7 11 21 7 7 19 25 7 10 |71.05%
% D10 1 1 1 1 1 1 1 1 1 N/A
s | D25 1 2 2 1 1 2 4 1 1 [90.00%
?__ D50 3 6 14 3 3 16 18 3 4 196.43%
é é D75 24 57 g5 24 24 85 101 24 52 |72.79%
A D90 272 | 408 [ 596 | 272 | 277 | 569 | 596 | 272 | 394 |39.88%
S Max | 8130 | 8476 | 8603 | 8130 | 8147 [ 8138 | 8622 | 8130 | 8388 | 2.96%
& Mean | 4412 | 4599 | 4692 | 4412 | 4420 [ 4453 | 4696 | 4412 | 4600 | 3.14%
| o |Geomean| 2629 | 2796 | 2002 | 2629 | 2633 [ 2745 | 2867 [ 2629 | 2820 [ 4.98%
5| 2] D1o 343 | 382 | 415 | 343 [ 343 | 383 | 385 | 343 | 405 | 9.69%
5 | D25 [ 2180 | 2228 [ 2238 | 2180 | 2187 | 2180 | 2243 | 2180 | 2212 || 1.43%
2 D50 | 4422 | 4563 | 4603 | 4422 | 4458 | 4426 | 4652 | 4422 | 4570 | 2.55%
E D75 | 8130 | 8476 | 8603 | 8130 [ 8147 | 8138 | 8622 | 8130 | 8388 | 2.96%
D90 | 8130 | 8476 | 8603 | 8130 | 8147 | 8138 | 8622 | 8130 | 8388 | 2.96%
Max | 8130 | 8476 | 8603 | 8130 | 8147 [ 8138 | 8622 | 8130 | 8388 | 2.96%
Mean il 22 28 17 17 30 30 17 21 129.40%
— |Geomean| 6 8 11 6 6 12 12 6 7 |36.4%%
% D10 2 2 2 2 2 2 2 2 2 0.00%
s | D25 2 3 3 & 2 4 4 2 2 |37.50%
g z D50 4 6 9 4 4 11 11 4 5 |5431%
=|= [ D75 14 20 28 14 14 32 32 14 17 |43.78%
2 D90 47 54 &3 47 47 83 83 47 52 129.83%
% Max 232 | 233 [ 233 | 232 | 232 [ 232 | 232 | 232 | 232 |032%
;: Mean | 163 | 163 | 167 | 163 | 163 [ 167 | 166 | 163 | 167 | 1.21%
B|  |Geomean| 139 | 141 | 145 | 139 | 139 | 146 | 144 | 139 | 144 | 247%
E 2| b 50 50 50 50 50 54 54 50 50 | 3.93%
2|35 | D25 118 | 119 [ 119 | 119 | 119 | 119 | 119 | 118 | 118 | 042%
2 D50 185 | 185 [ 185 | 186 | 186 | 186 | 186 | 185 | 185 | 027%
E D75 232 | 233 | 233 | 232 | 232 | 232 | 232 | 232 | 232 |1022%
D90 232 | 233 | 233 | 232 | 232 | 232 | 232 | 232 | 232 |1032%
Max 232 | 233 [ 233 | 232 | 232 | 232 | 232 | 232 | 232 |0:22%

1 ISO 13067 compliant - remove wild spikes, remove zeros level 2 (ie. min 7 neighbours)
2 ISO 13067 compliant - neighbour orientation correlation level 2
* This is the default MTEX method

** Interpolating unindexed points assigns full map area to grains; no EBSD data changed

The effect of grain area computation method on grain size is shown in Table 1 (columns 3 versus
4, and columns 5 versus 6). Its uncertainty contribution to grain area is similar in size to the
effect of data clean-up, but its effect on MFD is negligible, as it only affects the area-weighting,
not the MFD length measurements.
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2.4. Excluded grains

Grains can be excluded from analysis if they are too small, or if they cut the map edge. The size
of individual small grains has higher uncertainty than larger grains, and (misindexed) noise
points may be mistaken for small grains, so ISO 13067 and ASTM E2627 specify that small
grains below a threshold size (10 and 100 points respectively) should be excluded from the
analysis. The size of grains which cut the map edge cannot be measured directly, and both
standards specify that they should be excluded from grain size analysis.

