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Abstract

Background Plastic deformation in polycrystalline metals is highly heterogeneous due
to the varied microstructure distribution. Although some traditional laws, such as the
Hall-Petch law, describe the relationship between microstructure and yield stress,
accurately predicting the initial yield stress (hence elastic limit) related to local
plasticity activation remains challenging.

Objective This study proposes a novel approach to identify local elastic limits using
full-field strain measurements, avoiding complex constitutive models.

Methods Full-field kinematic measurements were performed on the heat-treated
polycrystalline 316L austenitic stainless steel. By examining the different mechanical
responses during elastic and plastic deformation, the onset of plasticity activation for
each grain is identified from its grain-average strain evolution, allowing further
calculation of the grain-scale elastic limit.

Results Strain field observations indicate early strain localizations, particularly at twin
boundaries and triple junctions. Based on microstructures segmented by ordinary grain
and twin boundaries, considering and not considering twins, two different local elastic
limits are identified.

Conclusions The average elastic limit for the case considering twins is closer to the
value obtained from the macroscopic stress-strain curve. In addition, the statistical
analysis of the classified grain sizes reveals a more pronounced Hall-Petch relationship
when twins are considered. These results indicate the necessity of considering twins in
identifying the local mechanical properties.

Keywords Polycrystal; Kinematic fields; Hall-Petch law; Plasticity activation;

Microstructure
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1. Introduction

It is well known that the macroscopic mechanical response that controls the
mechanical properties of a material originates from the microstructure. During the
mechanical loading, the deformation field of polycrystals is wusually highly
heterogeneous due to their varying grain size, morphology, and crystallographic
orientation. The influence of microstructural features on heterogeneous deformation or
localized plasticity has been investigated in many experimental and numerical studies
[1-5]. Usually, plasticity occurs gradually when a material is subjected to a stress
beyond its yield stress. Several phenomenological models have been proposed to
determine this macroscopic yield stress, including one based on the thermal effects
induced during mechanical loading and the widely recognized Hall-Petch law related
to the average grain size of materials. The thermal variation-based method to determine
the activation of plasticity was first proposed in [6], where the yield stress is defined at
the transition between thermoelastic and thermoplastic regimes. However, due to very
low temperature variations during quasi-static deformation processes and the high
diffusivity of metals, the experimental determination of plasticity activation and yield
stress at the local scale from this perspective is laborious and complicated [7].

In addition, the well-known empirical Hall-Petch law connects the macroscopic
yield stress of the bulk material to its average grain size [8, 9]: g, = gy + kypd=1/2,
where o), is the yield stress of the material, g, is the lattice friction stress, d is the
grain size, and kyp is the Hall-Petch coefficient. This relationship has been

successfully validated in many single-phase metals, as presented in reviews [10-12].



Since its proposition, various models have been developed to explain the physics of
grain size effect associated with deformation mechanisms, where the most commonly
applied model is the dislocation pileup model [13, 14]. Although the Hall-Petch
relationship has been incorporated into numerous simulation studies to address the
influence of grain size [3, 15-17], its applicability in illustrating the correlation between
grain size and local plasticity on a microstructure scale remains uncertain, especially
considering the heterogeneous distribution of grain sizes within the aggregate. This is
because the grain size effect in polycrystals is a macroscopic manifestation derived
from the statistical analysis of local results. For an individual grain, its yield stress is
influenced not only by its own size, shape, and orientation but also by interactions with
neighboring grains, which are inherently difficult to quantify or measure. Moreover, the
yield stress is classically defined by a 0.2% strain offset on a stress-strain curve, even
if the plasticity is activated before this conventional point. Therefore, the macroscopic
Hall-Petch relationship is not prudent for estimating the initial yield stress locally
(hence the elastic limit where the stress-strain curve becomes nonlinear) corresponding
to the activation of plasticity [18].

With the application of full-field measurement techniques, such as digital image
correlation (DIC), the deformation mechanisms from the bulk specimen to the local
zone and even to the activation of slip systems have been studied in depth [19-22]. It
provides rich experimental data (local displacement and strain fields) for gaining insight
into and characterizing the mechanical behavior of materials at the microstructure scale.

