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In recent work, our research group has developed and demonstrated novel multi-resolution protocols capable of
extracting indentation stress-strain (ISS) curves from tests on individual microscale constituents (e.g., phases,
grains) as well as bulk properties of material microstructures. In addition, we recently developed protocols for
design of consistent segmentation of micrographs. This work combines these recent advances in multi-resolution
spherical indentation and image segmentation protocols to address the current challenges in the critical evalu-
ation and advancement of physics-based composite models. These new research avenues are identified and
demonstrated through a case study on thermally aged ferrite-pearlite steel samples, where the respective
indentation yield strengths of the microscale constituents (i.e., ferrite, and pearlite) and the bulk yield strength of
the samples were estimated from ISS tests measurements. The constituent volume fractions were extracted from
segmented optical microscopy images. It is shown that the multi-resolution indentation yield strength and vol-
ume fraction measurements are highly consistent with the homogenization estimates from simple composite

theories.

1. Introduction

The individual properties of the microscale constituents (i.e., distinct
thermodynamic phases) and their complex spatial arrangements in the
material’s representative volume (i.e., microstructure) control the
effective mechanical properties of metal alloys (Tasan et al., 2015;
Liitjering, 1998; Murayama and Hanada, 2002; Bian et al., 2015; Joost,
2012; Javidani and Larouche, 2014). For example, steel alloys are often
comprised of hard constituents (e.g., pearlite, martensite) in a soft ferrite
matrix. The microstructural details of these alloys are known to influ-
ence strongly their effective properties (e.g., strength, ductility (Tasan
et al., 2015; Syn et al., 1994; Schemmann et al., 2015; Hiiseyin et al.,
2010; Pan et al., 2018)). The physics connecting the properties of the
microscale constituents to the effective properties of the material has
been the focus of many prior studies (Gerbig et al., 2018; Allison et al.,
2006; Wu et al., 2015; Zhu et al., 2019). Indeed, physics-based com-
posite theories (i.e., homogenization models) have offered avenues to
study the complex relationships between the constituent properties, the
microstructural details, and the effective properties of the material
(Allison et al., 2006; Hill, 1952; Eshelby, 1957; Kroner, 1977; Mori and
Tanaka, 1973; Torquato, 2002; LLorca et al., 2011; Gonzalez et al.,

2017; Segurado et al., 2003; Suquet, 1985; Nemat-Nasser and Hori,
2013; Segurado and Llorca, 2013; Matous et al., 2017). However, in
practice, one often does not have adequate information on the constit-
uents’ properties or the microstructural details or both.

Indeed, studies of the scaling relationships for the mechanical
properties of a heterogeneous material at multiple length scales have
encountered formidable challenges. The first major challenge comes
from the need to measure the mechanical properties of individual
microscale constituents at very small length scales that must be per-
formed on very small material volumes, often on the order of microns
(Ghassemi-Armaki et al., 2014; Kumar et al., 2006, 2014). Most of the
current microscale mechanical characterization methods (e.g., minia-
turized tension tests, micropillar compression) incur substantial cost and
effort, and produce very limited data (i.e., low throughput). However,
mechanical evaluation at the macroscale is usually performed using
standardized protocols such as uniaxial tension (ASTM, 2003) and
compression (ASTM, 2000) tests. One often finds significant differences
in the measured mechanical properties at the microscale and the
macroscale, and often reconciles them as consequences of material
length scale effects (Tabor, 2000; Hill et al., 1947; Johnson, 1970; Pharr
et al.,, 2010; Nix and Gao, 1998; Qian et al., 2005; Rodriguez and
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Gutierrez, 2003; Swadener et al., 2002; Zhang et al., 2011). It is entirely
possible that the vast differences in the measurement protocols used at
the different length scales are contributing significantly to the reported
differences in the measurements obtained at the different length scales.
The inability to reconcile fully the differences in the measured me-
chanical properties at the different material/sample length scales had
hindered our ability to advance a reliable and consistent homogeniza-
tion modeling framework for metal alloys.

There have been several efforts to evaluate constituents’ properties
at the lower length scales using miniaturized versions of the same uni-
axial tension (Kumar et al., 2006, 2014) and compression (Ghasse-
mi-Armaki et al., 2014; Bei et al, 2008) tests employed in the
macroscale evaluations. However, these efforts have faced significant
hurdles due to the challenges involved in the fabrication of samples and
the highly specialized test setups. As a significantly lower-cost and a
higher-throughput alternative, indentation techniques offer a much
different research avenue for the multiresolution mechanical evaluation
of heterogeneous materials (Rodriguez and Gutierrez, 2003; Tabor,
1948; Walley, 2012; Fischer-Cripps, 2006; Oliver and Pharr, 1992, 2004;
Brinell, 1900). Traditionally, indentation was performed with sharp tip
geometries (e.g., Berkovich, Vickers) (Oliver and Pharr, 1992). How-
ever, the conventional protocols only estimated hardness values at a
specified load/depth and were not easily transformed to intrinsic ma-
terial properties that can be related to those measured in the standard
tension/compression tests (Rodriguez and Gutierrez, 2003; Zhang et al.,
2011; Tabor, 1948; O’Neill, 1967; Tirupataiah and Sundararajan, 1991).
Prior studies have generally reported high variability in the indentation
measurements on the same material and across different length scales
(Pharr et al., 2010; Nix and Gao, 1998; Rodriguez and Gutierrez, 2003;
Swadener et al., 2002), making it difficult to use these measurements to
critically evaluate the existing homogenization models. In recent work
(Pathak and Kalidindi, 2015; Vachhani et al., 2016; Weaver et al.,
2016a; Gong et al., 2017; Khosravani et al., 2018, 2020; Parvinian et al.,
2020; Millan Espitia et al., 2020), our research group has developed and
demonstrated novel protocols capable of extracting indentation
stress-strain (ISS) curves using spherical indenter tips (Pathak and
Kalidindi, 2015; Kalidindi and Pathak, 2008; Pathak et al., 2009a). The
consistency and fidelity of these protocols have been demonstrated at
multiple material length scales (Vachhani et al., 2016; Weaver et al.,
2016a, 2016b, 2017; Khosravani et al., 2020, 2021; Pathak et al., 2008,
2009a, 2009b, 2012, 2016; Vachhani and Kalidindi, 2015; Weaver and
Kalidindi, 2016) using different indenter tip radii. These demonstrations
have included measurements within regions inside individual grains
(Weaver et al., 2016a; Pathak et al., 2008, 2009b, 2016; Vachhani and
Kalidindi, 2015; Weaver and Kalidindi, 2016) as well as on an ensemble
of grains (Khosravani et al., 2017, 2018, 2020; Weaver et al., 2016b;
Iskakov et al., 2018; Bhat and Neu, 2020). The protocols have been
validated both against the measurements on samples where
ground-truth data (from standard tension tests) was available (Khosra-
vani et al., 2020; Weaver et al., 2016b; Iskakov et al., 2018; Bhat and
Neu, 2020) as well as the numerical simulations of the indentation
experiment (Donohue et al., 2012; Patel and Kalidindi, 2016). Since
these protocols employ a consistent framework for measurements at
both the constituents’ scale and the macroscale, they offer a new avenue
for the critical evaluation and the refinement of homogenization models.

