
Additive Manufacturing Benchmark 2022

Subcontinuum Mesoscale Tensile Challenge

(CHAL-AMB2022-04-MeTT) and Summary of

Predictions∗

Orion L. Kafka (0000-0003-2333-8154)1*†, Jake Benzing
(0000-0002-7266-870X)1*†, Newell Moser (0000-0002-3346-6427)1,

Li-Anne Liew (0000-0003-0202-026X)1, Jordan Weaver
(0000-0003-4857-5164)2, Nikolas Hrabe (0000-0001-7585-0980)1*

1Material Measurement Laboratory, National Institute of Standards and
Technology, 325 Broadway St, Boulder, 80305, CO, USA.

2Engineering Laboratory, National Institute of Standards and
Technology, 100 Bureau Drive, Gaithersburg, 20899, MD, USA.

*Corresponding author(s). E-mail(s): orion.kafka@nist.gov;
jake.benzing@nist.gov; nik.hrabe@nist.gov;

Contributing authors: newell.moser@nist.gov; li-anne.liew@nist.gov;
jordan.weaver@nist.gov;

†These authors contributed equally to this work.

Abstract

This additive manufacturing benchmarking challenge asked the modelling com-
munity to predict the stress-strain behavior and fracture location and pathway of
an individual meso-scale (gauge dimensions of approximately 200 µm thickness,
200 µm width, 1mm length) tension specimen that was excised from a wafer of
nickel allow IN625 manufactured by laser powder bed fusion (L-PBF). The data
used for the challenge questions and answers are provided in a public dataset
(https://data.nist.gov/od/id/mds2-2587). Testing models against the data is still
possible, although a good-faith blinded prediction should be attempted before
reading this article, as the results are contained herein. The uniaxial tension test

∗Official contribution of the National Institute of Standards and Technology; not subject to
copyright in the United States.
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was pin loaded, conducted at quasi-static strain rates under displacement control,
and strain was measured via non-contact methods (digital image correlation). The
predictions are challenging since the number of grains contained in the thickness
of the specimen are sub-continuum. In addition, pores can be heterogeneously
distributed by the L-PBF process, as opposed to intentionally seeded defects.
The challenge provided information on chemical composition, grain and sub-
grain structure (surface-based measurements via electron backscatter diffraction
and scanning electron microscopy) and pore structure (volume-based measure-
ments via X-Ray computed tomography) along the entire gauge length for the
tension specimen. During the challenge, prediction responses were collected from
six different groups. Prediction accuracy compared to the measurements varied,
with elastic modulus and strain at ultimate tensile strength consistently over-
predicted, while most other values were a mix of over- and under-predicted.
Overall, no one model performed best at all predictions. Failure-related proper-
ties proved quite challenging to predict, likely in part due to the data provided as
well as the inherent difficulty in predicting fracture. Future directions and areas
of improvement are discussed in the context of improving model maturity and
measurement uncertainty.

Keywords: Additive Manufacturing, Benchmark Challenge, Mechanical Properties,
Tensile Testing, Subcontinuum

1 Introduction and Challenge Formulation

Enabling the predictable and repeatable performance of additively manufactured com-
ponents is part of the Additive Manufacturing (AM) Research and Development
mission at the National Institute of Standards and Technology (NIST). Establishing
processing-structure-property relationships through advanced measurement science is
a well-accepted practice to fulfill this mission, but a full design of experiments is usually
limited by time and other valuable resources. Modelling efforts and simulations provide
a solution to this by rapidly narrowing selection windows based on predicted perfor-
mance. Moreover, the rapid iteration of product designs used in modern engineering
practice requires reliable and precise predictions. In order to prove model capabilities,
somewhat blind predictions are necessary to assess the strengths and weaknesses of a
given approach. Hence, the need for challenges exists.

