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Preface to " Applications of Crystal Plasticity in
Forming Technologies”

Materials science advancements have led to the development of complex materials for targeted
applications and have pushed manufacturing boundaries. However, because the microstructural
characteristics are responsible for its bulk deformation behavior and life after failure, it is critical
to acquire the appropriate material properties required for safe performance during service life when
engineering the microstructural attributes. Recently, the development of microstructurally informed
detailed models to investigate the global and local deformation behavior of single- and multi-phase
materials has been facilitated by crystal plasticity-based numerical simulation models. They have
helped to study the effect of the microstructural features on deformation and damage behavior
under multiaxial loading conditions. Furthermore, these models can be used with machine learning
techniques to optimize microstructural features for materials application or in a process route.

In this Special Issue, we have gathered work on simulations of polycrystalline metals and alloys
at various length scales to model multiscale localization phenomena such as slip bands, cracks,
and twins. This collection of articles discusses cutting-edge methods that integrate simulation and
experiments to capture the creation of materials and use materials informatics to analyze sizable

datasets and direct the development of continuum or microstructural theories.

Ulrich Prahl, Sergey Guk, and Faisal Qayyum
Editors
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The Special Issue on ‘Crystal Plasticity in Forming Technologies’ is a collection of
11 original articles dedicated to theoretical and experimental research that provides new
insights and practical findings in topics related to crystal plasticity.

Advancements in materials science have led to the development of complex materials
for targeted applications and have pushed manufacturing boundaries. As the microstruc-
tural attributes of any material are responsible for the bulk deformation behavior and life
after failure, it is important to engineer them to obtain the desired material properties
necessary for their safe functionality during their service life. Furthermore, the formability
limits of such materials play a huge role in dictating bulk deformation process limits during
manufacturing and hence can significantly affect the cost of production. In the recent past,
crystal plasticity-based numerical simulation models have paved the way for developing
microstructurally informed detailed models to analyze the global and local deformation
behavior of a wide variety of single- and multi-phase metallic and non-metallic materials.
Such models can be used to study the effect of microstructural artifacts on the deformation
and damage behavior of materials under multiaxial loading conditions. In conjunction with
advanced computer algorithms, these models can be applied to optimize microstructural
attributes for the desired material application or a process route.

With the advent of electromobility and the requirement for lightweight structures,
magnesium alloys are becoming an attractive choice for industries. However, the manu-
facturing process and loading conditions can drastically affect the deformation behavior
of these alloys during service. Crystal-plasticity-based phenomenological or physical
numerical simulation models can help in this case. Yaghoobi et al. [1] reviewed recent
advances in the crystal plasticity modeling of magnesium and its alloys. They highlighted
the benefits and limitations of different models that capture detwinning in such simulations
and the advances of several experimental techniques that complement the development
and validation of such detailed models. Continuing with experimental techniques, Sun
etal. [2] investigated the effect of grain-boundary misorientation on slip transfer in Mg-Gd-
Y magnesium alloy. They proposed that the ductility of such materials can be significantly
improved by the initial yielding of the components to increase the local misorientation
index in medium strain regimes. In high-strain regimes of the same material class, Liu
et al. [3] investigated the local strain heterogeneity using electron backscattered diffraction
(EBSD) measurement and digital image correlation (DIC) analysis of miniature tensile test
samples. They showed that damage initiation occurs at triple points of the grains with
highly contrasting Schmidt factors. Such experimental trials on the mesoscale are necessary
to identify simulation model parameters and validate the results.

Multiphase steels are extensively used because of their high strength and improved
stability at higher temperatures. Qayyum et al. [4] worked on analyzing the influence
of non-metallic inclusions on the local deformation and damage behavior of Modified
16MnCrS5 Steel. They carried out full-phase crystal plasticity simulations on plain strain
2D periodic RVEs constructed using EBSD data from differently processed samples. These
simulations investigated the effect of different processing routes on the local microstructure
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and the distribution of inclusions, resulting in local heterogeneity during deformation.
Qayyum et al. [4] argued that the local results might be affected by the assumption of 2D
RVEs. To fill this gap, Tseng et al. [5] worked on understanding the difference in the local
difference between simulations of crystal plasticity of 2D and 3D RVE. They then provided
a methodology to transform local stress and strain distributions from 2D to 3D observations
in full-phase crystal plasticity simulations of dual-phase steels.

A comparison of structural, microstructural, elastic, and microplastic properties of
all-aluminum alloy conductor (A50) and aluminum conductor steel-reinforced (AC50)
cables after various operation periods in power transmission lines was presented in [6].
They used outer clippings of actual transmission wires that were in operation for 0-20
years in the Volgograd region of Russia. Appropriate samples were manufactured and
analyzed for microstructural, crystallographic, or density changes. They found that the
AC50-reinforced wires performed slightly better than the A50 wires in microstructural
integrity over the years. Furthermore, they pointed out that recrystallization in the wire
strains exposed to long aging times under external load is a very important consideration
for structures with long expected service lives. Continuing with this estimation, Trusov
etal. [7] tried to describe dynamic recrystallization by employing an advanced statistical
multilevel model. In this article, they propose an original method of statistical modeling
to form and reconstruct the grain structure by applying the Laguerre polyhedral. The
proposed model has high computational efficiency and can describe the peculiarities of
physical mechanisms, where the decisive factor is the interaction between contacting grains.

Zhang et al. [8] developed a multiscale model that connects discrete dislocation dy-
namics to the finite element method to study the plastic behavior of materials on small
scales. This is a user-subroutine-based model with a complicated boundary problem for
discrete dislocation dynamics (DDD) simulation. The model was solved using the finite
element method (FEM). The plastic strain was calculated in discrete dislocation dynam-
ics (DDD) and transferred to the FEM to participate in the constitutive law computation.
Uniaxial compression tests on single-crystal micropillars were carried out to validate the
generated model. The yield stress was shown to depend on sample size and underlying
deformation mechanisms.