The second major challenge in the study of the homogenization
models for heterogenous materials comes from the need to obtain reli-
able estimates of the relevant microstructural statistics (e.g., phase
volume fractions). Often, the raw microscopy images capturing the
microstructural details are produced in grayscale, where each pixel (or
voxel) is assigned a grayscale value between 0 and 255. However, the
number of distinct microscale constituents (i.e., thermodynamic phases)
present in the sample is typically far smaller than the number of gray-
scales in the raw images. This is because the pixel values of raw images
reflect various types of noise arising from a combination of equipment
and/or sample conditions. Therefore, segmentation protocols need to be
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designed and employed to de-noise the raw microscopy images (i.e.,
correct the labelling of all pixels/voxels in the image based on the actual
constituents present in them) and extract the needed microstructure
statistics. Segmentation is generally performed by assembling a work-
flow comprising a sequence of image processing functions and filters
(Smith et al., 2018; Santofimia et al., 2008; Paredes-Orta et al., 2019;
Payton et al., 2010; Campbell et al., 2018). Often, the successful con-
struction and implementation of the workflow leading to accurate seg-
mentation is highly dependent on the user’s expertise in the application
of the image processing functions. Consequently, such efforts often lead
to non-standard approaches that can strongly influence the accuracy of
the microstructure analysis. Very recently, we have developed and
demonstrated a systematic framework for designing segmentation
workflows that reduces the dependence on the user’s expertise (Iskakov
and Kalidindi, 2020); these segmentation workflows utilize image pro-
cessing functions from popular software packages such as Python (Perez
et al.,, 2011) and MATLAB (Higham and Higham, 2016), enabling
potentially broad adoption by the material science community.

The recent advances in multi-resolution spherical indentation and
image segmentation described above have now set the stage for sys-
tematic investigations of the mechanical responses of metal alloys and
the critical evaluation of available composite theories. In this work, we
conduct such an investigation into the mechanical response of thermally
aged ferrite-pearlite steel samples. These samples were selected because
they represent typical thermal aging conditions encountered in indus-
trial power generation applications (e.g., high-temperature piping, gas
turbine housing) (Bierdel et al., 2013; Pérez et al., 2011; Kruger et al.,
2017). The prolonged thermal exposures (thousands of hours) in these
samples contributed to significant changes in the microstructures as well
as their yield strengths (Pérez et al., 2011; Kruger et al., 2017; Foulds
and Shingledecker, 2015; Foulds and Viswanathan, 2001; Pan-
tazopoulos et al., 2016). In this work, we have employed the spherical
indentation protocols on both the individual microscale constituents (i.
e., ferrite, pearlite) and at the macroscale. The respective indentation
yield strengths of the microscale constituents and the bulk yield strength
of the sample were estimated from these measurements. The constituent
volume fractions in these samples were extracted from segmented op-
tical microscopy (OM) images. All of this information was used to
evaluate the composite theory estimates based on some of the simple
homogenization models used in current literature (Cho and Gurland,
1988; Giannakopoulos et al., 1995; Williamson et al., 1993; Stringfellow
and Parks, 1991; Latypov and Kalidindi, 2017). It is shown that the
multiresolution spherical indentation and image segmentation protocols
employed in this work produce results that are highly consistent with
the homogenization estimates for these material systems from the sim-
ple composite theories. The novel high-throughput multi-resolution
mechanical characterization protocols presented in work offer a
powerful new toolset for the critical study of homogenization models for
heterogeneous material systems.