Figure 3a shows square subsets of different sizes cropped from the same large map (purple
rectangle). When the map field of view is small with respect to the grain size, the majority of
the map area is excluded as edge grains (green grains). The area-weighted grain size is
underestimated for small image fields, because large grains are statistically more likely to
intersect the map edges and be excluded.

The Miles-Lantejoul correction, recommended in ISO 13067, recognises that the probability that
a grain cuts a map edge is equal to its length fraction perpendicular to that edge, and the grain
size distribution may be weighted to correct the bias towards excluding larger grains [14].
However, this is not trivial to implement practically in AM microstructures, where a wide range
of grain shapes and aspect ratios can contribute to each histogram bin: For example, a long and
thin grain is more likely to cut the map edge than an equiaxed grain with similar grain area.

A better area-weighting method is shown in the cumulative histograms in Fig. 3b. Here, grain
size is weighted by its area fraction of the indexed EBSD map area. If small grains below
a threshold size are excluded from the analysis, their area fraction is appended to the small-grain
end of the cumulative histogram.

For example, in the 800 x 800 pm* map (Fig. 3a, yellow box), 7.7 % of EBSD map points were
not indexed. Out of the indexed points, 0.6 % belong to grains < 10 points, 66 % belong to large
interior grains, and 33 % belong to large grains that intersect the map edge. Therefore, the bottom
0.6 % and top 33 % of the corresponding cumulative histograms in (Fig. 3b-ii, yellow plots) are
left empty, to account for the excluded small grains and map edge grains respectively. If grain
size values are read from a cumulative histogram, the grain size uncertainty component from
histogram bin precision should be modelled as a Type B uncertainty with rectangular
distribution.

The variation in indexed-area-weighted median is = 1.5 % half-range for MFD (207 pum), and
+ 9.3 % for grain area (6,290 pm?). In contrast, conventional area-weighted medians have much
higher uncertainties (179 um = 16 % for MFD, and 4,875 um? + 33 % for grain area), since their
values change significantly with image field size and minimum grain size threshold (Fig. 3b,
coloured | markers).
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Figure 3.  Effect of grain exclusion on the median grain size. a) Square map subsets 200 - 1500% pm?
cropped from the same map (purple box). The EBSD grain maps show map edge grains in
green, small grains < 10 points in pink, and map interior grains in blue. The grey-highlighted
text is the area fraction of map interior big grains, which may be used for grain size
computation according to ISO 13067. b) Cumulative histograms weighted by indexed map
area fraction, for the five EBSD maps in a), showing MFD (left column) and grain area
(right column), and minimum grain size thresholds from 1 to 1000 points (rows).
The indexed-area-weighted median grain sizes are marked by dashed black vertical lines.
Conventionally area-weighted median grain sizes for each subset are plotted as
vertical | markers at the 50 % map area.
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2.5. Microstructure sampling

An appropriate field of view (FoV) size should be a representative sample of the microstructure,
as well as contain enough grains to build up the cumulative histogram distributions in Fig. 3.
Figure 4 shows the sampling uncertainty component to the measured average grain size for
different EBSD map FoV sizes, using the bootstrap analysis described in [11].

(a) Median value of Feret Diameters
800 800
700 ) 700!
+ o * 9
600 208 pm * 12 % 600 - 204 pm £ 12 %
= =
<500 . 25001
3 =)
= 400 m 4001
300} 300 |
200{ 200}
0 5 10 15 0 5 10 15
200 200
Tlpm £ 10% | § i 86 um + 9%
£ 150 = 150
5
= o
c £
= o
= 100 > 100}
{ ==
o
|_
50| R 50
0 5 10 15 0 5 10 15

FoV size (multiples of median Feret diams along map axes)