In addition to the works mentioned above, some cross-discipline work has been
published in this Special Issue related to scale bridging simulations for other cases and
materials. These articles provide a comprehensive understanding of how crystal-plasticity-
based models can be used in other branches of materials science to improve understanding
of material deformation and damage behavior.

Solder joints in electronic systems comprise only a few crystals and have significantly
anisotropic thermo-mechanical behavior. Therefore, it is important to understand their
reliability under varying loading conditions to ensure the robust functionality of the
electronic systems that now power our lives. The reliability of SAC305 Individual Solder
Joints during stress—fatigue conditions at room temperature was investigated by Abueed
et al. [9]. They used a specially designed fixture with an Instron 5948 micromechanical
tester and analyzed the stress—strain loops from different loading conditions to distinguish
damage from fatigue from damage from creep. Their findings show that using higher stress
levels or longer dwell times greatly reduces fatigue while significantly improving plastic
work and strain.

Skakunova and Rychkov [10], in their article, used Raman spectroscopy and optical
microscopy to analyze L-leucinium hydrogen maleate (LLHM). This first molecular crystal
retains its unusual plasticity at freezing temperatures. LLHM was cooled to 11 K without
undergoing a phase transition, while high-pressure impact caused noticeable changes in
crystal structure between 0.0 and 1.35 GPa. Surprisingly, the pressure transmission medium
(PTM) significantly impacted how the LLHM system behaved under difficult circumstances.
High pressures have been associated with LLHM phase transitions into an amorphous
form or solid—solid phase transitions that cause crystal fracture. The researchers showed
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that the low-temperature stability of LLHM raises the intriguing hypothesis that LLHM
maintains flexibility below 77 K.

Lastly, Jiandong and Lianhe [11] investigated the Griffith crack problem and the
relationship between a screw dislocation and semi-infinite fracture in cubic quasicrystal
piezoelectric materials using a complex variable function approach. They provided an
in-depth discussion regarding the linear force and coupling elastic coefficient that affect
the stress intensity factor of phonon and phason fields. They pointed out that numerical
examples that the linear force and the coupling elastic constant significantly influence the
stress intensity factor.

We hope this collection of papers will meet the expectations of readers looking for new
advances in applications of crystal plasticity in forming technologies and bring inspiration
for further research work.
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Abstract: Slip and extension twinning are the dominant deformation mechanisms in Magnesium
(Mg) and its alloys. Crystal plasticity is a powerful tool to study these deformation mechanisms.
Different schemes have incorporated crystal plasticity models to capture different properties, which
vary from the simple homogenization Taylor model to the full-scale crystal plasticity finite element
model. In the current study, a review of works available in the literature that addresses different
properties of Mg and its alloys using crystal plasticity modes is presented. In addition to slip and
twinning, detwinning is another deformation mechanism that is activated in Mg and its alloys. The
different models that capture detwinning will also be addressed here. Finally, the recent experimental
frameworks, such as in-situ neutron diffraction, 3D high energy synchrotron X-ray techniques, and
digital image correlation under scanning electron microscopy (SEM-DIC), which are incorporated
along crystal plasticity models to investigate the properties of Mg and its alloys, are addressed. Future
research directions towards improving the deformation response of Mg and its alloys are identified,
which can lead to increased deployment of the lightest structural metal in engineering applications.

Keywords: crystal plasticity; twinning; detwinning; dislocation; X-ray diffraction; SEM-DIC; Magnesium

1. Introduction

Mg alloys can significantly impact many industrial applications such as automobile,
aerospace, and transportation, not to mention the energy sector, by effectively reducing
the weight of the designed system. This can lead to a significant improvement in fuel
economy and reducing emissions [1]. However, the current understanding of commercial
Mg alloys and their physical metallurgy is less developed compared to other established
structural metals and alloys. To overcome many of the challenges in using Mg alloys in
these applications, different aspects of these alloys, including strength, formability, and
fatigue resistance, should be enhanced. To fulfil any of these objectives, the underlying
deformation mechanisms of Mg alloys should be thoroughly understood.

Two important deformation mechanisms of Mg alloys are plastic slip and exten-
sion twinning. Mg alloys have Hexagonal Closest Packed (HCP) crystal structure. In the
case of slip, different modes can be activated, including basal (a) ({0001 } < 11§0> ) , prismatic
(a)({1010}(1120)), pyramidal (a) ({1011} (1120)), and pyramidal (c + a) ({1122} (1123)).
In the case of unalloyed Mg polycrystals, the basal mode (a) has a very low critical resolved
shear stress (CRSS) and becomes the dominant plasticity deformation mechanism in most
of the loading conditions. In the case of Mg alloys, although the basal mode CRSS increases,
it still becomes the lowest among the slip modes. Although the basal mode CRSS is very
low, its corresponding resolved shear stress disappears during the tensile deformation
along the c-axis. The extension twinning {1012} (1011) becomes an important deformation
mechanism of Mg alloys in this loading condition [2-9]. Similarly, the extension twinning
is the controlling deformation mechanism during the compression loading parallel to the
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basal plane. The highly asymmetric response of Mg alloys for some special orientations
can be attributed to the activation of extension twinning, which has a complex morphology
and micromechanics [3,10-16]. Although consideration of slip and twinning mechanisms
is enough to describe the response of Mg alloys in most of the loading types, which are
monotonic, this is not the case for the loading types, which involve unloading, such as
cyclic loading. These loadings are especially important in many applications, such as
fatigue. In the case of cyclic loading parallel to the basal plane, twinning occurs during
compression loading, which results in the 86.3° reorientation of the basal pole. During
subsequent reversed cyclic loading, i.e., tensile loading parallel to the basal plane, the size
of the twinned regions shrinks, and in some cases, the twin fully disappears, a phenomenon
that is commonly known as detwinning [7,17-22]. This twinning and detwinning occur
alternately during the cyclic loading of Mg alloys.