Combined with finite element simulations, heterogeneous elastoplastic properties of the



material, including elastic limit and hardening modulus, can be identified by solving
inverse problems [23-28]. In contrast to previous studies, which require a large number
of experimental datasets and complex constitutive laws for simulation, this paper
proposes an alternative method for identifying local elastic limits through the
elastic/plastic strain partitioning through the full-field measurements. This
straightforward method is a phenomenological approach that does not rely on a
complex constitutive model. Furthermore, it is based on direct and precise
measurements of the strain fields and avoids strong assumptions and quantification of
specific microstructure parameters.

After the previous introduction, this paper is organized as follows. The first part
describes the test conducted and characterizes the microstructure of the specimen within
the region of interest (ROI). In the second part, the full-field strain fields for the whole
ROI are discussed. Afterward, the strategy to identify the onset of plasticity activation
and then the local elastic limit at the grain scale is presented, based on the distinction
between elastic and plastic regimes from the full-field measurements. Finally, with the
help of microstructure segmentation, a statistical analysis of the identified grain-scale
elastic limits is conducted, where the results are classified by grain sizes, both with and
without consideration of twins.

2. Material and methods
2.1. Specimen preparation and experimental methodologies
The studied material is an AISI polycrystalline 316L austenitic stainless steel. The

dog-bone-shaped specimen was extracted from a steel plate along the rolling direction



by wire electrical discharge machining. The specimen geometry and dimensions are
shown in Fig. 1(a), with the gauge area of 10 mmX7 mmX2 mm. A relatively short
gauge length was chosen to ensure that the onset of plasticity could be captured within
the camera system's field of view (details of the camera system will be described in the
last paragraph of this section). The as-received specimen underwent an annealing heat
treatment at 1200 °C for 3 h in a vacuum, followed by furnace cooling, which increased
the mean grain size from the original 15 pm to 250 pm (measured by the slope-intercept
method without considering the annealing twins) to facilitate the measurements at the
grain scale. The chemical composition of the annealed material, as measured by glow
discharge optical emission spectroscopy (GDOES), is presented in Table 1. The results
are in good agreement with the specifications outlined in ASTM A240!. The edges and
both surfaces of the specimen were finely polished to 2000 particle size with silicon
carbide grinding papers. Then, the observed surface was further polished up to 1 pum
with a diamond suspension, followed by electrochemical etching (with the solution of
50% Nitric acid) at 10 volts and a current density of 30 mA/cm? for 1 minute at room
temperature. The ROI of about 6.6 mmX5.7 mm is located in the center of four small
Vickers indentations, which serve as fiducial markers for image repositioning. A
contrasted speckle pattern for the DIC calculation was prepared by covering calcium
carbonate particles on the surface of a uniform black matte paint primer using an
airbrush.

The test was performed on an electro-mechanical Instron 5580 testing machine,

I ASTM A240, Standard Specification for Chromium and Chromium-Nickel Stainless Steel Plate, Sheet, and
Strip for Pressure Vessels and for General Applications



under displacement control with a cross-head speed of 1 mm/s, corresponding to a strain
rate of 2 x 1073s~1. Fig. 1(b) shows the macroscopically monotonic stress-strain
curve of the studied specimen subjected to uniaxial loading at room temperature. The
engineering stress is determined by dividing the force of the load cell by the initial
section of the gauge area. The axial strain is calculated by averaging the results obtained
by using the DIC technique over the ROI. The stress exhibits a linear variation with the
strain until point A, which can be considered to be the elastic limit (124 MPa) of the
material. Before the occurrence of linear hardening (CD) attributed to the generalized
plasticity, the material undergoes an elastoplastic transition (AB) related to the plasticity
of some favorably oriented grains. Moreover, the increase in grain size through heat
treatment results in yield stress at 0.2% plastic strain offset for the current specimen
(205 MPa), which is lower than that of the standard 316L stainless steel (261 MPa) [29],

aligning with the description from the Hall-Petch relationship.