2. Materials and methods
2.1. Thermally aged steel samples

In this work, multiresolution mechanical evaluation is performed on
three 0.3% C steel samples with the different levels of thermal exposure
that represent typical thermal aging conditions experienced in industrial
power generation applications. The three samples in this work are
labelled based on the levels of thermal aging exposure in typical appli-
cations as ‘unexposed’ (i.e., no thermal exposure), ‘moderate exposure’,
and ‘high exposure’. It is important to reiterate that the initial alloy
material was the same for all samples. The ferrite-pearlite steels exhibit a
microstructure that initially consists of two constituents, ferrite and
pearlite, as shown in Fig. 1a. The ferrite is made up of a-ferrite, and the
pearlite is comprised of lamellar arrangement of a-ferrite and cementite
(Fe3C) phases. The a-ferrite phase consists mainly of iron with small
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Fig. 1. Example optical microscopy (OM) images at different magnifications for different levels of thermal exposure. a) unexposed sample with ferrite (f) and
lamellar pearlite (p), b) moderate exposure sample with pearlite spheroidization, and c) high exposure sample with pearlite spheroidization and graphitization (g).

amounts of interstitial carbon, and is the softer microscale constituent in
the samples. The lamellar pearlite serves as the harder microstructure
constituent because of the hard cementite phases. Thermal exposure of
these steels generally leads to significant changes in the microstructure
and the bulk mechanical properties (Syn et al., 1994; Kruger et al., 2017;
Pantazopoulos et al., 2016; Okamoto, 1989). At moderate levels of
thermal exposure, the lamellar pearlite undergoes spheroidization
(Foulds and Viswanathan, 2001; Pantazopoulos et al., 2016; Marder and
Bramfitt, 1976). An example of this transformation can be seen in the
optical micrograph in Fig. 1b. At higher levels of exposure, in addition to
spheroidization, one also observes graphitization, as seen in the optical
micrograph in Fig. 1c. Graphitization results from the diffusion of car-
bon from a-ferrite and cementite phases to form secondary graphite
particles (Pérez et al., 2011; Kruger et al., 2017; Foulds and Shingle-
decker, 2015; Foulds and Viswanathan, 2001; Pantazopoulos et al.,
2016). In this study, both spheroidization and graphitization are
observed in the thermally exposed samples.

2.2. Sample preparation

Samples studied in this work were mounted in standard epoxy resin
such that the sample surface is exposed on both opposing sides. The
samples were ground on both sides to ensure parallel surfaces needed for
the indentation tests. For microindentation and optical microscopy, the
sample surfaces were polished up to 0.02 pm colloidal alumina sus-
pension and vibropolished in a 4:1 ratio of water to colloidal silica
mixture as the final step, which resulted in the slightly etched surfaces
shown in Fig. 1. The slight etching of the sample surface enabled clear
identification of lamellar and spheroidized pearlite grains, as well as the
graphite particles. For nanoindentation, the samples were further elec-
tropolished, in an electrolyte consisting of 6% perchloric acid (60%),
14% distilled water, and 80% ethanol (ASTM, 2009), to minimize any
remaining scratches from mechanical polishing. The electropolishing
process clearly revealed the phase boundaries between the ferrite and
pearlite constituents, and allowed the selection of nanoindentation sites
away from the phase boundaries.

2.3. Image segmentation

For the microstructures of the steel samples shown in Fig. 1, the three
microstructural constituents of interest are ferrite, pearlite, and
graphite. Segmentation of the microscopy images obtained in this work
was performed following our recently developed framework for seg-
mentation workflows (Iskakov and Kalidindi, 2020). This framework
utilizes a sequence of five steps. The first step addresses best practices in
experimental image acquisition including sample preparation, selection,
and setup of image acquisition equipment and parameters. The second

step addresses preprocessing of raw images (e.g., noise reduction,
adjustment, and enhancement) to prepare them for segmentation. The
third step applies various segmentation algorithms to label each image
pixel with the expected local state. The fourth step deals with
post-processing of the segmented images. The final step focuses on the
evaluation and validation of the segmentation results.

In the present study, images were captured using a Zeiss Observer
Al.m light optical microscope. To strike a balance between capturing
sufficient details of pearlite spheroidization and a representative dis-
tribution of ferrite-pearlite grains in each image, a view field of 312 x
312 pm was chosen, which corresponds to a spatial resolution of 0.3 pm/
pixel in 1040 x 1040 pixel images. A magnified portion of a typical
acquired image for high exposure sample is shown in Fig. 2a. Microscope
image acquisition parameters were adjusted to provide as much contrast
as possible for spheroidized pearlite grains.

The next step in the segmentation workflow addressed image noise
reduction and contrast enhancement of the features of interest. Image
noise reduction was tackled both on the image-scale (i.e., reducing un-
wanted intensity gradient over the image) and pixel-scale (i.e., reducing
random variation of individual pixel intensities). The image-scale
gradient was reduced by subtracting an approximated shadow profile
from the noisy image (Iskakov and Kalidindi, 2020). Random pixel-scale
noise throughput the image was removed using Gaussian filtering
(Soille, 2013). It is important to note that optimal filtering of random
noise requires a balance between noise reduction and retention of
feature details (e.g., details of feature edges). In this study, an optimal
Gaussian filtering strength was chosen based on the lowest similarity
between the removed random noise and the filtered image (Iskakov and
Kalidindi, 2020). Following noise reduction, contrast enhancement was
performed on the whole image using contrast stretching (Gonzalez and
Woods, 2002), which increases the difference in intensity values
throughout the image.

Next, the segmentation step is performed to label each image pixel
with one of the three local states of interest identified earlier - ferrite,
pearlite (lamellar or spheroidized) or graphite. An intensity thresh-
olding approach was utilized, which separates the image intensities into
k + 1 classes using k thresholds. In the present work, the pixels in each
image are separated into three classes using the multi-Otsu threshold
approach (Otsu, 1979). The resulting segmentation labelled the image
pixels into the desired three classes. An example outcome from this
procedure is shown in Fig. 2b for the raw image shown in Fig. 2a. In
Fig. 2b, the three different microstructural local states are colored
differently for the high exposure sample, where the pearlite appears as
clusters of spheroidized cementite. Additional clean-up tasks are per-
formed in the post-processing step.