In-situ experiments have a key role in unraveling the underlying deformation mecha-
nisms of Mg alloys. Three in-situ experimental schemes, that were used to investigate the
Mg alloy response were Digital Image Correlation (DIC), Synchrotron X-ray techniques,
and neutron diffraction. In-situ DIC is another experimental technique that is used to
address the deformation mechanisms of Mg alloys. Different aspects of Mg alloys have
been studied by in-situ DIC, including the effect of twin nucleation on strain field [23],
twin morphology [24], and the effect of aging on the accumulation of microscale plastic-
ity [25]. Two common in-situ Synchrotron X-ray techniques of three-dimensional X-ray
diffraction (3DXRD) and high-energy diffraction microscopy (HEDM) were incorporated
in the investigation of Mg alloy behavior. Aydiner et al. [26] investigated the response of
the AZ31 Mg alloy using the 3DXRD technique and analyzed the evolution of stress during
deformation. It was observed that the stress state inside the twinned region was different
from the untwinned grain. Other studies of Mg alloys have incorporated the in-situ 3DXRD
and HEDM to analyze the micromechanics of twinning [27], the effect of age hardening
on the deformation behavior [28], evaluate the CRSS for deformation modes [29,30], twin
growth [31], and detwinning [7,22,32]. Using in-situ neutron diffraction, it was shown that
the twinning in extruded Mg-7.7 at.% Al alloy was manifested as the change in the intensity
of diffraction peaks during loading [33]. The in-situ neutron diffraction experiment on the
Mg alloy showed that the stress relaxation occurred in the twinned region compared to
the untwinned region of grain [34]. In-situ neutron experiments were also used to address
the deformation detwinning in Mg alloys [35-39]. Although these in-situ experiments
can provide invaluable information regarding the underlying deformation mechanisms
of Mg alloys, they are very expensive, time-consuming, and complex. Potential simu-
lation frameworks benefit the research community to complement these experimental
observations.

Namakian and Voyiadjis [40] incorporated atomistic simulations and proposed a
new mechanism for {1012} (1011) twinning in which it was postulated that partial stack-
ing faults (PSFs) play a key role in the formation of {1012} twins. A detailed crystallo-
graphic study was conducted for different HCP metals. Accordingly, PSFs were created by
13 (1010) displacement vectors on every other basal plane and created a faulting plane
on {1012} plane. Figure 1 shows the geometrical properties associated with the trans-
formation of the untwinned parent into the twinned child unit cell. The model defines
the properties of HCP crystals in a way that atoms can undergo spontaneous cooperative
movements within these crystals. Accordingly, considerable stress relaxation occurs due to
twin formation. This can be described using a deformation gradient, which shows that the
macroscopic effect of the current mechanism is a simple shear process. Namakian et al. [41]
incorporated atomistic simulations to model both deformation mechanisms of slip and
twinning in single crystal Mg along with the interrelationships on the loose m_1L and dense
m_1D first-order crystallographic planes. The generalized stacking fault energy (GSFE)
analysis was used to investigate the slip mechanisms to study the (c + a) dislocation’s core
structure, dissociation mechanism, and mobility. Namakian et al. [41] stated that the screw
component of a dissociated pyramidal-I (a) dislocation had a key role in compression twin-
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ning (CTW) nucleation. They also showed that CTW can grow by activating pyramidal-I
(a) slip on the preexisting twin boundaries. Figure 2 shows the minimum energy path
(MEP) of four deformation mechanisms associated with 7_1 plane, including homogeneous
CTW nucleation, heterogeneous nucleation mechanism of pyramidal-I (c + a) slip, i.e.,
1/3 WZS] (10Tl) slip to CTW HOIZ] (1011) (or zonal twinning mechanism), heterogeneous
nucleation mechanism of pyramidal-I (a) slip 1/3[1210] (1011) to CTW [1012] (1011) ; ,,
and pyramidal-I (c + a) slip 1/3[1123] (1011) using Liu et al. [42] embedded-atom method
(EAM) and Wu et al. [43] modified embedded-atom method (MEAM) interatomic poten-
tials. Namakian et al. [41] showed the importance of the interrelationships of non-basal
slips and CTW on 7i_1 plane. They concluded that these interrelationships should be incor-
porated in simulation frameworks with larger length scales, including crystal plasticity, to
accurately capture the mechanical response of Mg.
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Figure 1. The schematics of the transformation of the untwinned parent unit cell (blue segments and
red and blue atoms) into the twinned children unit cell (cyan segments and magenta and cyan atoms
for the first two layers close to the twin boundary) during (1012) [TOll] twinning (After Namakian
and Voyiadjis [40]).