Component C Si Mn P S Ni Cr Mo N

ASTM A240 <0.03 <0.75 <2 <0.045 <0.03 10~14 16~18 2~3 <0.1

GDOES 0.011 0336 1.12 0.035 0.009 10.209 15924 2017 0.164

Table 1 Comparison of certified chemical compositions and GDOES measurements of an

annealed 316L austenitic stainless steel (weight %)
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Fig. 1 (a) The geometrical dimension of the studied specimen, (b) Evolution of the

macroscopic engineering stress-strain during the loading stage

Full-field kinematic measurements were performed on the homemade YaDICs
platform [2, 30] based on the finite element global method, with the element size chosen
as 16 pixelsx 16 pixels. The coarse-to-fine approach is applied to speed up the algorithm,
with a median filter of radius of 3 at each level. Under the small deformation assumption,
the engineering strain components are computed from the numerical gradients of the
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in-plane displacement fields, specifically: &, = e Sy =5y and &y, = > (5 %)

The equivalent von Mises strain under the plane strain assumption is calculated with

) 4 4 )
the following formula: ¢, = \/ 5 (e2, + &5y — exxeyy) +3 (¢2,) . Using an
appropriate lens and camera for image acquisition is necessary to achieve a high spatial
resolution and ensure reliable DIC calculations on the microstructure scale. In the

current work, an XIMEA CB500 camera with a 7920x6004 pixels sensor was paired



with a LAOWA 25mm /2.8 2.5-5X Ultra-Macro lens at a magnification of X2.5,
resulting in a pixel size of 1.84 um. In order to increase the frequency of image
acquisition, the images were cropped to 54004800 pixels, providing a field of view
of 9.9 mmx8.8 mm, ensuring that all free surfaces of the ROI are captured within the
image. The analyses in the following parts are based on the actual strain fields measured
using DIC within the ROI. Therefore, the applicability of St. Venant's principle to the
designed specimens was not specifically considered. The DIC calculations result in a
spatial resolution of about 30 umx30 pm for the kinematic fields with the chosen
element size. The uncertainty of the strain measurements can be evaluated by rigid-
body translations before the test, allowing for an assessment of the entire measurement
chain. In the in-plane rigid body translation test with an axial displacement of 100 pm,
the strain error is about 0.02%. The out-of-plane rigid body translation test with a
displacement of about 30 um presents a strain error of about 0.06%. It can be observed
that the out-of-plane effect has a relatively significant impact on measurement errors,
particularly when utilizing a high-magnification lens.
2.2. Microstructure characterization

The highlighted microstructure by etching within the ROI was characterized by
optical microscopy (OM) before and after the test. A series of images with an overlap
of 20% were taken at X50 magnification and stitched in the NIS-Elements software,
which covers the whole ROI with a pixel size of 0.68 pum. Fig. 2(a) shows the
microstructure of the investigated specimen before the test. The image segmentation on

the microstructure was first performed using the MorphoLibJ module in Fiji [31], which



allows the skeleton of the grain boundaries to be automatically extracted. However, due
to the incomplete closure of etching grain boundaries and the influence of noise, image
segmentation generally cannot be fully automated. The previous skeletons were further
manually modified in ImagePy [32], where the missing grain boundaries were manually
completed. Fig. 2(b) displays the results obtained by automatic segmentation with
manual modification.

After the removal of the speckle pattern with acetone and ethanol in the ultrasonic
water bath, the deformed microstructure within the ROI was characterized using
electron backscatter diffraction (EBSD). Considering that the final deformation of the
specimen was relatively small, less than 2%, one assumes that the crystal orientations
of the specimen after deformation represent those before deformation [33]. EBSD
measurements were conducted by a Hitachi scanning electron microscope (SEM)
system equipped with an Oxford EBSD detector. The acquisition was carried out at an
accelerating voltage of 20 KV and a working distance of 10 mm. EBSD scans were
acquired at X33 magnification with a step size of 2 um. A total of 25 maps were
obtained with an overlap of 15%. Before repositioning and stitching them into the DIC
reference system, the optical distortion of these EBSD scans was corrected using thin
plate spline transformation. The detailed procedure is described in reference [2]. Fig.
2(c) and (d) represents the inverse pole figure (IPF) mapping from the X-Y plane of
specimen within the ROI that has been repositioned in the reference framework, and
the standard triangle respectively. Grains are color-coded with respect to the Z axis,

which is perpendicular to the observed surface.
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Fig. 2 (a) The microstructure within the ROI of the studied specimen before the test, (b) the
segmented microstructure, (c) IPF with respect to the Z axis, and (d) the standard triangle for

the representation of grain orientations

Fig. 3 shows two different patterns of grain boundaries obtained: ordinary grain
boundaries where the misorientation is larger than 10° (depicted by the black line) and
twin boundaries where crystal lattices are related by a 60° rotation (indicated by the
brown line). This yields two different grain distributions i.e., including and excluding
twins, in terms of numbers and average grain sizes. Ordinary grain boundaries identify
331 grains with equivalent diameters ranging from 18 to 1845 pm. These grains present

an average size of d,,.=273 um. Conversely, twin grain boundaries identify a larger