(b) Example cropped EBSD maps at different multiples of median grain size

Figure4. EBSD map sampling uncertainty components calculated from bootstrap analysis.
a) Indexed-area-weighted medians of Feret diameters along different directions. Scatter
points show grain sizes from each individual map, line plots show the mean grain size from
30 samples, and error bars show 1 standard deviation of the measured grain size. b) Example
EBSD grain maps (left) and IPF orientation maps (right) at different FoV sizes. FoV size is
expressed as a multiple of the indexed-area-weighted median Feret diameter along the map
axes.
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30 EBSD map subsets per FoV size were cropped from a larger EBSD map for grain size
analysis.  The cropped FoV aspect ratio was selected to follow the ratio of the
indexed-area-weighted median Feret diameters along the EBSD map axes (202 pm and 86 um
along and transverse to the build direction respectively). The FoV sizes (horizontal axis in
Fig. 4a) are scaled as multiples of these median Feret diameters, and Fig. 4b show qualitative
examples of grain size and EBSD IPF orientation maps at a range of FoV sizes.

Four indexed-area-weighted median Feret diameters were calculated from each subset:
The maximum and minimum Feret diameters, and the Feret diameters along the EBSD map
directions parallel and transverse to the AM build direction. The MFD and Feret BD diameters
are similar, but the minimum Feret diameters are significantly smaller than the Feret-transverse
diameters because the grain shapes are far from elliptical.

All four grain size plots in Fig. 4a follow a similar trend: Sampling uncertainty (error bar widths)
increases with decreasing FoV size, but he mean of the average grain sizes is stable for FoV sizes
> 7 x. As the FoV becomes smaller, the mean value increases because of large outliers (black
scatter points) where the map FoV is dominated by one large grain.

The sampling uncertainty is around 10 % for FoV sizes of 15 x grain lengths. This a lower-bound
estimate of the random sampling uncertainty because the sampled areas overlap when
bootstrapping, which is significant for larger FoV sizes.

2.6. EBSD map step size and grain boundary threshold angle

Grain size is intrinsically linked to the EBSD map step size and boundary threshold angle in
typical AM microstructures, which have large intragranular rotations and sub-grain boundary
structures. The distinction between grain boundaries and sub-grain boundaries is somewhat
arbitrary and depends on the grain boundary threshold angle value, as well as the grain
reconstruction method. The EBSD map step size affects the effective grain boundary threshold
angle during grain reconstruction, because grain boundaries are defined by the misorientation
angle between adjacent points. When the step size is extremely large, grains can also be broken
up because pixel-connectivity is lost in the thin regions of non-convex grains.

A longer step size decreases the measured grain size, because grain boundaries with
misorientation just above the threshold angle at a larger step size are no longer classified as grain
boundaries at a smaller step size, since the same misorientation is split between more map points.
Figure 5 shows an example of this: The EBSD map a) was 2 x 2 binned to double its step size
in b). The maximum grain size becomes smaller when the step size is Fig. 5 doubled, and the
circled grains highlight a few single grains at a smaller step size which have been split into
multiple grains at a larger step size.
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Figure 5.  Effect of step size on grain size.saFS ?)rlgn{aﬁrgnd b) 2 x 2 binned EBSD maps of Hastelloy-X
with MFD colour scaling, where black is the smallest grain and white is the largest grain
within each map. c) Systematic decrease of median (orange) and 75" percentile (blue) MFD
with increasing step size, obtained by binning the EBSD map in Fig. 3a from 1.25 to 15 um.

3. APPLICATION TO DIFFERENT MICROSTRUCTURES
3.1. Hastelloy-X

Three AM parts were made by selective laser melting using the same powder and identical build
parameters except for the laser power variation mode (square, sinusoidal, triangular waveform).
EBSD maps were acquired from four different SEMs using a wide range of experimental
parameters, and spatially binned to match the step sizes to as close as possible to 2.5 pm.
All maps had at least 90 % indexing and 11 grains along the build direction. A 10° boundary
threshold angle was used throughout.

The uncertainty component from grain clean-up was calculated from the difference between no
clean-up and maximum possible clean-up, and treated as a Type B uncertainty with rectangular
distribution. The uncertainty component from grain size histogram binning was the histogram
bin half-width, and treated as a Type B uncertainty with rectangular distribution. The uncertainty
component from microstructure sampling was calculated from 30 bootstrap subsamples as
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described in Section 2.5 while maintaining the same map length along the build direction, and
treated as a Type A uncertainty. These were converted to standard uncertainties, combined by
adding in quadrature, and finally expressed as an expanded uncertainty with coverage factor k = 2.