The main goal of the post-processing step is to reassign incorrectly
labelled pixel values using intensity thresholding segmentation to their
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Fig. 2. Illustration of the individual steps in the segmentation workflow developed and implemented on the images studied in this work. The images shown are for a
sample with high exposure. a) Acquired raw image from optical microscopy, b) segmented image showing three microstructural states, and c) post-processed image.

correct microstructural feature labels or filter out unwanted objects from
further analysis. For current segmented images, image closing (Soille,
2013) was first performed to connect the clustered pearlite particles seen
in Fig. 2b. Image closing is a sequence of dilation (expansion of object
boundaries) and erosion (shrinking of object boundaries). The resulting
connected clusters represent the regions of the pearlite constituents
(lamellar or spheroidized) in the micrographs. Next, several types of
incorrectly labelled features were cleaned up in the ferrite matrix. First,
small round features with lower intensities (i.e., darker in grayscale)
that were labelled as graphite were relabeled as part of ferrite matrix
because they likely correspond to material inclusions and/or pitting
during the polishing process. Then, pixels directly surrounding graphite
particles were reassigned to ferrite if they were incorrectly labelled as
pearlite. This incorrect labelling was observed in ferrite matrix that
surrounded graphite particles, where the ferrite was noticeably darker
(lower intensity) and was incorrectly labelled as pearlite. Finally, single
pixel-scale particles that belonged to other microstructure states
throughout the ferrite matrix were relabeled to ferrite. This likely
resulted from the few highly noisy pixels that remained after the pre-
processing step. As mentioned earlier, noise reduction requires a balance
between elimination of noise and retention of detail, which typically
leaves few noisy pixels that are then labelled incorrectly during the
segmentation step. An example of the final post-processed image for the
high exposure sample is shown in Fig. 2c.

The final step of the segmentation workflow focuses on the valida-
tion of the post-processed segmentation results to assess the confidence
in the segmentation results. In practice, segmentation validation can be
a challenging process because the ground truth for most studied mi-
crostructures is not available. Studies involving materials images often
rely on qualitative visual inspection (Payton et al., 2010; Peregri-
na-Barreto et al., 2013; Collins et al., 2009) due to ease of validation or
unavailability of other means. In this work, the validation was per-
formed visually by overlaying the outlines of segmented features over
the original grayscale images to check the accuracy with which the
different constituent boundaries are captured. For the present work,
visual inspection provided reasonable validation since the constituents
were clearly distinguished from each other in the micrographs.

2.4. Multiresolution mechanical testing using spherical indentation
protocols

Indentation analysis protocols are largely based on Hertz theory
(Hertz et al., 1896), which describes a frictionless contact between two
elastic bodies with quadratic surfaces by the following equations:

4

P :EEeﬁcR;thfz, m

L+ $ 2)

L &)

where P and h, denote indentation load and elastic indentation
displacement, respectively, E and v are the Young’s modulus and Poisson
ratio, respectively, and R denotes the radius. Subscripts s and i corre-
spond to the sample and indenter, respectively, while E.¢ and R, denote
the effective elastic modulus and the effective radius of the indenter-
sample system, respectively.

The central strategy in the spherical indentation stress-strain pro-
tocols employed in this work is to utilize Hertz’s theory to estimate E
from the initial elastic loading segment (before the onset of any plastic
deformation in the sample), and subsequently use the same value of E
to estimate the evolving R,y by analyzing the elastic unloading segments
(again using Hertz’s theory). Although Hertz’s theory is broadly appli-
cable at the different lengths of interest in this study, the use of different
indenter tip sizes requires the use of different equipment and somewhat
different protocols. The indentations evaluating the bulk properties of
the sample were performed using a large spherical indenter tip (6.35 mm
radius in this work), and are referred as microindentation stress-strain
protocols. On the other hand, the indentations performed in the
microscale constituents using the much smaller indenter tips (16-100
pm radii) were performed in an instrumented nanoindenter equipped
with continuous stiffness measurement (CSM) (Vachhani et al., 2016;
Weaver et al., 2016a, 2017; Khosravani et al., 2020; Pathak et al., 2008,
2009b, 2012, 2016; Vachhani and Kalidindi, 2015; Weaver and Kali-
dindi, 2016). It should be noted that the size of the primary deformation
zone under the indenter in our protocols roughly corresponds to
one-tenth of the indenter tip radius. Therefore, the two sets of mea-
surements described above with the microindenter and the nano-
indenter are ideal for the estimation of the bulk properties of the sample
and the local properties of the constituents, respectively.

Microindentations were performed using a ZwickRoell Z2.5 hardness
tester with a 6.35 mm radius spherical indenter tip (R;) using multiple
load-unload cycles (see Fig. 4a). At every cycle, the unload segment is
utilized to estimate the contact radius at the peak load for that cycle, and
consequently produces one data point on the microindentation stress-
strain curve shown in Fig. 4b (Pathak et al., 2009a). The first step of
the analyses is focused only on the initial fully elastic load cycle (shown
as magenta colored points in Fig. 4a). This first analyses step has two
goals: (i) estimate the initial contact between the indenter and the
sample (i.e., zero-point correction (Kalidindi and Pathak, 2008)), and
(ii) estimate the elastic modulus of the indenter-sample system, E.
Zero-point correction is critical to mitigate commonly encountered
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contact issues related to both the sample (e.g., surface roughness, sur-
face oxide layer) and the indenter (e.g., shape imperfections). The
estimation of zero-point load and displacement correction (P* and h") for
indentation without CSM signal has been outlined in prior work (Pathak
et al., 2009a) and is performed using a recast version of Eq. (1):

2/3
31 1}/

4 Ey /Ry

P and h are the raw load and displacement measurements, respectively.
During the initial elastic loading on a flat sample surface, shown in
Fig. 3a, the effective radius of the indenter-sample system is equal to the
radius of the indenter, i.e., Ry = R;. The values of h" and Ey are esti-

(ho—h)=k(P— PV, k= @

mated by performing regression on he (for the initial fully elastic
segment this is equal to the total indentation depth) and Pin Eq. (4),
whereas the value of P” is selected as one that minimizes the log of the
average absolute error of the regression fit. In microindentation exper-
iments, the sample surface and tip disparities are very small compared to
the tip radii, and in many cases, P can be set to zero.