10



number of grains, 1449 in total, but with a narrower range of grain sizes from 18 to

1015 um and with the average grain size reducing to d;,,.~137 um.
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Fig. 3 (a) Ordinary grain boundaries (in black lines) and twin boundaries (in brown lines), (b)

Grain size distribution obtained by segmented images

The out-of-plane displacement due to plastic deformation was characterized by the
height distribution on the deformed surface using a Veeco Wyko NT 9300 profilometer
with a measured step of 1.6 um. The height distribution represented in the non-
deformed configuration is shown in Fig. 4(a), which ranges from -7 to 9 um with an
average value of 2 pm. Considering a mirror-like polishing up to 1 pm on the measured
surface was conducted before the test, thus the heterogeneities of height distribution are
due to the out-of-plane movements resulting from plastic deformation along the Z axis.
Fig. 4(b) shows the resulting strain due to the out-of-plane displacement after the test,

which is quantified by the gradient of height [2]:

= (@) (&)
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Fig. 4 (a) Profile maps of the deformed surface, in units of pm, (b) Gradient of the height on

the deformed surface, in units of %, represented in non-deformed configuration and
superimposed with ordinary grain and twin boundaries, (c) Microstructure of the deformed

surface superimposed with ordinary grain boundaries

Compared to the microstructure after the test in Fig. 4(c), the heterogeneous
distribution of the height gradient is in good agreement with the discontinuities of the
microstructure. Most of the pronounced heterogeneities are located on or near the twin
boundaries, as shown by the white ellipses, which emphasize the link between
microstructural discontinuities and heterogenous localization around ordinary grain and
twin boundaries.

3. Results
3.1. Evolution of strain fields measured by DIC

The equivalent von Mises strain fields at specific moments, corresponding to the
points A, B, C, and D on the macroscopic stress-strain curve in Fig. 1(b), are highlighted
and presented in Fig. 5. The average values of these strain fields are 0.06%, 0.13%,
0.21%, and 0.29%, respectively. The grain boundaries with a width equal to the element
size for DIC calculation, that is 16 pixels, are superimposed. The white bidirectional

arrow represents the loading direction of the specimen. Limited to the uncertainty of

12



the DIC calculation, the field in Fig. 5(a) is significantly influenced by the noise. In
particular, several artifacts result from the shedding of speckles at the beginning of
loading, which are evident at the initial loading and then become less visible as the
physical strain increases, as highlighted in the blue boxes. The first strain localizations
can be observed in Fig. 5(b), as indicated by the blue arrows. These heterogeneities are
located near the grain triple junctions and extend along the grain boundaries. Notably,
a clear example is indicated by the blue arrow in the middle left part of Fig. 5(b). With
the increase of applied stress, plastic strain gradually accumulates around the initial
localizations, resulting in the formation of more extensive localization zones at the same
positions, as shown by the yellow ellipses in Fig. 5(c). New localizations gradually
emerge as the average strain increases, primarily located near grain boundaries,
indicated by the green arrows in Fig. 5(c) and (d). In addition, in grains with extensive
deformation, the incompatibility of deformation at the boundaries extends into the grain,
generating intragranular strain localizations, as indicated by the yellow arrows in Fig.
5(c). The spatial distribution of the strain field in Fig. 5(d) remains almost consistent
with the previous state, except that the intensity of these localizations increases

monotonically with the increasing stress.