Table 2 shows the average grain sizes of these three parts, expressed as median
indexed-area-weighted MFDs, and as well as another Ni-base superalloy from an unrelated AM
build for comparison. Figure 6 shows grain size maps and cumulative histograms of the grain
size distributions of the same maps. The average grain size and grain size distributions of the
three similar AM parts are similar, whereas unrelated Ni sample has a very different grain size
and size distribution. Maps which are shorter along the build axis have more stochasticity and
tend to overestimate the grain size at higher quantile values, which is consistent with the
bootstrap analysis results in Fig. 4.

Table 2. Average grain sizes and uncertainties for four EBSD maps of Hastelloy-X and one unrelated
AM Ni sample. *For the Triangle dataset, cropped map at full length was not much smaller
than the full map, so the map length was halved for the sampling uncertainty calculation to
avoid too much overlap in the bootstrap model.

3 o o
a ¢ W = s 2 3 2 a 230 o
§ u‘; tg- - .E S ° .g g :N s ® ; E Tl. S <V Sinusoid
AM gmaoxg o 8 3 § &2 £ 8 2 F o2& {210 I '
process & 2 - ? 0 '5 g E E @ g §° E g RE b Triangle
228, § % Z 2 A § 3§ & £ Wg 510 |
@3 = g &7 f " & & v FAE t
6 @ 7= = = H | H o 3 Square Square
= i £ 150 1 2
Sinusoid (0] M sqgqr 8 25 91%82% 206 8 35 33 334 67 —E 130
Square 1 E S hex 11 25 99%84% 190 0 3 15 15 30 ; 110
Square 2 (0] M sqr 16 25 96%91% 200 4 4 24 24 48 < 9o Unrelated
Triangle E M sqr 44 3.0 92%94% 178 10 45 6.5* 9 18 2 70 §
Unrelated O M sqr 11 3.0 98%81% 72 15 15 58 6 12 50

Any potential effect of laser power variation mode (triangle, sinusoidal or square) on grain size
distribution is smaller than the grain size measurement uncertainty.

3.2. AlSil0Mg

3.2.1. Large components. Two different AM builds of AlSi10Mg were analysed in this section.
Both contained pores and a banded microstructure along AM build layers. Grains oriented with
[001] parallel to the build direction (red in the orientation maps) are larger and elongated
approximately along the build direction, whereas grains of other orientations are smaller and
equiaxed. Figure 7 and Fig. 8b show AlSi10Mg EBSD maps from two unrelated AM builds but
similarly large components.
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Figure 6.  Grain maps and grain size distributions for the five EBSD maps analysed in Table 2.

The EBSD maps in Fig. 7 were acquired with 20 kV electrons, on two orthogonal faces with
build directions perpendicular and in-plane (Fig. 7a and 7b respectively). The indexing rate for
these maps were low (65 % for Fig. 7a and 81 % for Fig. 7b) because of sample porosity
(e.g., white arrow in Fig. 7a) and inadequate EBSD spatial resolution at 20 kV. The unindexed
points were not randomly positioned, but disproportionately affected areas with smaller grains.
These maps are not compliant with any existing standards.

In contrast, the AISi10Mg EBSD map in Fig. 8b contained fewer pores, and the EBSD map was
acquired at 15 kV to improve spatial resolution, resulting in a 95 % indexing rate.

The uncertainty components due to grain clean-up were + 13 % for the map in Fig. 7a (65 %
indexed) and + 4 % for the map in Fig. 8b (95 % indexed). These relative uncertainty
components from grain clean-up are consistent with the results from Hastelloy-X described in
Table 2.

More complex grain properties, such as the banded grain structure and correlations between
preferred orientation and grain size or aspect ratio, cannot be captured by the median MFD
statistic. However, the median MFD is able to show the differences between the two AM builds,
as well as the elongation along the build direction.
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Figure 7.  AlSi10Mg EBSD maps (20 kV, 65 - 81 % indexed). a) EBSD pattern quality and orientation
map showing IPF directions along the build direction, which points out of page. White arrow
points to an example pore. b) EBSD pattern quality and orientation map showing
IPF directions along the build direction, which points west (left) in the map.
c¢) and d) Enlarged portions of the 500 pm wide box in b) showing unindexed points
concentrated at pores and near small grains. ¢) Median MFDs and grain size uncertainty due
to grain clean-up. The MFD = values are the cumulative histogram bin widths used for
MFD computation.