Two notable previous challenges have been conducted, which target somewhat
similar application spaces. The third Sandia fracture challenge [1] provided uniaxial
tensile properties, grain structure information, pore population information, and more
(calibration data) for 316L stainless steel material manufactured by laser powder-bed
fusion (L-PBF). The challenge asked for predictions of the ductile failure path in a
specimen geometry that included internal channels of varying angles and shapes that
could not have been conventionally machined. This testing was performed by Sandia
National Laboratories, and the answers were not released until all predictions were
submitted. The results showed that most submissions were able to predict the nomi-
nal crack path and initiation location correctly, but the accuracy had improved since
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the second Sandia fracture challenge, indicating increased maturity for many types
of models. One major limitation of the challenge was its reliance upon predefined
macroscopic defects that inherently reduce the generally stochastic nature of failure.
In the following year, the Air Force Research Laboratory (AFRL) launched a four-part
challenge series bridging either processing-to-structure or structure-to-properties rela-
tionships on macro- and micro-scale length scales [2]. With respect to the current work,
specifically micro-scale property prediction from microstructure, AFRL Challenge 3
asked for predictions of aggregate macro-scale stress-strain behavior (microstructure
provided) whereas Challenge 4 asked for predictions of elastic strain in a particular
grain (explicit 3D microstructure provided) for nickel alloy 625 (IN625) material pro-
duced by laser powder bed fusion, but all requested values were prior to the onset of
localization and did not involve failure. In the report on lessons learned, the modeling
community voiced a need for clear definitions and descriptions of data. However, the
consensus was that the longer term, more impactful outcome of the challenge series is
the curated, publicly available data that is available in perpetuity. Based on potential
gaps observed in the results and lessons learned from previous challenges, the AM-
Bench 2022 Subcontinuum Mesoscale Tensile Challenge (AMB2022-04-MeTT) was
formulated.

AMB2022-04 is a direct extension to the measurement data provided by the first
Additive Manufacturing Benchmark Challenge (AMB2018-01) [3]. For AMB2018-01,
data were provided for L-PBF builds of IN625, including powder characterization,
detailed information about the build process, in situ measurements during the build,
ex situ measurements of the residual stresses, part distortion following partial cutting
off the build plate, location-specific microstructure characterization, and microstruc-
ture evolution during a post build heat treatment. Here, these data are extended
to include mechanical property data for the as-built material. An additional build
plate of parts designed for mechanical testing was fabricated using the same build
machine as AMB2018-01, the same alloy (different lot number), and a different bulk
material scan pattern. These parts were used for meso-scale mechanical testing, with
additional characterization provided by both X-ray Computed Tomography (XRCT)
and scanning electron microscopy (SEM) along the entire gauge volume and length.
The mechanical test specimen reported here was measured in the as-built state, with
no residual stress/anneal. Predictions of elastic modulus, stress at specific values of
true strain (i.e., 0:2% true strain offset yield stress, stress at 0:05mm=mm total true
strain, and ultimate tensile strength (UTS)), true strain at UTS, and fracture location
(i.e., distance from reference point to each side of the reduced cross-section “necked”
region and average fracture surface) and reduction in width were requested. In total,
six sets of predictions were submitted and compared against experimentally deter-
mined values, while taking measurement uncertainty into consideration when scoring
the models. Scoring used one standard uncertainty from the experimental measure-
ments as the base metric, i.e., models within the uncertainty were considered to have
correctly predicted the outcome.

The remaining four sections of this challenge description and results summary are
organized into (2) Materials and Methods, (3) Experimental Results, (4) Discussion,
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and (5) Conclusions. The materials and methods section describes information neces-
sary to replicate the build information, part design, tensile testing, as well as methods
used to characterize grain structure, pore structure, specimen geometry, and fracture
behavior via SEM, and XRCT. The results section is broken down into distinct sections
of results that were provided to the modellers when challenges were announced, and
the results provided after the submission deadline had closed, meaning the extra results
used to score the submissions. In the discussion section, the models and results from
each submission are compared to the value acquired with the experimental measure-
ments, and lessons learned are summarized from a post-challenge workshop that took
place a few months after the AM Bench 2022 Conference. Future directions are also
included. Conclusions on e�cacy or not of models are made for this blind prediction
and major areas of improvement are identi�ed.