After the initiation of plastic deformation in the sample (see Fig. 3b
and c), the total displacement, h;, is assumed to comprise of the elastic
displacement estimated by Hertz’s theory and a residual displacement,
h,:

h,=kP*? +h,. (5)

The coefficients k and h, are determined using regression techniques
on the measured load and total displacement during the unloading
segments shown in Fig. 4a (the segment corresponding to 95-50% of the
peak force from each unloading segment is used in the analyses per-
formed in this study). R,y evolves continuously with plastic deformation
under the indenter and its value is extracted using Eq. (4) on each
unloading segment, where E.; is assumed to remain constant (estab-
lished from the initial elastic segment). This is a reasonable assumption
because the average plastic deformations are very small in the inden-
tation tests. The evolution of R with increasing indentation depth
follows similar trends as those reported in prior work (Pathak et al.,
2009a). The contact radius, a, is then determined using the relation
derived from Hertz theory:

a=/Rys(h; — h,). )

The indentation stress, oi,q, and the indentation strain, &;,4, corre-
sponding to the peak loading point in each unloading segment are
defined (Kalidindi and Pathak, 2008) as:

- _ Puax o 4k
ind = Eind = 5 2 .
" a2 ™™ 3ga 2.4a

@)
As mentioned earlier, each unloading cycle produces one point on

the microindentation stress-strain curve (see Fig. 4b). Because the
indentation stress-strain curve consists of discrete data points, the
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indentation yield strength is determined using the intersection of a 0.2%
strain offset with a linear fit of post elastic data, as shown in Fig. 4b.

Mechanical evaluation of the ferrite and pearlite constituents has
been performed using nanoindentation stress-strain protocols. The
measurements have been carried out using an Agilent G200 Nano-
indenter equipped with CSM (continuous stiffness measurement) capa-
bility using a 100 pm radius tip. For all tests, indentations were
performed within a single phase region belonging to either ferrite or
pearlite constituent. An example indentation site for pearlite is shown in
Fig. 5c.

The zero-point corrections for the nanoindentations take advantage
of the CSM capability. They are determined using the following variant
of the Hertz’s theory:
g_3P _3(P-P)

C2he 2(h—1)

. ®

where S is the elastic unloading stiffness measured with CSM. The P* and
h* (i.e., zero-point corrections on indentation load and indentation
depth, respectively) are obtained by performing a linear regression on
the measurements in the initial elastic loading segment by recasting Eq.
(8) as (Kalidindi and Pathak, 2008)

P— %s%p = —%h*s +P. 9

After the zero-point corrections have been applied, the effective
elastic modulus, E, is extracted from the initial elastic loading segment
by performing regression on P and h*? (see Eq. (1)). This is possible
because during the initial elastic loading the sample surface remains flat
and without permanent deformation and R, = R;. As with the micro-
indentation protocols, the E. value is assumed to remain constant
throughout the test. The evolving indentation contact radius, a, is
computed as (also from Hertz’s theory)

S

a= 2, 10)

Note that when S is available from CSM capability (e.g., while using a
nanoindenter), the calculation of contact radius, a, is greatly simplified
as opposed to non-CSM indentation (e.g., while using a microindenter)
where a is calculated at the peak load before each unload cycle using Eq.
(6). However, both Eq. (6) and Eq. (10) are derived from Hertz theory
and are therefore fully consistent with each other. Examples of typical
load-displacement and extracted nanoindentation stress-strain curves on
a pearlite grain are shown in Fig. 5a and b, respectively. Fig. 5b dem-
onstrates a schematic for determining the 0.2% plastic strain offset
indentation yield strength that is used in the ferrite and pearlite nano-
indentation measurements.

2.5. Composite mechanical properties

Composite theories are used to predict the bulk (effective)

Full unload

i - ——

Vs D

Fig. 3. Schematic of spherical indentation at different stages of the indentation test. a) initial elastic contact between the indenter and the sample, b) load at which
plastic deformation has occurred in the sample, and c) complete unload after plastic deformation in the sample.
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Fig. 4. Example of microindentation stress-strain protocol analysis for unexposed sample. a) typical load-displacement curve with multiple load-unload cycles. The
highlighted magenta section corresponds to initial elastic contact used to estimate E.y. b) Microindentation stress-strain datapoints extracted from the load-
displacement data. ¢) Top view of the residual indentation impression after a test, where the yellow outline corresponds to the contact area at indentation yield
stress displayed on an etched sample. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Example of nanoindentation stress-strain protocol analysis for unexposed sample within a pearlite grain. a) load displacement data with CSM signal. b)
Nanoindentation stress-strain curve extracted from the test data. ¢) Residual indent within a pearlite (p) grain (arrow).

mechanical properties as a function of the microstructure statistics and
the properties of the microscale constituents. These theories are based
on various approaches, including mean-field theories (Molinari et al.,
1987; Lebensohn and Tomé, 1993; Tomé, 1999; Nebozhyn et al., 2001),
statistical continuum theories (Kroner, 1972, 1977; Brown, 1955; Tor-
quato, 1991, 2013; Torquato and Stell, 1982; Adams and Olson, 1998;
Garmestani et al., 1998; Adams et al., 2005, 2012), and computational
homogenization (Ghosh et al., 1995; Gilormini and Germain, 1987;
Segurado and Llorca, 2002; Geers et al., 2010; Moulinec and Suquet,
1998; Michel et al., 1999; Lebensohn, 2001; Eisenlohr et al., 2013). The
simplest of these theories for estimating the effective yield strength of
the composite are generally referred as rules of mixtures (Cho and
Gurland, 1988; Williamson et al., 1993; Nakamura et al., 2000). These
simple estimates are aimed at providing upper and lower bound esti-
mates for the effective yield strength of the composite based on the
constituent volume fractions and their respective yield strengths. Other
approaches incorporate higher-order microstructure statistics (e.g.,
statistical continuum theories (Kroner, 1972; Torquato, 1991)) and
computational strategies (e.g., finite element models (Segurado et al.,
2003; Ghosh et al., 1995; Gilormini and Germain, 1987; Geers et al.,
2010; Michel et al., 1999)). Although the more sophisticated approaches
can provide higher fidelity estimates, they often also require signifi-
cantly higher computational effort. A significant hurdle in the
advancement of composite theories has been the lack of a sufficiently
large experimentally measured dataset of microstructures and their
associated properties at both the macroscale and the constituent scale.
The availability of such data would be valuable to critically validate
and/or refine the different composite modeling approaches. The pro-
tocols developed in this work aim to address this gap.