3.2.2. Lattice structures. Figure 8a shows AlSi10Mg EBSD maps of lattice strut cross-sections
where the AM build parameters are identical to those of Fig. 8b but the component size is small
and has a complex geometry. The grain elongation direction no longer follows the build direction
but instead depends on the local heat flow environment, which is related to the locations of
neighbour struts, as well as the distance from the solid plate they were built up from. In the third
layer up from the solid plate in Fig. 8a, the microstructure switches from columnar to equiaxed
and dendritic. Similar microstructural variations have been observed in AlSi10Mg subjected to
different heat treatments [15].
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Figure 8.  AISil0Mg EBSD maps from a) lattice struts, and b) a large solid part. Text annotations are
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sections. c¢) Grain size cumulative histogram and FOV size calibration plot calculated from
the EBSD map in b).
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4. DISCUSSION
4.1. Sample selection

The microstructure of an AM material depends on the shape of the built component, because the
local cooling and reheating conditions, which are related to the component shape, can change
the microstructure.

This is very obvious in the strut cross-sections in the A1Si10Mg lattice structures (Section 3.2.2),
which have completely different microstructures from the (nominally) larger parts of the same
AM build, and which changed with the three-dimensional geometry of the surroundings.
The grain size and any microstructural features in these regions apply only to regions with the
same local geometry, including distance from nearby thermal masses. Since each strut section
contains too few grains to build up a grain size distribution, multiple similar samples would be
necessary to measure the average grain size from small sections such as this.

Local effects are present even in large components, where grains near a surface or side-wall can
be different to internal grains. For example, the surface grains in the Hastelloy-X sample in
Fig. 5 are elongated along the radial direction, whereas internal grains are elongated along the
build direction (this is explored further in [12]). In the interlaboratory comparison study [1],
a major uncertainty component was related to whether or not participants chose to crop out fine
grains near the AM build surface from the analysis FoV.

4.2. EBSD analysis parameters

Section 2.6 showed that grain sizes measured from EBSD maps acquired at different step sizes
are not directly comparable, even if the boundary threshold angles are the same, because the high
temperature gradients of AM processes can generate microstructures with sub-grain boundaries
and large intragranular misorientations. This is different to microstructures with fully
recrystallised grains separated by high-angle grain boundaries, where EBSD map step size and
grain boundary threshold angle can be treated as independent parameters. Therefore, grain size
should always be reported with its EBSD map step size and grain boundary threshold angle in
such microstructures.

There is no objectively optimal value for the threshold angle, but it affects the measured grain
size greatly, and different values can be appropriate for different material types. Identical
threshold angles (and step sizes) must be used when comparing EBSD grain sizes.

Since AM microstructures have very wide size distributions, a good grain size spatial resolution
should be balanced with a sufficiently large FoV. The guidance on EBSD map step size selection
in ISO 13067 (around 10 % of the average grain diameter, in this case minimum Feret diameter)
is a good starting point. Pixellation uncertainties in reconstructing very small individual grains
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are not important for measurement of average grain size, as it only affects the small-grains tail
of the grain size cumulative histogram, not the median (Fig. 3b). However, AM grain shapes are
often non-convex so using a too-large step size can break up thin sections of large grains.
20 % of the average grain diameter, recommended in [7], may be appropriate for convex
polygonal grain structures, but is too coarse for resolving AM structures.

The FoV size should be as large as practical and follow the aspect ratio of the grains, since
a small FoV increases the random sampling uncertainty (Section 2.5) which dominates the
combined uncertainty (Table 2). 20 grain lengths per FoV were required to achieve a sampling
uncertainty of about 10 %. A lower bound for the sampling uncertainty contribution was
approximated using a bootstrap model for this work, and should be determined by sampling
non-overlapping fields of view in a real measurement.

A second effect of a too-small FoV is that a larger proportion grains are grains will cut the map
edge and be excluded (Section 2.4). In a small FoV, few or no grains contribute to the
large-grained end of the indexed-area-weighted cumulative histogram, so the median grain size
has higher uncertainty or even an undefined value (if more than 50 % of the map has been
excluded).