13
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and (d) D on the macroscopic curve

These observations reveal the spatial and temporal heterogeneities in plastic
strains. For a polycrystalline metal, these heterogeneities arise from microstructural
heterogeneities such as grain orientation, shape, and size, which could reflect the
heterogeneous distribution of the elastic properties of the material. In the following
section, the method for identifying elastic limits on the grain scale based on the
evolution of the full-field strain fields measured by DIC is presented, which

encompasses two cases, with and without considering twins. The identified elastic

limits are further subjected to statistical analysis.
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3.2. Identification of elastic limits at the grain scale

The mechanical behavior of the material transitions from elasticity to plasticity
due to the differences in modulus. During the elastic regime, Hooke’s law, which relates
to Young’s modulus and Poisson ratio, describes the mechanical behavior of isotropic
elastic materials. Conversely, a hardening modulus with an appropriate hardening law
is required in the plastic regime to characterize the mechanical response accurately.
Basically, the material undergoes recoverable elastic deformation with a linear strain
evolution over time until the loading reaches the elastic limit. Once local plasticity
occurs, the material’s response deviates from linearity, manifesting an elastoplastic
transition followed by a progressive hardening regime. This difference in mechanical
behaviors between elastic and plastic regimes allows for determining the bulk elastic
limit from the macroscopic stress-strain curve. However, the local elastic properties of
materials are heterogeneous due to variations in crystallographic characteristics such as
grain size, morphology and orientation, as well as the influence of surrounding grains.
Using the engineering stress measured by the load cell to identify the local elastic
properties related to the plasticity activation becomes inaccurate. As a result, this work
proposes a method for identifying the elastic limit for each grain based on the evolution
of experimentally measured local strain by DIC as the function over time rather than
relying on stress.

In the test controlled by displacement with a constant loading rate, the strain
increases linearly with time until the onset of plasticity, where the applied stress exceeds

the elastic limit or the plasticity is activated. The elastic limit can then be determined
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using Hooke’s law, based on the measured strain at the onset of plasticity. Therefore,
accurately determining these moments of plasticity activation is crucial for identifying
the local elastic limit. One feasible method is to perform segmented linear regression
on the measured strain evolution and calculate the coefficient of determination (R?
values) between the fitted and measured curves. In an ideal case, where strain
measurements are not affected by the noise, the segmented linear regression on the
elastic strain data will show a high correlation, with R? values close to 1. When
plasticity is activated, this correlation decreases; hence, the rapid drop in R? value is
considered an indication of the onset of plasticity, as shown in Fig. 6(a). However, in
real strain measurements, the effect of noise is unavoidable, particularly when the strain
is small. This results in lower R? values even during the purely elastic strain regime,
which gradually increase with the number of fitted points and reach a maximum value
after the activation of plasticity, as shown in Fig. 6(b). Based on these observations, the
procedure of the proposed method for detecting the onset of plasticity for each grain is
as follows:

1. Obtain curves of the mean strain evolution over time for each grain;

2. Perform the linear regression to the first n measured strain points (n>4);

3. Incrementally increase the number of points and calculate the R? value between
these strain data and their linear regression;

4. Determine the moment, i.e., t,;, when the maximum or local maximum value of
R? exists. The elastic limit corresponds to the stress calculated by Hooke’s law at t,;,

aegl = EeI(t,)).

16
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Fig. 6 Examples of determining the plasticity activation for the grains (a) without noise

effects, (b) with noise effects

The above procedure of identifying the elastic limit was performed on the
segmented microstructure in Section 2.2, including the cases considering twins or not.
However, the proposed method for the elastic limit identification may not be valid for
grains with sizes smaller than the spatial resolution of the applied DIC technique (i.e.,
30 pum), where the measurement of the strain is seriously affected by the noise.
Therefore, such small grains are not taken into account during the identification process.
For the case with consideration of twins, a total of 21/1449 grains were excluded, which
accounts for 1% of the ROI in terms of number and area. In the case without
consideration of twins, a total of 10/331 grains are excluded, which occupies
approximately 3% of the total number of grains and represents only about 0.6% of the
area of the ROI. In terms of numbers and areas, removing these grains does not affect
the statistical analysis of the results.

Fig. 7(a) and (c) present the identified elastic limits for all grains, with mean and
standard deviation values of 129+45 MPa (with twins) and 95+30 MPa (without twins),

respectively. The average values of the identified elastic limits for all grains are

17



calculated by considering the volume fraction f; of each grain. The calculation is

performed using the following formula:

< Og >= zfgo-el,g

where 0,4 is the identified elastic limit of each grain. Assuming a uniform size

distribution of grains along the thickness (Z axis), the volume fraction is calculated as
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Fig. 7 Identified elastic limit fields for all grains (a) with and (c) without considering twins.