The deformation mechanisms and response of metallic systems and alloys have been
studied using frameworks at different length scales spanning from density functional
theory (DFT) [44,45], atomistic simulations [11,40,41,46-56], discrete dislocation dynam-
ics [57,58], and continuum mechanics [59]. However, all these schemes except continuum
mechanics suffer from length and time scale gaps to model a real-size sample or experiment.
Crystal plasticity (CP) is a very powerful continuum mechanics framework to model the
response of Mg alloys with both slip and twinning deformations. Various CP models have
been developed to simulate slip and deformation in HCP polycrystals [60-69]. A combi-
nation of CP and finite elements, which is commonly known as CP finite element (CPFE),
benefits the advantages of both frameworks. Two main categories of CPFE frameworks
were developed to capture both slip and twinning deformations, which were developed
by Staroselsky and Anand [63] using rate-independent formulation and Kalidindi [62]
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using rate-dependent formulation. In the case of Mg and its alloys, the rate-independent
framework developed by Staroselsky and Anand [63] was used to model the slip along with
twinning [66,68,69]. Kalidindi [62] introduced a modified plastic velocity gradient tensor
by incorporating twinning. Various researchers have included twinning into their CPFE
framework following the formulations introduced by Kalidindi [62], such as Abdolvand
and his coworkers [65,70-72] and Zhang and Joshi [67]. Qiao et al. [73] included the stress
relaxation due to twinning into the CPFE formulation, a CPFE framework that can capture
the stress relaxation effect for twinning. Hama et al. [74] incorporated twinning into the
CPFE framework to model the anisotropy of Mg alloy sheets subjected to a two-step load-
ing. Prasad et al. [75] simulated the ductile fracture in pure Mg by adding the twinning to
plane strain CPFE.
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Figure 2. Minimum energy paths of four deformation mechanisms associated with 7t_1 plane, i.e.,
homogeneous CTW nucleation, heterogeneous nucleation mechanism of pyramidal-I (c+a) slip, i.e.,
1/3[1123] (1011) slip to CTW [1012] (1011), heterogeneous nucleation mechanism of pyramidal-I
(a) slip 1/3[1210] (1011) to CTW [1012-] _(n1_D), and pyramidal-I (c + a) slip 1/3[1123] (1011)
(a) Liu et al. [42] EAM potential (b)Wu et al. [43] MEAM potential (After Namakian et al. [41]).

The CP models were used in combination with other schemes to model twinning.
One of these candidates was a viscoplastic self-consistent (VPSC), which was first used
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by Lebensohn and Tomé [76] to model the twinning that occurred in zirconium alloys.
Agnew et al. [77] used the VPSC to model the slip and twinning in Mg alloys. Beyerlein
and Tomé [12] simulated the twinning in pure zirconium using VPSC by introducing
a probabilistic model for the twin nucleation. Kumar et al. [78] used a full-field elasto-
viscoplastic model based on fast Fourier transformation (FFT), which included twinning to
model the response of Mg. Lévesque et al. [79] introduced twinning into a Taylor-type CP
model to simulate the response of AM30 and AZ31B Mg alloys. The multiscale framework
of VPSC-FE was incorporated to simulate the slip and twinning deformations [80-82].
Accordingly, the response of each FE material point was defined using an RVE, which was
modeled by VPSC. A similar multiscale scheme has been used by Ardeljan et al. [83] and
Feather et al. [84] to simulate the response of Mg alloys in which an RVE modeled by a
Taylor-type CP defines the constitutive model of an FE material point. A CP model has
also been coupled with a phase field method to better describe the twin morphology in
HCP metals [85,86].

Most of the studies have focused on the response of the Mg alloys during monotonic
loading, which only requires the deformation slip and twinning. In the case of more
complex strain paths such as cyclic loading, however, detwinning should also be defined
in the CP model. A meso-scale composite grain (CG) model was the first detwinning
model, which was included in the VPSC framework [87,88]. An empirical model defines
the twin nucleation and propagation in the CG model. Guillemer et al. [89] used a simple
phenomenological detwinning model along a self-consistent model to capture the cyclic be-
havior of extruded Mg. The first physically-based model, which includes both mechanisms,
was the Twinning-Detwinning (TDT) model developed by Wang and his coworkers [90-92],
which was used along the EVPSC framework. Qiao et al. [93] modeled the cyclic response
of the ZK60A Mg alloy using the TDT/EVPSC scheme. The twinning and detwinning can
be effectively handled by EVPSC framework by introducing new grains as twin nucleation
and removing that twinned grain for complete detwinning, while the change in the volume
of the twinned grain manifests the twin growth or shrinkage. However, in the case of
studying the local variable information in a polycrystal, one cannot use the EVPSC model.
One way to obtain the local information is using the CPFE framework to capture twinning
and detwinning mechanisms. However, most of the CPFE models introduced to capture
the twinning and detwinning mechanisms are phenomenological and neglect some of the
main elements of the deformation twinning and detwinning. The biggest challenge in
CPFE is that the introduction of twin nucleation, growth, shrinkage, and detwinning is not
as straightforward as EVPSC. In the case of Mg and its alloys, the CPFE method has been
used recently to model the cyclic behavior, including twinning and detwinning [22,94-97].
A material point is treated in these models as two states of twinned or not twinned, and
the reorientation criteria are commonly based on the most active twinning system, which is
called the predominant twinning reorientation (PTR) scheme [61]. Before the reorientation,
the stress inside the twinned region does not contribute to the stress state of the material
point, while after reorientation, the stress state inside the parent grain is neglected. How-
ever, the stress state of the twinned region and untwinned region are not similar, which
was shown using in-situ experiments [26,34]. Yaghoobi et al. [9] introduced a multiscale
CPFE framework in which the deformation twinning and detwinning were captured using
a physically-based TDT model proposed by Wang and his coworkers [90-92]. They used
a Taylor-type homogenization scheme to model both twinned and untwinned regions,
coexisting at a material point.

Traditional crystal plasticity models were developed largely without a connection
to grain size and shape effects. In Magnesium alloys, it has been observed that the grain
size strengthening follows the Hall-Petch effect [98]. The incorporation of grain size effect
into constitutive models for single slip began in 1962 with Armstrong et al. [99], who
modified the Hall-Petch equation to correspond to the flow stress on a slip system (the
“micro-Hall-Petch relation”). The interrelationship between grain size and texture was
not considered until 1983, when Weng [100] employed the mean grain size in the equation
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for slip system resistance through the micro-Hall-Petch relation. Sun and Sundararagha-
van [101] presented a crystal plasticity model for grain size and shape effects where the
slip length of each slip system at a material point was considered in a micro-Hall-Petch
strengthening term for each slip system. Recent HREBSD experiments [102] in Mg-4Al
alloy have revealed the interaction of slip systems and grain boundaries is dependent on
not only the slip length but also strongly on the angle between the incoming and emerging
slip planes at a grain boundary. In the future, there is a need to better incorporate such
insights in crystal plasticity.