2 Materials and Methods

2.1 Build information and part design

The build plate reserved from AMB2018-01 and the new build plate of specimens
for mechanical testing were both built on the same EOS M2701. The EOS M270 is
referred to using the designation CBM, for commercial build machine. To the greatest
extent possible, the build parameters and conditions were kept identical between the
AMB2018 and AMB2022 builds, but new powder lots were required because there was
insu�cient IN625 powder remaining from AM Bench 2018. The new build plate was
designated AMB2022-625-CBM-B1.

The new AMB2022-04 build was conducted using IN625 powder with chemical
composition provided in Table 1. Values in the table were taken from vendor-supplied
data sheets, which utilized ASTM E1479 [4] (inductively-coupled plasma atomic emis-
sion spectrometers) for all elements except for using ASTM E1019 [5] (combustion)
for C/S and ASTM E1019 (fusion) for O/N. The powders were kept sealed in the orig-
inal shipment containers until use. Virgin powder was used. Chemical composition for
as-built solid material was measured after the build and is also provided in Table 1.
Alloy IN625 is often used as an intermediate-to-high temperature material, and are
e�ective at resisting creep and rupture in corrosive and oxidizing environments, which
makes it industrially appealing. Generally, parts are made by forging, which results
in a homogeneous, solid solution strengthened microstructure. Forged and annealed
IN625 has a speci�ed 827 MPa tensile strength with 30% elongation [6]. When made
with L-PBF, the microstructure tends to be columnar. The microstructure and com-
position are relatively simple, for an AM alloy, but the alloy nevertheless has fair
industrial applicability, which is why this alloy was selected for the initial AM Bench
work. The current paper follows along that legacy. Further details regarding the alloy
have been reported in previous AM Bench work (see [3] and the rest of the \Additive
Manufacturing Benchmarks 2018" topical collection).

1 Certain commercial equipment, instruments, or materials are identi�ed in this paper in order to specify
the experimental procedure adequately. Such identi�cation is not intended to imply recommendation or
endorsement by NIST, nor is it intended to imply that the materials or equipment identi�ed are necessarily
the best available for the purpose.
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Table 1 Elemental composition of powder
feedstock and solid material. All composition
measurements are in mass percent. The
standard composition is de�ned by ASTM
B564-22, UNS N06625 [6] (maximum unless
range or minimum is noted).

Element Standard Powder Solid
Ni 58.0 Min Balance Balance
Cr 20.0-23.0 21.54 20.4
Fe 5 0.78 1.00
Mo 8-10 9.19 8.60
Nb 3.15-4.15 4.13 3.83
Co | 0.18 n/a
Ti 0.4 0.38 0.31
Al 0.4 0.32 0.27
Si 0.5 0.14 0.11
Mn 0.5 0.05 0.06
P 0.015 < 0.01 < 0.001
Ta | 0.02 n/a
C 0.10 0.02 0.02
S 0.015 < 0.005 0.009
O n/a 0.01 n/a
N n/a 0.01 0.21

Table 2 CBM nominal build conditions. 1Estimated. 2Measured
at build chamber ceiling

In�ll laser power (W) 195
In�ll scan speed (mm/s) 800
Hatch spacing ( µm) 100
Nominal layer thickness ( µm) 20
In�ll laser diameter, at recoating plane 1 (µm D4� ) 100
In�ll laser diameter 1 (µm FWHM) 59
Inert gas Nitrogen
Oxygen level (% � 1 Std Dev) 2 0:58 � 0:07