Most composite modelling approaches (including those outlined
above) utilize material properties at both the constituent scale and the
macroscale that are implicitly defined in a single standardized test

mode. By default, the standardized testing mode is selected to be uni-
axial test mode (e.g., simple tension, simple compression). However, it is
very difficult to conduct the standardized tests at the constituent scale.
In the protocols employed in this work, we address this gap by utilizing
consistent spherical indentation stress-strain protocols for evaluation of
the mechanical properties at both the constituent scale and the macro-
scale. Consequently, our protocols open new research directions by
eliminating any inconsistency in the measurement protocols at the
different length scales. For the proper application of the established
composite models to the indentation measurements presented in this
work, one needs to suitably adapt them. In the simple composite models
explored in this work, this adaption is accomplished by introducing
suitably Y; ;4 as the indentation yield strength of the i-th constituent and

Yinq as the composite indentation yield strength in place of the uniaxial
yield strengths typically used in these models. The most convenient way
to make this switch is to express the models such that the strength pa-
rameters appear as ratios that are independent of the test mode. Spe-

cifically, in this work, we assume that Yiwa _ Y. where Y; denotes the
Yina Y

uniaxial yield strength of the i-th constituent and Y is the macroscale
uniaxial yield strength of the composite.

A total of three simple composite models were evaluated in this work
using the indentation and microstructure quantification protocols pre-
sented earlier. The simplest of the models is based on the linear ROM
(rule of mixtures) and is adapted here as

N
Yia= Y Vi¥iia, an
i=1

where V; is the volume fraction of the i-th constituent (i = 1,2,...,N). In
the current study, the composite material is treated as a two-phase
ferrite-pearlite microstructure because the graphite fraction is rela-
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tively low (below 2%) in all samples. The values of the index i = 1 and
i =2 correspond to the pearlite and ferrite constituents, respectively.
The physical parameters for this ROM model are V1, Vz, Y7 jng, and Yz jng.
Note that in the current study we treat the microstructure as a two-
constituent material, therefore Vo, =1 — V7.

The linear ROM shown in Eq. (11) generally provides a higher esti-
mate compared to the composite’s yield strength. Consequently, a
modified rule of mixtures model has been proposed by Tamura et al.
(Tamura and Ozawa, 1973) for an improved estimation of the yield
strength of two-phase composites. This approach models the harder
phase as elastic and the softer matrix phase as elastic-plastic. This is a
reasonable assumption for many multiphase metals, as shown in a study
on dual-phase steels (Fischmeister and Karlsson, 1977). For the present
work, the composite indentation yield strength from this model can be
adapted as

> q+E)\ E
Yiia=Y2ina| V2 + —V
! ZYI{Z <‘I+E1> E

; 12)

where E denotes the elastic modulus, and, as before, i = 2 corresponds to
the softer ferrite constituent. The parameter, ¢, is an empirical param-
eter that exhibits values in the range 0 < g < . In a study on dual-
phase steels, ¢ = 4.5 GPa has shown reasonable agreement with exper-
imental results (Fischmeister and Karlsson, 1977); this value was used in
this study. In summary, the physical parameters for this modified ROM
model are Vi, V3, Eq, Ea, Y5 nq, and q.

As a more sophisticated modeling option, we have also evaluated a
self-consistent model in this study. Specifically, we have used the self-
consistent model developed by Stringfellow and Parks (1991). In this
approach, the composite is modeled by considering N distinct spherical
incompressible isotropic inclusions (made of constituent materials)
embedded in a homogeneous isotropic effective medium. Elastic de-
formations are ignored and only the volume fraction information is
included in this model. The partitioning ratio of the average equivalent
strain rate in each phase to the equivalent strain rate of the composite is
expressed as

n=15 13)
14

where y; and 7* are the equivalent plastic shear strain rate in the i-th
phase (constituent) and the composite, respectively. Eq. (13) was
intended to be applicable in any deformation mode and is extended here
to the indentation deformation modes. A requirement that macroscopic
fields are equal to the volume averages of the local fields leads to the
self-consistency condition

N
> V=1 14
i=1

Stringfellow and Parks (1991) derived the following relations for the
partitioning ratios:
xi:§+%m‘/’”, as)
where s; and s” correspond to the reference shear strength of each phase
and the composite, and m is the strain rate sensitivity. It was also
assumed that the ratios of shear strengths can be replaced with the ratios
of the yield strengths (i.e., it is assumed that the shear strength and
tensile yield strength are related through a single constant). Following
our earlier strategy of replacing ratios of the constituent and macroscale
yield strength parameters with the corresponding ratios of indentation

yield strengths, Eq. (15) is adapted for this work as
5 2Yiid_ t/m
L= Sl (16)
G T

Eq. (16) together with the self-consistency condition in Eq. (14) yield
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a closed system of equations that need to be solved for the unknowns y;
and Y, while using known values of Y;;,4. Additionally, for the present
case, we assign N = 2 (i.e., pearlite and ferrite) and m = 0.01. In sum-
mary, the physical parameters for this self-consistent model are V;, Vs,
Y1.nd> Y2,na, and m.