In the current work, a review of works available in the literature, which addresses
different properties of Mg and its alloys using crystal plasticity models, is presented. In
addition to slip and twinning, detwinning is another deformation mechanism, which
is activated in Mg and its alloys. The different models that capture detwinning will
also be addressed here. Finally, the recent experimental frameworks, such as in-situ
neutron diffraction, 3D high energy synchrotron X-ray techniques, and digital image
correlation under scanning electron microscopy (SEM-DIC), are incorporated along crystal
plasticity models to investigate the properties of Mg and its alloys are addressed. Future
research directions towards improving the deformation response of Mg and its alloys
are identified, which can lead to increased deployment of the lightest structural metal in
engineering applications.

2. Crystal Plasticity Models
2.1. Overview

The CP theory is developed according to the assumption that the plasticity in metals
and alloys occurs as a result of slip-on prescribed slip systems. The finite deformation
continuum mechanics is usually incorporated to describe the formulation. The deformation
gradient tensor F is decomposed as below:

F = F°FP )

where F¢ and FP are the elastic and plastic deformation gradients, respectively. Figure 3
shows the deformation described in Equation (1). Elastic distortion of the crystal lattice
and plastic slip are two deformation mechanisms, which sustain the applied deformation
in this formulation. Accordingly, the macroscopic velocity gradient L can be decomposed
as below:

L=L°+LP ()

where L and LP are the elastic and plastic velocity gradients, respectively. The novel
relation of CP is to link the macroscopic velocity gradient LP to micro deformation 7%
as below:

NS
=) 4'st )

a=1

where 4" is the shearing rate on slip system a, Nj is the number of slip systems, and S is
the Schmid tensor for the slip system «, which can be defined as follows:

S* = m°‘®n°‘ 4)

where unit vectors m* and n* denote the slip direction and slip plane normal, respectively,
in the deformed configuration.
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Figure 3. Different configurations of the body in finite strain framework (After Yaghoobi et al. [103]).
The resolved shear stress on the slip system a can be obtained as follows:
™=0-8% (5)

where o is the Cauchy stress tensor and - operator denotes the standard inner product of
tensors. The shearing rate on the a' slip system ¥ can be calculated depending on if the
CP formulation is rate-independent or rate-dependent. In the case of a rate-independent
model, the yield surface is defined for each system, i.e., f%, as follows:

fo= = ®)

where s* is the slip resistance for slip system «. The values of 4" is then obtained using
the yield surface and considering the hardening model, which describes the evolution of
slip resistance.

In the case of rate-dependent formulation, the evolution of shearing rate on the ath
slip system " can be defined as follows:

1/m
sign[T"] (7)

104

% -
T =%

o

where 7, and m are the material parameters denoting the reference shearing rate and rate
sensitivity of the material. One should note that the kinematic hardening is neglected in
both Equations (6) and (7).

2.2. Twinning

In the case of Mg and its alloys, extension twinning {1012} (1011) is very important,
along with the plastic slip (Figure 4). The simplest modification to include twinning into the
CP formulation is to consider twinning as pseudo-slip systems (See, e.g., Staroselsky and
Anand [64]), and their contribution to the plastic velocity gradient tensor can be described

as follows:
Ns +Nt

LP= Y 4's* ®)

a=1
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where N; is the number of twinning systems. Figure 5 shows the kinetics of slip and
twinning defined in Equation (8). The relation between the plastic slip of twinning systems
and their corresponding twin volume fraction can be described as follows:

b
7=z ©

where f s is the rate of change in twin volume fraction of twin pseudo-slip system  and S
is the characteristic twin shear strain, which defines the amount of shear associated with
twinning. The value of S depends on the c/a ratio, which can be defined as follows [104]:

V8 _c/a (10)

S =
c/a /3
where a and c are depicted in Figure 4. In the case of Mg and its alloys, the S = 0.129.

c / c

“ o1
|
1
c ;
! C
33: et Es
: 2\
Y e e
K »—4a,
) P
L
a]
() (b)

Figure 4. (a) The crystallography of the extension twinning {lOTZ}(TOll) in Mg and its alloys.
(b) Description of deformation systems in the orthonormal system { ef|i = 1,2,3} (After Staroselsky
and Anand [64]).

Twinning

Figure 5. The deformation modes kinematics in finite strain framework (After Yaghoobi et al. [103]).
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Although the twin pseudo-slip system’s contribution to plastic velocity gradient tensor
is similar to that of the slip systems, they are not precisely treated similarly due to the polar
nature of twinning. In other words, only the tensile component of stress along the c-axis
can trigger the extension twinning. This is reflected in the CP formulation for the twinning
pseudo-slip systems as follows:

ifo:8$<0—=1F=0 1
{ifc:5ﬁ>0ﬂrﬁ:(r:sﬁ (1)

Kalidindi [62] further enhanced the effect of twinning on crystal plasticity formulation.
The work considers the contribution of stress in both untwinned and twinned region
as follows:

N N
o= <1 -y fﬁ> o™+ Y fPoth (12)
p=1 p=1

where f# is the reoriented volume fraction of grain according to the twin system f. Ka-
lidindi [62] then presented the modified macroscopic plastic velocity gradient tensor LP,
which includes the contribution of multiple twinned systems as below:

Nt Ns -a Ni B 8 Ni Ns—tw »
Lp=<12f5>27 G+ ). Sf stw+2fﬁ<sz;ﬁtw (13)
B=1 a=1 a=1 B=1 a=1

where Sg;, SﬁN, and S{_,,, denote the Schmid tensors for the slip systems in parent grain,

twin systems in parent grain, and slip systems in twinned children, respectively. N5,
denotes the number of slip systems in the twinned region. Equation (10) describes three
mechanisms contributing to the plastic velocity gradient LP. The first term defines the
contribution of slip inside the parent grain, the second term defines the contribution of
twin systems in parent grain, and the third term is the summation of the contributions of
slip systems in all twinned children.