The histograms of grain-scale elastic limits (b) with and (d) without considering twins

The mean elastic limit when considering twins is closer to the macroscopic one
(124 MPa) determined from the macroscopic curves. In addition, the histograms of the

identified elastic limits in Fig. 7(b) show that the distribution considering twins presents

18



a Gaussian pattern, which is physically meaningful and reflects the combined effects of
factors like grain size and orientation, as described by the central limit theorem.
3.3. Classification of grains

Considering the different average grain sizes (137 pm including twins and 273 pum
excluding twins), the mean value of the identified elastic limits is higher when twins
are taken into account. This seems to be in agreement with the Hall-Petch relationship.
This observation prompts us to analyze locally whether a similar Hall-Petch
relationship exists between the grain sizes and the identified grain-scale elastic limits
in the previous section. Fig. 8§ illustrates the distribution of the elastic limits that satisfy
the identification conditions within the ROI as a function of their grain sizes. One could
observe that, due to the dispersion of the identified elastic limits, the Hall-Petch
relationship is not evident by directly observing these two distributions, especially

when considering the presence of twins.
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Fig. 8 Distribution of grain-scale elastic limits as the function of grain size (a) excluding

twins, (b) including twins

In order to perform statistical analysis from these inconclusive data, the reduction

19



of correlation scatter was achieved by classifying the grains within the ROI into several
different categories based on size. The mean values of grain sizes and identified elastic
limits were then calculated for each classification to evaluate the presence of the Hall-
Petch relationship. Given the Gaussian-like distribution of the grain sizes and identified
elastic limits, as well as the moderate number of grains, this study applies Sturges’ Rule
to determine the number of classifications [34], which is expressed by the following
formula:
k=1+log, N

where N denotes the total number of data points, and k represents the number of
classifications. To facilitate a more intuitive comparison, the number of classifications
is kept consistent across both cases of considering twins or not. Using the same number
of classifications ensures a uniform standard, which allows for a more accurate
comparison of distribution characteristics. The calculation of this number is based on
the grain count from the case without considering twins (331), resulting in at least 9
classifications according to the previous formula. Considering the small number of
grains with a size larger than 600 pum, the grains exceeding this value are classified into
a single category. The remaining grains are then classified into k — 1 groups with
equal intervals, where the average grain size and elastic limit are counted. Afterward, a
linear regression is performed on these data points, and the R? values between the data
points and their linearly fitted curves are calculated for different numbers of
classifications. As shown in Fig. 9, R? values decrease with the increasing number of

classifications. In order to reduce the dispersion of the statistical results without
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affecting their plausibility, we set the k = 9, which provides sufficiently high R?

values for both cases, whether considering twins or not.

1.0
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0.4
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50 7.5 10.0 12,5 15.0 17.5 20.0
Number of classification (k)

Fig. 9 R? values between the data points and their linear fitting curves for different numbers

of classifications

3.4. Investigation of Hall-Petch relationship based on grain classification

The results of identified elastic limits and grain sizes (d~'/?) for the classifications
of grains are presented in Fig. 10(a). A linear regression is then performed to fit the data,
resulting in the black and blue curves corresponding to the cases with and without
considering twins, respectively. The high R? values between the fitted curves and the
data points suggest that both curves exhibit the typical Hall-Petch relationship,
indicated by the increase in elastic limits with d~1/2. The R? value between the fitted
curve and calculated data for the case with considering twins is larger than the one
without consideration of twins. Moreover, the less scattered distribution of black points
validates the importance of twins in establishing the Hall-Petch relationship.

It can be observed that the intercepts (depending on the lattice friction) of the two

21



Hall-Petch curves are different. The twin boundaries could act as barriers for dislocation
movements for a polycrystal, even if they are usually considered low-energy boundaries
[3]. Due to the presence of the boundaries, dislocations arriving at a grain boundary
cannot freely cross the boundary. Therefore, the material with higher boundary density
tends to exhibit a higher elastic limit. This is reflected in the larger intercept, o, for the
results with twins compared to the ones without twins.