Because there were multiple indentation and volume fraction mea-
surements for each sample, a normal distribution was assumed for all
experimental measurements produced in this work. To estimate the
distribution of indentation yield strength of each composite model
predictions, the input variables were randomly sampled from these
distributions. A total of 10,000 samples were extracted and used for each
composite model predictions. For each sample, the average and one
standard deviation of the composite indentation yield strength pre-

dictions, Yiq, were reported. The goal is to evaluate the accuracy of the

predicted indentation yield strength from the composite models, Y4, to

the actual measured macroscale indentation yield strength, Y,,. We
define the mean average percentage error (MAPE) measure between the
predicted and the measured indentation yield strengths as

Y[n 7’?
‘—%7J¢x1%4 an
Y

MAPE =

ind
3. Results and discussion
3.1. Microstructure statistics

For each sample, 10 microstructure images at random sample loca-
tions were acquired and segmented. The volume fraction of pearlite, Vi,
was determined for each image as the fraction of the total pixels labelled
as pearlite, and as mentioned earlier, the ferrite volume fraction was
calculated as Vo = 1 — V;. The average and one standard deviation of
the pearlite fractions for each sample are reported in Table 1. For the
unexposed sample, the average pearlite volume fraction was 28.9%,
whereas for the moderate and high exposure samples, the average
pearlite fraction was slightly lower, at 25.7% and 25.0%, respectively.
The slight decrease in pearlite fraction for thermally exposed samples is
most likely related to the fact that the pearlite constituents are highly
spheroidized and the pearlite boundaries are not as clearly defined as in
the initial unexposed microstructure.

3.2. Spherical microindentation and nanoindentation stress-strain
measurements

The results from spherical indentation stress-strain protocols are also
summarized in Table 1. The 0.2% offset indentation yield strength at
macroscale i;ld was measured with microindentation, while the corre-
sponding indentation yield strengths of pearlite (Y;,4) and ferrite
(Y2inq) constituents were measured with nanoindentation. The me-
chanical tests reveal a trend of decreasing indentation yield strength
with increasing thermal exposure, at both the macroscale and micro-
scale. The macroscale properties were evaluated with at least eight
microindentation tests in different locations throughout each sample.
Given that these indentations involved a large number of grains (see
Fig. 4c¢), it is reasonable to assume that the microindentation measure-
ments represent the bulk material response. This is also evident in the
low variation observed in the measured values of the microindentation

yield strength, ?;d, between different locations in the samples, as seen
from Table 1.

The microindentation results were compared with the tensile mea-
surements (according to ASTM E8 (ASTM, 2001)) for the unexposed and
high exposure samples. Prior work by Patel et al. (Patel and Kalidindi,
2016) has established simple scaling factors for direct comparison of the
indentation and uniaxial stress-strain curves, which have demonstrated
good agreement in experimental studies (Khosravani et al., 2018;
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Table 1
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Summary of microstructure statistics and indentation measurements on the thermally aged steel samples. Only the pearlite volume fractions are provided. The balance

is assumed to correspond to the ferrite volume fraction.

Sample Microstructure Information (Segmented OM images) Nanoindentation measurements Microindentation measurements
Pearlite % Pearlite Ferrite Bulk properties
v E; (GPa) Y1na (MPa) E; (GPa) Y2ina (MPa)  E (GPa) ¥, (MPa)
Unexposed 28.9 £ 2.1 203+ 3.5 1047 +13.4 173 +£ 2.0 515 + 29.5 186 + 9.6 615 + 18.6
Moderate exposure 25.7 £5.7 190 + 7.0 995 + 40.2 173 + 2.8 491 + 25.3 187 £ 9.1 544 + 14.9
High exposure 25.0 + 3.9 191 + 3.6 715 + 26.2 177 + 8.2 413 + 24.2 187 + 11.6 436 + 32.2

Iskakov et al., 2018). Patel et al. (Patel and Kalidindi, 2016) also
established a scaling factor of 2.0 between the yield strengths extracted
using the spherical indentation stress-strain protocols used in this work
and the standard uniaxial tests, and was validated experimentally on a
broad range of material systems (Weaver et al., 2016b; Khosravani et al.,
2021) and steels (Mohan et al., 2021). In this study, we focus on the
consistency of the indentation measurements at the two different ma-
terial length scales. Moreover, to ensure that bulk properties are
captured with microindentation, we compare the scaled yield strengths
extracted from the microindentation and tensile measurements. The
averaged 0.2% plastic strain offset tensile yield strength of unexposed
and high exposure samples were 311 MPa and 221 MPa, respectively.
The corresponding estimates from the indentation protocols (using the
above mentioned scaling factor of 2.0) were 308 MPa and 218 MPa,
respectively. These results indicate excellent agreement between

Ferrite
(@) 7 i
Unexposed "
60 Moderate exposure
High exposure -
50 SR 7 |l
z
£ 40
Ro) Ri =100 um
8 30
-
27 g
107
0 : ; :
0 50 100 150 200 250
Displacement (nm)
(b) Pearlite
100
Unexposed 7
8o | Moderate exposure 2/
High exposure [l
. VIA 4
= | A
= 60 i
=1 R; =100 /
@ i= pm P A
9 4071 7~/
‘J
20 t — 7/
. , ‘ L/ y/ |
0 50 100 150 200 250

Displacement (nm)

indentation and tensile tests. The tensile modulus of the unexposed and
high exposure samples were measured as 205 + 14.0 GPa and 206 +
37.5 GPa, respectively. The bulk elastic modulus E, extracted from our
microindentation protocols was 186 + 9.6 GPa for unexposed sample
and 187 + 11.6 GPa for high exposure sample. Most importantly, the
trend in the decreasing yield strength with thermal aging is highly
consistent between the tension and indentation tests. The results present
here provide strong support for our ability to extract reliable estimates
of bulk mechanical properties from the microindentation stress-strain
protocols described in this work.