4.3. Representing average grain size

The MFD is a suitable grain size metric for representing sectional grain size from an EBSD map
in AM microstructures. Figure 4 showed that the MFD is a good approximation of Feret diameter
along the build direction, since AM grains tend to be elongated along the build direction.
The minimum Feret diameter is different to the Feret diameter perpendicular to the build
direction, but either one may be used as a measure of grain shape anisotropy.

The indexed-area-weighted median MFD and cumulative histogram plot, described in
Section 2.4, is a suitable summary statistic for representing the average. It offers several
advantages over conventional histograms and (arithmetic or geometric, area- or
number-weighted) mean grain size:
Firstly, the median grain size can be read directly from the 50 % point of the cumulative
histogram. Cumulative histograms are relatively insensitive to histogram bin width, which
can change the visual appearance of a conventional histogram plot even if the underlying
data is identical, and the median does not assume anything about the theoretical distribution
shape.
Secondly, the grain size distribution is insensitive to minimum grain size threshold, because
excluding small grains does not shift, but only truncates, the distribution tail at the small grain
end. This is shown in the histograms of Fig. 3b i iv, with minimum grain size thresholds of
1 to 1000 points.
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Thirdly, a too-small field of view is obvious from the cumulative histogram only, without
having to inspect the EBSD maps separately. For example, you can tell that the three smallest
subsets in Fig. 3a are too small from the shape of the histograms in Fig. 3b: The (200 um)?
(blue) and (400 um)? (red) subsets never reach 50 %, so the median value is not available at
all; the (800 um)? (yellow) histogram reaches 50 %, but the appearance of large steps at
> 4,000 um? grain area (> 35 % map area) indicates that very few grains contribute to the
histogram distribution in this size range, and the median value is highly uncertain.

Two simplifications are implicit in the indexed-area-weighting method: firstly, that grains cut by
the edge of the map are the biggest grains (and therefore contribute only to the large-grain end
of the cumulative histogram); secondly, that unindexed EBSD map points are spread uniformly
over the histogram, i.e., there is no correlation between grain size and indexing rate. Both of
these are simplifications — it is possible for a small grain to be cut by the edge of the map, and
the unindexed points are concentrated at grain boundaries, so the size of grains with shorter
perimeters are underestimated. The effect of unindexed EBSD map points can be minimised by
ensuring a high (> 90 %) indexing rate.

4.4. AM grain size measurement procedure

Recommendations for grain size measurement, determined from the analyses in Sections 2 and 3,
are summarised in the list below.

(1) Average grain size shall be reported with grain boundary threshold angle and EBSD
map step size whenever significant sub-grain structure or intragranular misorientations are
present. Grain reconstruction should be performed with a single grain boundary threshold
angle value.

(2) The indexed-area-weighted median shall be reported as the primary grain size statistic.
The 25" and 75™ percentiles, or other quantile values, may also be reported.

(3) Local dimensions of the AM component shall be reported if it has a complex geometry
that affects the microstructure compared to equivalent bulk material.

(4) EBSD map clean-up may be performed with up to 5 % change to map orientations.
The grain size uncertainty component from clean-up should be measured by repeating the
analysis without clean-up and with the maximum level of clean-up, and modelled as a
Type B uncertainty with rectangular distribution. The EBSD map clean-up shall not
artificially fill in physical pores or voids.

(5) Edge grains shall be excluded from the grain size distribution.

(6) Small grains may be excluded from the grain size distribution. If small grains are
excluded, their indexed area fraction shall be added to the small-grain end of the
cumulative histogram.

(7) The grain size distribution should be visualised as a cumulative histogram, weighted by
its area fraction of the total indexed area of the EBSD map (‘indexed-area-fraction-
weighted’ cumulative histogram distribution). Note that the indexed area includes all
indexed EBSD map points, including edge grains and small grains.
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(8) The grain size distribution should be visualised as an EBSD map with grain size colour
scaling. The colour scale should be perceptually linear.