Fig. 10(b) compares the Hall-Petch relationship for the case with twins from
current work with those from other studies [35-38]. The grain size strengthening factor
(slope) aligns well with reported values (300-600 MPa - um~°%), but the intercept is
relative lower. This difference stems from the fact that previous studies use the yield
stress at a 0.2% plastic strain offset, whereas the elastic limit related to the onset of the

first plasticity was applied in this work, resulting in a reduced intercept.
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Fig. 10 (a) Hall-Petch relationship for the case with and without considering twins, (b)

comparison of Hall-Petch relationship for 316L stainless steels [35-38]

Fig. 11(a) shows the distribution of the maximum Schmid factor (m,,,,) for all
grains in the ROI, with an average value of 0.45. To investigate the influence of grain

orientations on the identified elastic limits, the values of maximum Schmid factor for
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all grains were uniformly classified into 9 groups ranging from its maximum to
minimum, where the average values of m,,,, and the elastic limit was calculated in
each group, as shown in Fig. 11(b). It is observed that the elastic limit decreases as the
maximum Schmid factor increases. This behavior can be attributed to the fact that a
higher m,,,, corresponds to a grain orientation that is more favorably aligned for slip
activation under the applied loading direction. Consequently, grains with higher m,,

values tend to reach their plastic deformation threshold at lower stress levels.
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Fig. 11 (a) Maximum Schmid factor within the ROI, (b) influence of maximum Schmid factor

on the elastic limit

According to the Hall-Petch relationship established in Fig. 10(a), the grain scale
elastic limit fields for both case are presented in Fig. 12(a) and (c), with a mean and
standard deviation of 118+12 MPa and 9448 MPa, respectively. The elastic limit field
considering twins presents a larger mean value, consistent with the description of the
Hall-Petch relationship, due to its smaller average grain size. Interestingly, the mean
elastic limit determined by the proposed Hall-Petch model for the case with twins is

closer to that obtained from the macroscopic curves, which is 124 MPa. This suggests
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that the Hall-Petch model considering twins provides a more accurate representation of
the elastic limit distribution at the grain scale, which is in good agreement with the

macroscopic mechanical behavior.
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Fig. 12 Estimated elastic limit fields obtained by the application of Hall-Petch relationship on
all grains (a) with and (c) without twins; The histograms of grain-scale elastic limits (b) with

and (d) without twins

Plasticity is activated when the resolved shear stress (RSS) on a specific slip
system reaches its critical value, known as the critical resolved shear stress (CRSS).
For the studied material with FCC structure, it is assumed that only one slip system is
predominantly activated at the low macroscopic plastic strain level of the current work
(<0.2%). According to Schmid’s law, the CRSS is calculated using the following

equation:
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Tcrss,g = Mmax,g0el,g

where M4y 4 and o, 4 are the maximum Schmid factor among the 12 possible slip
systems and identified elastic limits of grain g, respectively.
A statistical analysis was also performed on 7cggs, g, following the same grain

classification based on its size used for analyzing the elastic limit. The results indicate

that Tcggsy presents a Hall-Petch relationship, similar to that of the elastic limit, as

shown in Fig. 13. The R? values for the two fitted curves are very close to each other,

indicating that both elastic limit and 7Tcgss, show a Hall-Petch relationship when

grain size classification is applied.

160
= 70
£ 150
2 -
= 65
é‘ 140 _
i 6{)%rj
= =
8] o
9 55 1
3120
]
g
o g 50
m 110 / —— Elastic limit,R2=0.940
v‘/: —— Critical resolved shear stress,R2=0.943 45
2

0.04 0.06 0.08 0.10 0.12 0.14
Grain size d~°3(um~93)