The nickel alloy IN625 parts were built on a full size (252 mm� 252 mm) 1045
steel alloy build plate. N2 cover gas with low velocity was used. Figure 1a shows a
diagram of the AMB2022-625-CBM-B1 build plate, along with specimen extraction.
This plate included eight macroscale tensile specimens (T1-T8), three parts designed
to provide material for mesoscale tensile specimens for this challenge (TH1-TH3),
and several additional parts for general purpose use. The part labels on Figure 1a
were appended to the build plate ID to provide unique identi�ers for the individual
parts. For example, AMB2022-625-CBM-B1-TH1 refers to the mesoscale tensile block
labeled TH1 in Figure 1a.

The portions of blocks TH1-TH3 used for mesoscale tensile testing and all
microstructure characterization used an X-only scan strategy with no scan rotation
between layers. A 100 mm stripe width was used, and the parts were located such that
characterized material did not contain stripe boundaries. Detailed build parameters
are summarized in Table 2
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Although in practice heat treatments (annealing or solution annealing) are com-
monly applied to this alloy ([6]) to enable high service temperature operation, no
heat treatment was applied to this material. A wafer (nominal dimensions 10 mm�
24:34 mm � 0:45 mm) was cut from section F of block TH1 (Figure 1b) using wire
electric discharge machining (EDM). EDM was then used to cut a meso-tensile speci-
men from that wafer (Figure 1c-d). The design of the meso-tensile specimen was from
previous work [7].

The 0:45 mm thick meso-scale tensile specimen was thinned to an approximate
thickness of 0:24 mm (see exact measurements in Table 3 and Figure 3) using standard
machine polishing procedures: SiC grinding paper, 1µm diamond particle suspension
and 50 nm colloidal silica. This sample preparation method was completed so that one
side of the entire specimen and thus gauge length could be analyzed using the SEM
and was based on methods used in previous work [8]. A �ducial mark was applied to
one grip section of the specimen to enable repeatable microstructural measurements
before and after tensile deformation (Figure 5a).

Fig. 1 Schematic of (a) build layout, (b) part on the layout, (c) material extracted from that part,
and (d) the �nal specimen geometry that was tested. Units in mm.
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2.2 Mesoscale tensile testing

The tensile tests of the mesoscale specimens were carried out using a commercial
screw-driven miniature universal testing stage from Fullam Inc., which was originally
designed for in-situ SEM testing. 2 The specimens were held in custom clevises with
1 mm diameter pins. No through-thickness forces were applied to the specimen. Based
on previous experience, deformation outside the gauge section of the meso-tensile
specimen was be assumed to be negligible. The tensile tests were performed ex-situ
under an optical microscope with a 2X objective lens, at a strain rate of 0:001 s� 1,
and at room temperature. The average strain rate of 0:001 s� 1 was determined from
the measured specimen displacements from the images during the test, which is about
2:2µm=s The crosshead speed was Papproximatesly 300µm=s. The load cell (250 N
capacity, from Omega Engineering) was last calibrated in November 2019 and has
a force uncertainty of 0:5 N, and was rechecked in February 2022. Force uncertainty
and cross-sectional area uncertainty are combined to compute stress uncertainty. Pho-
tographs of the test setup can be found in [7]. Images were captured using a Jenoptik
camera with an image resolution of 3072 pixels� 2300 pixels. Strain was measured
using digital image correlation (DIC) to conduct 2-point extensometry. An example
image used for DIC is shown in Figure 2. The images were analyzed o�ine, using DIC,
to obtain displacements in pixels, from which the engineering strains are calculated.
To avoid potential damage to the small and fragile specimen, the as-produced (wire
EDM) surface was used as the speckle pattern for DIC; no additional speckling was
conducted. A custom DIC program was used, which has been benchmarked against
known deformations (i.e., pre-deformed image pairs) and a commercial DIC program
(VIC2D) [9]. One square DIC subset with an edge length of 64 pixels was placed at
each end of the uniform section of the gauge, about 840µm from the center of the
gauge. Engineering stress was computed from load cell force measurement and mean
area as measured by XRCT, see Section 2.4. Stress uncertainty was computed from
load cell calibration uncertainty and and area measurement uncertianty. True stress
and strain were computed from the engineering values, according to the equations:
� true = ( � eng: )(1 + "eng: ), and " true = ln(1 + "eng: ) (i.e., logarithmic or Hencky strain,
under the assumption of volume conservation). For simplicity, in the 1D tensile load-
ing case employed here, we will use scalars true stress and true strain to express the
deformation relationship.