(9) The EBSD field of view shall be large enough so that the grain area cumulative histogram
does not have discrete jumps at 50 %, which would indicate that few grains are contributing
to the median value. As a rule of thumb, the field of view should be at least 20 x larger
than the median grain lengths along that dimension. Montage mapping may be used to
generate EBSD maps with large fields of view, but should be cropped to a rectangle so that
map edge grains can be defined and excluded.

5. SUMMARY

The indexed-area-fraction weighted median MFD is a robust metric for representing average
grain size from EBSD maps of AM components. A method for measuring average grain size,
visualising the grain size distribution, and determining uncertainty components from random
sampling, EBSD map clean-up, and cumulative histogram binning precision has been tested on
several AM Ni and Al components. A relative combined expanded uncertainty (k = 2) of 20 %
can be achieved using this procedure. The total uncertainty is dominated by the random sampling
uncertainty component. When measuring AM components with complex part geometries,
several similar samples may be required to obtain a statistically significant sample.

6. ACKNOWLEDGEMENTS

Steven Ravenscroft, Linda Orkney, Helen Jones, Tony Fry, Maria Lodeiro and Peter Woolliams
from the Advanced Engineering Materials group at NPL contributed to the related project and
provided samples. Sethupathi Rangaraj from Manchester University contributed background
information for interpreting the AISi10Mg microstructures.

7. REFERENCES

[ 1] TongV and Mingard K 2025 Interlaboratory comparison of EBSD grain size distribution
analysis methods on an additively manufactured Ni alloy. [Teddington, UK: National
Physical Laboratory].

Available: https://eprintspublications.npl.co.uk/10112/1/MAT130.pdf

[ 2] ASTM 2010 Test methods for determining average grain size. [West Conshohocken,
PA: ASTM International] doi: 10.1520/E0112-10.

[ 3] ASTM 2019 Standard practice for determining average grain size using electron
backscatter diffraction (EBSD) in fully recrystallized polycrystalline materials. [West
Conshohocken, PA: ASTM International] ASTM E2627-13(2019)

144



ISO 2020 ISO 13067:2020 Microbeam analysis — Electron backscatter diffraction —
Measurement of average grain size. [Geneva, Switzerland: ISO]

Google Patents Search CL=(ASTME112). Accessed: Jan. 13, 2025 [Online]. Available:
https://patents.google.com/?q=CL%3d(ASTME112)&0q=CL%3d(ASTME112)

Google Patents Search CL=(ISO13067 OR ASTMEZ2627). Accessed: Jan. 13, 2025
[Online].

Available: https://patents.google.com/?q=(CL%3d(ISO13067+OR+ASTME2627))
Evans K S, Timberlake D M, Tyagi P, Miller V M and Payton E J 2024 Metallogr.
Microstruct. Anal. 13 966-982

Srolovitz D J, Anderson M P, Sahni P S and Grest G S 1984 Acta Metallurgica 32 793-802
Anderson M P, Grest G S and Srolovitz D J 1989 Philos. Mag. B 59 293-329

Creuziger A A and Vaudin M D 2011 Report on VAMAS round robin of ISO 13067:
Microbeam analysis & Electron backscatter diffraction; Measurement of average grain
size.  [Gaithersburg, MD: NIST]. Accessed: Jan. 14, 2025 [Online]. Available:
https://www.nist.gov/publications/report-vamas-round-robin-iso-13067-microbeam-
analysis151electron-backscatter

del Gaudio J, et al. 2024 IOP Conf. Ser.: Mater. Sci. Eng. 1310 012028

Mingard K P 2023 The use of EBSD for analysis of additively manufactured materials.
NPL Good Practices Guide 152. [Teddington, UK: National Physical Laboratory].
Accessed: Feb. 07, 2025 [Online]. Available: https://www.npl.co.uk/gpgs/ebsd-analysis-
additively-manufactured-materials

Bachmann F, Hielscher R and Schaeben H 2011 Ultramicroscopy 111 1720-1733
Escoda J, Jeulin D and Willot F 2011 Simulation of 3D granular media by multiscale
random polyhedra. in: Int. Congr. Stereology (Beijing, P.R. China). Available:
https://minesparis-psl.hal.science/hal-00879260/document

Van Cauwenbergh P, e al. 2021 Sci. Rep. 11 6423

145



146