In the twinning models, there is a key part that should be defined as the reorientation.
Figure 6 shows the crystallography of the deformation twinning, which includes the
untwinned region (parent grain) and twinned region (child). While Equation (9) defines
the amount of twin volume required for a certain amount of shear strain, it does not define
the reorientation in the model. Different criteria have been introduced for the reorientation.
Van Houtte [60] was the first researcher to propose a method for reorientation. In this
method, reorientation of the grain is decided depending on the volume fractions calculated
at every incremental step along with using a random criterion. Tomé et al. [61] modified
the model presented by Van Houtte [60] using the predominant twin reorientation scheme
(PTR) in which the grain is reoriented according to its predominant twin variant as the
integration of twin volume throughout the time satisfy specific criteria.

Orientation of Orientation of
parent grain twinned region

Parent Grain

Twinned Region .
Twin Plane

Parent Grain

Figure 6. The crystallographic description of extension twinning (After Yaghoobi et al. [103]).
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2.3. Stress Relaxation

The in-situ neutron diffraction experiment on the Mg alloy showed that the stress
relaxation occurs in the twinned region compared to the untwinned region of grain [34].
Different crystal plasticity models were incorporated to capture the stress relaxation dur-
ing twinning. The simplest model is to consider larger CRSSs for twin nucleation than
growth [12,93]. Wu et al. [105] presented a comprehensive physically-based twin model
implemented in the EVPSC framework. They presented this twin model, which was
called “TNPG,’ to capture twin nucleation, propagation, and growth for magnesium alloys
(Figure 7). In Figure 7a, the twinning process initiates with twin nucleation. It is assumed
that the grain boundary is the preferred nucleation site. As the twin propagates according
to Figure 7b, stress relaxation occurs. Different notation is used throughout the current
review for twinning resistance as s* compared to the one used by Wu et al. [105], which
used t* (Figure 7). The twinning resistance s* decreases during the propagation phase
until it reaches its minimum value of s; when the twin volume is f* = fg. Afterward, the
twinning resistance increases due to the hardening occurring in the twin thickening process.
Wau et al. [105] captured the stress relaxation by modifying the twin systems resistances s*
as follows:

X o
50758

=S (i< )

" 14)

s+ (s + 1) (1-exp(=tr))  (ief~> p)
where T* is the accumulated shear of ath twinning system, which is calculated after its
corresponding twin volume f* surpass fg (see Figure 7). They used this model to capture
the stress-strain response of AZ31B Mg alloy obtained by Lou et al. [106]. They also
compared the predicted twin volume versus the experimental results. Figure 8 shows
that the model developed by Wu et al. [105] can successfully capture both the stress-strain
and twin volume during uniaxial compression and tension. Qiao et al. [73] reviewed the
available scheme to model stress relaxation in the CPFE framework. They used the model
developed by Wu et al. [105] for EVPSC and incorporated it in the CPFE model to capture
the stress relaxation in Mg single crystal during twinning.

OOCO

nucleation .
propagation growth

« snucleation

Figure 7. Extension twinning in Mg and its alloys. (a) The schematics of extension twin nucleation,
propagation, and growth, (b) variation of slip resistance for extension twinning system « at different
stages of deformation twinning (After Wu et al. [105]).
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Figure 8. Comparison of the experimental and simulated response of the AZ31B Mg alloy during uni-
axial loadings along the rolling direction. (a) Stress-strain curves of uniaxial tension and compression,
(b) twin volume fraction of uniaxial compression (After Wu et al. [105]).

2.4. Detwinning

In the case of more complex strain paths, the detwinning mechanism should also be
included in addition to twinning and slip modes. Various models address the detwinning
along twinning and slip modes using crystal plasticity [22,87-89,94-97]. Here, a physically-
based Twinning-Detwinning (TDT) model is elaborated, which was developed by Wang
and his coworkers [90-92] for the EVPSC framework and extended later on for the CPFE
framework [9]. In this model, the twinning and detwinning mechanisms can be divided
into 4 major operations as follows (Figure 9):

Operations A: Twin nucleation and growth due to parent grain reduction.
Operations B: Twin growth due to the twinned child propagation.
Operations C: Twin shrinkage due to the parent propagation.

Operations D: Detwinning in the twinned child.

v

DN

<<<<<<<<

////////

(b) © d) (e)

Figure 9. Deformation twinning and detwinning operations: (a) Initial twin-free parent grain (b) Operation A: As soon as
the twin volume reaches a threshold of fj, twin nucleation occurs. This nucleated twin can grow according to the reduction
in the volume of parent grain. (c) Operation B: The growth of the twin region can occur according to the child propagation.
(d) Operation C: As the parent region grows, the twin volume reduces. (e) Operation D: Detwinning inside the twinned child
leads to the twin volume reduction (After Yaghoobi et al. [9]).

The polarity of simple twinning model should be modified for these operations. In
the parent grain, the crystallographic systems include N slip systems, N; twin systems
for Operation A, and N; twin systems for Operation C. In the case of the twin child, the
crystallographic systems include Ns_ 4, slip systems, one twin system for Operation D, and
one twin system for Operation B. Operation A can get activated in parent grain for when
the resolved shear in the twin system k is larger than the corresponding slip resistance, i.e.,
TNsHk > Ntk Operation B is activated in the twin child, which is nucleated by the activa-

N —tw+2< O and ‘T s— tw+2| >SN5 tw+2

tion of B twin variant, when T . Operation C initiates

in the parent grain for the k™ twin variant when TNt +k< 0 and ’TNS+Nf+k’ >gNs Nk,
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Operation D initiates inside the twin child, which is nucleated by the activation of At twin
variant, when ot o Moot