For the DIC measurements, strain uncertainty is computed by assuming a 0:2 pixel
absolute displacement uncertainty in the DIC measurement, and dividing this by the
current displacement to compute relative displacement uncertainty. The 0:2 pixel dis-
placement uncertainty is derived from earlier tests of a similar but not necessarily
identical setup. Stationary image tests with the DIC give spurious strains of order
1 � 10� 5 mm=mm. Out plane motion of 250µm results in a spurious strain of about
� 0:001 mm=mm with our setup. However, defocusing of the specimen occurs at about
150µm, and the images we captured during testing have no perceptible loss of focus
under a 10X objective indicating a out of plane drive of signi�cantly less than 150µm.
Thus, out of plane motion did not result in spurious strains greater than our 0:2 pixel

2 This commercial test stage was manufactured in the 1990's to early 2000's and documentation on its
speci�cations are scarce as the vendor no longer exists.
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Fig. 2 Example image used for DIC-based strain measurement; the inherent pattern of the wire
EDM surface is used as the speckle pattern.

uncertainty 
oor. Relative gauge length uncertainty was computed from absolute
length uncertainty, taken as the DIC subset size (64 pixels divided by the absolute
length, in this case 1138 pixels (the length of the gauge section in the camera �eld of
view). Engineering strain uncertainty is then the quadrature addition of the relative
uncertainties in gauge length and displacement. These were then propagated into true
values for each value of strain. Further discussion of the measurement uncertainties
related to this test system are discussed in Ref. [10].

2.3 SEM metallography

Electron backscatter di�raction (EBSD) measurements were performed on two orthog-
onal planes using a �eld emission scanning electron microscope operated with the
following parameters: 20 kV accelerating voltage, 120µm aperture, 19 mm working
distance, 500X magni�cation and dynamic focus. The multi-tile EBSD acquisition
parameters were: 4x4 binning, 100 frames per second, multiple tiles with 5 % overlap,
0:25µm step size and the Nickel phase index.

Backscattered electron images were acquired with a �eld-emission SEM on two
orthogonal planes (XZ and XY, where Z is the build direction) using the following
parameters: 20 kV accelerating voltage, 60µm aperture, and 8:5 mm working distance.
During the EDM process, a re-cast layer is generated on surfaces that are not eventu-
ally polished, but experimental observation determined the thickness of this layer is
less than 1µm.

2.4 X-ray computed tomography

X-ray computed tomography (XRCT) was used to measure pores and changes in
specimen dimensions in 3D throughout the gauge section. These two data were used to
compute porosity and cross-sectional area as a function of height (i.e., gauge length).

Speci�cally, the sub-continuum specimen was mounted vertically in a sample
holder, such that the deformation direction (X) is perpendicular to the resultant image
slices. XRCT scans were conducted with voxel-edge-length of approximately 1:0µm.
The scans consisted of collecting 2401 projection images while rotating the specimen
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through 360� . Vertical Stitching mode with multiple scans was used to increase the
vertical �eld of view to cover the full specimen.

The resulting projection images were reconstructed and stitched together using
machine-speci�c proprietary software (Zeiss Reconstructor Scout-and-Scan ver.
14.0.14829). Once reconstructed and stitched, the image slices were exported to a
stack of grayscale, 16-bit, 2D tagged image format �le (TIFF) images, where each
2D image (or slice) represents one voxel-height of the specimen. In total, 2202 slices
were required to represent the full specimen. These slices were then analyzed using a
custom, NIST-developed Python toolkit [11].