The nanoindentation evaluation of ferrite and pearlite grain-scale
constituents was performed with a 100 pm radius indenter tip, so that
the primary indentation zone was well within a single grain of ferrite
and large enough to include multiple cementite laths or spheroidized
cementite particles in pearlite grains (see Fig. 5¢). For each sample, at
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Fig. 6. Examples of nanoindentation load-displacement (left column) and corresponding indentation stress-strain curves (right column) for (a) ferrite and (b) pearlite

constituents for all samples.
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least eight measurements were made in both ferrite and pearlite con-
stituents. Several examples of load-displacement and corresponding
indentation stress-strain curves for nanoindentation measurements are
shown in Fig. 6. The elastic modulus and the yield strengths of pearlite
and ferrite constituents are also summarized in Table 1. The averaged
elastic modulus and the indentation yield strength of ferrite are
consistently lower than those of pearlite. Also, the averaged pearlite
elastic modulus and indentation yield strength are consistently higher
than those obtained from the macroscale measurements with micro-
indentation. This confirms that the bulk modulus and strength of each
sample measured in microindentation are indeed bracketed by the
respective values for the constituents measured in nanoindentation. It is
also seen that the measurements on both ferrite and pearlite constituents
reveal a trend of decreasing indentation yield strength with increasing
thermal exposure, as seen in Fig. 6. These follow the same trends
observed earlier in microindentation.

3.3. Evaluation of composite models

The microstructure information (from segmented micrographs) and
the multiresolution indentation measurements were used to critically
evaluate the composite models described earlier. These comparisons are
summarized in Table 2. The average and one standard deviation of the

predicted composite indentation yield strengths, Ying, are presented in
this table along with the actual macroscale yield strengths from the

microindentation measurements, 17{,1‘1. The linear ROM model produced
a consistent overestimation of the composite indentation yield strength,
with an average MAPE (mean absolute percentage error) of 11.9% over
all three samples. This overestimation is somewhat expected because
linear ROM model assumes equal strain in both ferrite and pearlite
constituents in estimating the composite properties. On the other hand,
the modified ROM consistently underestimated the composite indenta-
tion yield strength, with an average MAPE of 11.8%. Note that the es-
timates using the modified ROM are dependent on the value of the
empirical parameter g, which can change significantly form one mate-
rial to another. The estimates based on Stringfellow-Parks self-consistent
model also consistently overestimated the indentation yield strength.
However, on average this approach is more accurate than both rule of
mixture models, with the average MAPE of 7.5%.

The ROM models represent the simplest of the approaches and ex-
periences the highest deviation from the experimental measurements.
As more local microstructure interactions are considered, the self-
consistent model estimates the composite indentation yield strength
closer to the actual experimental measurements. The models explored in
this work provided both an underestimation and overestimation of the
measured bulk yield strength for each sample. It is important to reiterate
that these approaches utilize only the ferrite and pearlite constituent
volume fractions as microstructure statistics. Yet it is remarkable that
even with simple microstructure measures, these models produce
reasonable indentation yield strength estimates. Undoubtedly, the use of
more sophisticated models that account for other features of the
microstructure (e.g., constituents shape and size distributions) are likely
to produce more accurate predictions. However, this study is focused on
demonstrating the consistency and the reliability of the measurement
protocols at the two different material length scales. The results of the
simple composite models employed here have provided that confirma-
tion. Nonetheless, the demonstrated protocols can be readily expanded
to more sophisticated composite models. For instance, segmented im-
ages directly enable quantification of higher-order statistics (e.g., n-
point statistics (Torquato and Stell, 1982)) that are necessary in more
detailed composite modelling approaches (Torquato, 2013). Moreover,
the indentation and image segmentation protocols demonstrated here
offer an avenue for aggregation of potentially large datasets for the
critical evaluation of various composite theories.
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Table 2

Indentation yield strength of pearlite-ferrite steel samples from micro-
indentation measurements and the predicted indentation from three different
composite models. An average MAPE (mean absolute percentage error) for each
model is also provided.

Sample Microindentation Linear Modified Stringfellow-
g,;d (MPa) IEOM §OM Earks
Yina Yina MPa)  Yipg (MPa)
(MPa)
Unexposed 615 + 18.6 673 £ 516 £29.2 640 & 36.7
45.5
Moderate 544 + 14.9 620 + 491 £25.5 593 + 33.9
exposure 36.2
High 436 + 32.2 489 + 413 +24.0 476 +23.3
exposure 27.7
Average MAPE for each model 11.9% 11.8% 7.5%

4. Conclusions

This work demonstrates the utility and benefits of applying the
recently developed protocols for image segmentation and indentation
stress-strain measurements for multi-resolution mechanical evaluation
of heterogeneous material systems. Specifically, in this work, these
protocols were used to study the effects of thermal exposure on the
properties of steel samples at both the macroscale and the constituent
scale. Image segmentation protocols were used successfully to segment
the ferrite and pearlite constituents in the sample microstructures im-
ages. Indentation yield strength of the ferrite and pearlite constituents,
as well as the bulk indentation yield strength of the samples were
evaluated using high-throughput spherical indentation stress-strain
protocols. All of the collected microstructure information was used to
critically evaluate three composite models used in current literature:
rule of mixture, modified rule of mixtures, and a self-consistent model.
The predictions from the composite models bracketed the measure-
ments, validating the segmentation and multi-resolution indentation
protocols employed in this work. The results of this study offer new
avenues for critical evaluation of the multitude composite models being
developed and reported in current literature.
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