In the TDT/EVPSC model developed by Wang and his coworkers [90-92], the twinned
child is manifested as a new grain, and the Operations A-D is reflected by the change in
the volume of the parent and twin grains. Wang et al. [90] used the developed TDT model
to capture the cyclic response of AZ31B Mg alloy for complex loading paths. They com-
pared the model prediction versus the experimental data provided by Lou et al. [106]
(Figure 10). They also showed the variation of twin volume and how the deformation twin-
ning and detwinning governs the twin volume and stress-strain curve shape. Furthermore,
they compared the prediction of TDT/EVPSC model versus the CG results reported by
Proust et al. [88] for the experimental results of AZ31B Mg alloy subjected to the case of
in-plane compression followed by through-thickness compression (Figure 11). Although
the CG model was able to capture some features of twinning-detwinning mechanisms, the
TDT/EVPSC model considerably enhances the accuracy of the simulation results.
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Figure 10. Comparison of predicted cyclic response of AZ31B Mg alloy versus the experimental data subjected to different
loading paths of: (a) Uniaxial compression-tension-compression, (b) uniaxial tension-compression- tension. The twin
volume is predicted by simulation and demonstrated at different strains (After H. Wang et al. [90]).
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Figure 11. Comparison of predicted stress versus the absolute value of the accumulated strain
in AZ31B Mg alloy versus the experimental data subjected to in-plane compression followed by
compression loading through the thickness along the RD. The twin volume is predicted by simulation
and demonstrated at different strains (After H. Wang et al. [90]).
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Unlike the EVPSC framework, the TDT operations are not trivial to apply to a material
point in the case of CPFE framework. Yaghoobi et al. [9] used a multiscale framework in
which the untwinned and twinned regions were considered within a sub-scale model at
a material point and the stresses homogenized using a Taylor-type scheme (Figure 12).
This allows multiple variants to coexist at a material point, which avoids the need for the
selection of predominant variants as in the PTR models. They implemented the model in
an open-source CPFE software PRISMS-Plasticity [103]. The twin volume evolution of a
material point for the  twin variant is obtained as below:

= Ns—tw+1 ;Ns—tw+2>

' Ne+B - Ns+Ni+p ¥ —7
fﬁ{l_ﬁi:lfﬁ}((y g )_f/5<ﬁ P

s (15)

where "yNsH; and "yNS+N'+’5 are the shear rate inside the parent corresponds to operations
“Nsototl ~No—tw+2 - )
A and C, and o7 """ and Tp ™" are the shear rates within the child nucleated due to

the activation of the B twin system.

CPFE discretization,"

'

.

4

.

N
Integration point ™.

Figure 12. A partially twinned material point in the CPFE framework (After Yaghoobi et al. [9]).

Yaghoobi et al. [9] calibrated the model using the uniaxial experimental data of
extruded ZK60A Mg alloy presented by Wu [107] (Figure 13). The predictions of the
modeled cyclic response of the ZK60A alloy along the extrusion direction were compared
with the experimental data by Wu et al. [17] and Wu [107]. Yaghoobi et al. [9] further
studied the cyclic response of ZK60A by comparing the predicted twin variation versus
the normalized intensity of the {0002} diffraction peak along the longitudinal direction
measured by Wu et al. [35] and Wu [107]. The result showed that not only can the multiscale
TDT CPFE framework successfully capture the cyclic stress-strain response of the ZK60A
(Figure 14), it can also capture the deformation twinning and detwinning during the cyclic
loading (Figure 15). Furthermore, Yaghoobi et al. [9] showed the evolution of predicted
basal (0001) pole figures at strains of ¢ = +1.2% (Figure 16). It was shown that the
deformation twinning resulted in the reorientation of the basal pole, which intensifies in
the basal {0002} peak in the loading direction at max compressive strains of ¢ = —1.2%
(Figure 16b,d). On the other hand, the detwinning mechanism removed the increased basal
{0002} peak intensity at a max tensile strain of ¢ = 1.2% (Figure 16¢,e).
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Figure 13. The comparison of the simulated stress-strain response responses of ZK60A Mg alloy
subjected to the uniaxial loading along the extrusion direction versus the experimental data of
Wu [107] (Yaghoobi et al. [9]).

400
® Wu (2008,2009)-1st cycle
300 4 Wu (2008,2009)-2nd cycle ...’..l):"
- ey

= — =Simulation-2nd cyde ..,"',q P
o 200 ] . Simulation-1st cycle 0 (4
= A
=
»n 100
n
(]
S
&S o
(Y]
=}
= 100

-200

300 . . . . .

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
True Strain

Figure 14. Comparison of the predicted stress-strain curve versus the experimental results of
Wau et al. [17] and Wu [107] during the cyclic loading along the extrusion direction in ZK60A Mg
alloy (After Yaghoobi et al. [9]).
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Figure 15. The variation of predicted twin volume versus the strain compared to the experimentally
measured change in the normalized intensity of the {0002} diffraction peak along the longitudinal
direction obtained by Wu et al. [35] and Wu [107] in ZK60A Mg alloy during the cyclic loading along
the extrusion direction (After Yaghoobi et al. [9]).
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Figure 16. The evolution of basal (0001) pole figures predicted by CPFE simulation at different
strains: (a) Initial texture, (b) first maximum compression (¢ = —1.2%) in cycle 1, (c) first maximum
tension (¢ = 1.2%) in cycle 1, (d) second maximum compression (¢ = —1.2%) in cycle 2, (e) second
maximum tension (e = 1.2%) in cycle 2 (After Yaghoobi et al. [9]).