The cross-sectional area and total porosity were computed after the reconstructed
grayscale images were binarized (or segmented). The binarization procedure was:

1. Grayscale intensities above or equal to 33000 were made white (i.e., grayscale inten-
sity of 65535. Conversely, all grayscale intensities below 33000 were made black
(i.e., an intensity of 0).

2. Convert the data type to 8-bit. White pixels now correspond to a grayscale value
of 255; black pixels still correspond to 0.

Example image slices before and after binarization are shown in Figure 3a, and a
rendering of the resulting 3D image is shown in Figure 3b.

Additional analyses were performed to calculate the cross-sectional area and overall
porosity based on these segmented images, where white pixels correspond to metal
material and black pixels correspond to air/voids. Only image-slices along the gauge
section, as well as a few corresponding to the initiation of the �llets, were considered
for these additional analyses { speci�cally, image numbers 100 through 2070 were
chosen. To calculate porosity,dp, the following formula was used,

dp =
nvoid

(nmetal + nvoid )
(1)

where nmetal is the total number of white pixels (that correspond to metal material),
and nvoid is to the total number of black pixels that correspond to fully enclosed
voids. Fully enclosed is taken to mean black pixels that are surrounded in 3D by white
pixels based on 1-connectivity. Porosity can range from zero to one, where zero implies
a perfect build absent of any (detectable) voids. For this subcontinuum sample, the
porosity along the gauge length was found to be:dp = 0 :000052032.

The cross-sectional area as a function of relative gauge length was also calculated
using the aforementioned segmented images. For each segmented image-slice, the total
number of white pixels (corresponding to metal material) was summed and then con-
verted to µm2 using the voxel-edge-length of approximately 1:0µm=pixel. By doing
this summation for each image-slice within the gauge region, the local cross-sectional
area was calculated (Figure 3c). To be clear, the tensile axis of the subcontinuum
sample is not guaranteed to be perfectly aligned to the cross-section illustrated in the
reconstructed image-slices from XRCT due to small misalignments while mounting
the sample in preparation for XRCT. As a consequence, the reconstructed image-slices
are not perfectly aligned with the cross-sectional planes of the sample. However, based
on the projection images, we have estimated this misalignment error to be less than
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Fig. 3 a) grayscale and binarized (segmented) cross-sectional image slices, b) rendering from X-ray
CT data of full gauge section, c) cross-sectional area computed from X-ray CT as a function of gauge
length

1� . Additional details about the XRCT parameters and the post-processing steps can
be found in the data repository [12].

2.5 Other material characterization

Material from AM Bench 2018 [13, 14] was deemed to be substantially similar to the
new build, and thus the previous results were used in the current work. The material
was built on the same machine with the same material (di�erent powder lot) and
di�erent scan strategy (XY versus X-only).

2.5.1 Dislocation density (high energy X-ray di�raction)

The dislocation density in as-built IN625 was estimated using high-resolution syn-
chrotron X-ray di�raction (XRD) data acquired at beamline 11-BM-B at the Advanced
Photon Source (APS), Argonne National Laboratory [15]. The monochromatic X-
ray energy was 30 keV (wavelength� =0 :041 455 4 nm). The X-ray 
ux density was
approximately 5 � 1011 photons s� 1mm� 2. The beam size was 500µm � 200µm. The
instrument was calibrated using NIST standard reference 660a (LaB6: lanthanum hex-
aboride). The samples were thinned to about 100µm in thickness and the thin foil was
cut into strips with an approximate dimension of 1 mm � 10 mm� 0:1 mm. The strips
were loaded in Kapton capillaries and mounted on the standard sample holders of
the beamline. During data collection, the samples spun rapidly in the beam (at about
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3000 revolutions per minute). All measurements were conducted at room temperature
(approx. 298 K). More details about the measurements can be found elsewhere [13].