Fig. 13 Hall-Petch relationship of elastic limit and T¢ggs g

Conclusions

In this paper, full-field kinematic measurements are performed on the heat-treated
polycrystalline 316L austenitic stainless steel, with a specific focus on the strain fields
during uniaxial tensile loading up to approximately 0.2% deformation. The increased

grain size induced by heat treatment ensures spatial resolution compatibility with DIC
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measurements, facilitating precise measurements at the grain scale. Microstructure
observation after electrochemical etching using an optical microscope highlights grains
defined by ordinary grain boundaries. On the other hand, grains defined by grain
boundary misorientation in EBSD data analysis more distinctly revealed annealing
twins resulting from the heat treatment. It is possible to conduct the analysis at the grain
scale by segmenting and repositioning these two distinct microstructures obtained
through OM and EBSD in the initial DIC configuration. Subsequently, based on the
different mechanical responses of the material during elastic and plastic deformation
regimes, a method is proposed to identify the activation of plasticity using local strain
evolution, thereby obtaining local elastic limits corresponding to the two different
microstructures. Furthermore, the identified elastic limits and critical resolved shear
stress are statistically analyzed on the classification of grain sizes. The main results are
as follows:

(1) The evolution of the full-field strain field shows that strain localizations have
occurred before the conventional 0.2% yield strain, mainly at the twin boundaries
and triple junctions. Upon entering the hardening stage, the previously occurring
strain localization intensifies without new occurrences of localization.

(2) An innovative experiment approach is proposed to identify elastic limits at the grain
scale with and without considering annealing twins. This simple method is based
on the obtained strain fields, avoiding strong assumptions and quantification of
certain microstructure parameters. The average value of the elastic limits for the

case considering twins is closer to the value obtained through the macroscopic
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stress-strain curve. This suggests the necessity of twins in the identification of the
elastic limits.

(3) No clear correlation exists between the identified elastic limits and grain size by
direct observation of their distribution. However, a statistical analysis of the
classified grain sizes indicates the existence of a Hall-Petch relationship for the case
of considering twins, which can be an explanation for verifying such a relationship
at the macroscopic scale.

Regarding the perspective, the identified elastic limits based on the local strain
evolution need more validation methods, such as the inverse identification methods.
Such methods require full-field DIC measurements with a combination of finite
element simulations, which will be the scope of future work on polycrystalline
aggregates.
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Appendix. Elastic limit calculation with crystallographic computations

In the main text, a scalar method was applied for the identification of elastic limits,
where the calculated stress is a scalar value with the assumption of isotropic Young's
modulus. To account for anisotropy effects on the elastic limits, the tensor method using
experimental kinematic fields to calculate local stresses with crystallographic

computations was applied. According to Hooke's law, the stress tensor is computed as:

0e1 = RT

=
I

R

Il

Here, R is the rotation matrix. C is the elastic stiffness tensor. The material under
study has an FCC crystal structure, which requires only three independent components
for the stiffness tensor: €4, C;, and C44. These constant values vary across different
literature. In this study, the optimal values (Cy; = 188 GPa, Ci; = 137 GPa, Cyy =
88 GPa) were determined by minimizing the difference between the stresses calculated
using the above formula and the experimentally measured stresses. Afterwards, using
the experimentally measured strain components in a 2D case, the stress components at

the onset of plasticity correspond to the solution of:
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In 2D applications, the elastic limit is determined by calculating the von Mises

stress at the onset of plasticity, which is expressed as:

Opm = \/ 0% + 0F) — Oyx0yy + 302,
The result is shown in Fig. Al(a). A comparison with the elastic limits obtained by
the scalar method (Fig. A1(b)) reveals similarities in the overall distributions. The mean

value of tensor method (124 MPa) equals to the mean value of the scalar method.
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Fig. A1 Elastic limit fields (a) considering the crystal orientation (tensor method), and (b)

with isotropic Young's modulus assumption (scalar method)

The elastic limits for grains in Fig. Al(a) were classified using the same size-based
criteria as described in the article, and their Hall-Petch relationship was analyzed. As
shown in Fig. A2, the scalar method exhibited a higher R? value, indicating better
consistency in describing the Hall-Petch relationship. The difference in the intercept
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and slope of the Hall-Petch relationship can be attributed to the selection of the stiffness

coefficient values, which require to be further identifying and validating.

160

—_
4)]
o

H
N
o

O = 98 + 431d7°°
130

120 Te1 = 86 + 538d 705

Estimated elastic limit (MPa)

-
-
(=]

—— Scalar method,R2=0.943
—— Tensor method,R2=0.643

0.04 0.06 0.08 0.10 0.12 0.14
Grain size d~%3(um~93)

Fig. A2 Comparison of scalar and tensor methods in establishing the Hall-Petch relationship
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