For this analysis, the XRD data was acquired from sample 625-CBM-B1-P4-L4,
as identi�ed in [13] from AM Bench 2018. We performed peak pro�le analysis of
seven re
ections of IN625 (111, 200, 220, 311, 400, 331, and 420) using pseudo-Voigt
functions. The centers are described as 2� hkl and the full-width at half maximum
(FWHM) as whkl, where hkl represents the Miller indices. Because the instrument
has a high q resolution � q=q � 10� 4, instrumental broadening could be neglected
the analysis. Scherrer's equationD = ��= (whkl � cos(� hkl)) was used to estimate the
crystallite size. Here� was taken as 0.94, and� hkl as one half of the di�raction angle
2� hkl. Williamson and Smallman's method [16] was used to estimate the dislocation
density from the peak pro�le of each re
ection.

2.5.2 Phase fraction

The material has an FCC structure, and no secondary phases or precipitates were
detected in the as-built material [13].

2.5.3 Residual stress

There was negligible macroscopic residual stress in a sample of approximate volume
2 mm� 3 mm� 3 mm [14]. As our meso-tensile specimen were much smaller than this,
we felt it was appropriate to assume there was negligible macroscopic residual stress
in our meso-tensile specimen.

2.5.4 Single crystal C-tensor

We did not measure single crystal elastic constants for our material. We have found
values in the literature, as one option that modelers may choose to use, but that was
left to the modelers' discretion. The values found in the literature are for AM IN625
made via directed energy deposition (DED) and are reported as C11 = 243:3 GPa,
C12 = 156:7 GPa, and C44 = 117:8 GPa [17]. This source was provided to modellers
as an option to use in their model.

2.5.5 Fracture surface analysis

Two analyses of the fracture surface were conducted to measure the width reduction,
an indicator of ductility, one of the challenge values requested for models to predict.
The fracture width and area were estimated from a XRCT image and from an SEM
image. For the XRCT image, a plane near to the fracture surface was selected such that
it is was close to the fracture surface as possible without crossing the fracture surface,
as schematically shown by the dashed green line in the left pane of Figure 4a). To
assess the quality of this selection, a grayscale map of the depth of material from the
plane to the fracture surface was construct, as shown in the right pane of Figure 4a).
Grayscale value here represents depth of material, with any non-black pixel indicating
that there is material. From this, width or area can easily be computed, either by
summing the number of non-black pixels along each row to arrive at the width as
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Fig. 4 Measurement of fracture surface with: a) XRCT where the green dashed line approximately
represents the reference plane and the grayscale maps indicates the depth of material from that plane
to the fracture surface (in this case, the rightward extents of orange material), i.e., anywhere a non-
black pixel appears there is material, and the non-black pixels can be used to estimate width or area,
to compute width (or area) reduction. b) End-on SEM image of the fracture surface and its estimated
outline made by manually drawing a polygon. Again, non-black pixels indicate material and thus can
be used to estimate width (or area) reduction.

a function of height, or by counting the total non-black pixels to calculate the area.
From the SEM image (Figure 4b, left side), the fracture surface was hand-�t with a
polygon to represent the estimated fracture surface as a grayscale (in this case black-
and-white) image. This is shown in the right side pane of Figure 4b. An identical
procedure as that used to compute width and area from the XRCT grayscale image
was used to compute width and area from the polygon derived from the SEM image.

Fracture surface width (i.e., length in the Z-direction) as a function of thickness
was thus extracted from both measurements, as shown in Figure 8 in the results
section. The mean width between 50µm and 200µm through-thickness length for
XRCT and between 80µm and 200µm for SEM was computed and used to determine
the width reduction for the challenge. None of the fracture information collected here
was provided to modellers during the competition.
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