3. In-situ Experiments
3.1. In-Situ DIC Experiments
3.1.1. Microscale Deformation Mechanisms

Githens et al. [25] used the in-situ DIC under scanning electron microscopy (SEM-
DIC) to study the deformation mechanisms of WE43-T5 Mg alloy with weak basal texture
subjected to uniaxial tension and compression along the rolling direction. The SEM-DIC
technique provided the full-field strain maps. They first investigated the response of the
WEA43 alloy during uniaxial tension (Figure 17). They showed that the heterogeneous
pattern of strain does not vary after the yield point. They also studied the strain probability
distribution, which confirms that the strain map does not vary after yielding (¢ = 2.91%
and 4.86%). However, this pattern is different from the one before yielding (¢ = 1.23%).
They simulated the sample using CPFE simulation open-source software of PRISMS-
Plasticity [103] and compared the predicted strain map with the experimental observations,
which agrees well (Figure 18).
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Figure 17. Using SEM-DIC technique to investigate the underlying deformation mechanisms in
WE43-T5 Mg alloy during tensile loading along the rolling direction: (a) The map of normalized
maximum principal strain maps at ¢ = 1.23%, (b) the map of normalized maximum principal strain
maps at ¢ = 4.86%, (c) the inverse pole figure map, (d) a probability distribution of the strain at
different applied tensile strains of ¢ = 1.23%, 2.91%, and 4.86% (After Githens et al. [25]).
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Figure 18. Identification of active deformation mode using SEM-DIC experiment and CPFE simula-
tion at a tensile strain of ¢ = 2.91% (a) SEM-DIC strain map, (b) slip traces for different deformation
mode along with the basal Schmid factor map, (¢) CPFE simulation strain map, (d) the activity of
basal slip system obtained from CPFE simulation (After Githens et al. [25]).

They not only verified the CPFE framework using the SEM-DIC results, but they also
resolved and categorized the strain from individual slip traces for the first time in any
Mg alloy, as shown in Figure 18a. They used this information to categorize the active
slip / twinning modes with respect to their nominal Schmid factors in both SEM-DIC and
CPFE results (Figure 19). The results show that the basal modes sustain the most plastic
deformation during uniaxial tension. The non-basal slip modes are less active. The least
active is the extension twinning, which is because of the tested sample texture and loading
direction. Githens et al. [25] also studied the distribution of active slip/twin modes during
the compression loading (Figure 20). The activity of extension twinning is considerably
increased during compression compared to the tensile loading (Figure 19). In addition, the
non-basal slip modes contribution to the deformation is very limited during compression
(Figure 20).
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Figure 19. Comparison of active deformation modes versus corresponding Schmid factor at a
uniaxial tensile strain of ¢ = 4.86% (a) SEM-DIC experimental data, (b) CPFE simulation results
(After Githens et al. [25]).
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Figure 20. Active deformation modes versus corresponding Schmid factor at uniaxial compression
strain of ¢ = —4.2% obtained using the SEM-DIC experiment (After Githens et al. [25]).

3.1.2. Effects of Heat Treatment

Ganesan et al. [8] incorporated the in-situ DIC along the SEM technique to investi-
gate the effect of heat treatment on the response of WE43 Mg alloy with the weak basal
texture. They started with the WE43-T5 sample and applied different heat treatment
conditions of the solution treated (ST) and aging times of 15 min, 2 h, 4 h, and 16 h (T6 con-
dition). They investigated the effect of heat treatment on the macro responses of WE43 Mg
(Figure 21). The results showed that the T5 condition had the highest yield stress, which
can be attributed to its finer grain size. Within the heat-treated samples, the T6 condition
had the maximum yield strength, which was due to the role of precipitates. Each of the sam-
ples was then subjected to the in-situ uniaxial tension loading along the rolling direction,
where the SEM-DIC technique was used to gather the deformation maps. Figure 22 shows
the normalized maximum principal strain maps at ¢ =3.23% in samples with different
aging times. They showed that the strain map of the sample with T6 condition had fewer
localized strains. In order to quantitatively investigate their observation, Ganesan et al. [8]
studied the strain probability distribution of the tested samples (Figure 23). They showed
that it is ~ 3.84 more probable to find a localized strain of 4 x (Average applied strain) in
underaged samples compared to the T6 condition.
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Figure 21. The stress-strain response of Mg alloy WE43 with different heat treatment conditions
during uniaxial tension along the rolling direction (After Ganesan et al. [8]).
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Figure 22. The effect of heat treatment condition on normalized maximum principal strain map
subjected to a uniaxial tension along the rolling direction at a strain of ¢ = —3.23% for different heat
treatment conditions of: (a) Solution treated, (b) 15 min aged, (c) 2 h aged, (d) 4 h aged, (e) 16 h aged
(T6 condition) (After Ganesan et al. [8]).
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Figure 23. The probability distribution of normalized maximum principal strain &1/ (e1) for WE43
Mg alloy subjected to different heat treatment conditions after solution treatment at the uniaxial
tensile strain of ¢ = —3.23% along the rolling direction (After Ganesan et al. [8]).

They further investigated the effect of heat treatment using the CPFE simulation.
They validated the CPFE framework and showed that the simulation can capture the
stress-strain response of samples with different heat treatment conditions (Figure 24). They
further validated the simulation by predicting the strain map of WE43-T6 at different
tensile strains (Figure 25). The results showed that not only can the CPFE capture the
macro responses, but it can also accurately model the local field maps. After validation
of the CPFE framework, Ganesan et al. [8] used the CPFE simulation to investigate the
deformation mechanisms involved in the response of T5 and T6 conditions. Accordingly,
they compared the contribution of each deformation mode for each of these heat treatment
conditions of T5 and T6 during uniaxial tension and compression (Figure 26). They showed
that the heat treatment condition alters the contribution of different deformation modes. A
sample with a T5 condition has finer grains, which alter the CRSS of deformation modes.
For instance, they obtained the ratio of CRSSprismatic/ CRSSpyramidal(sy = 1.02 in the T5
condition, while this ratio was 0.88 for the T6 condition. They stated that this was the
underlying mechanism for more active pyramidal (a) in the T5 condition compared to the
activity of prismatic, while pyramidal (a) slip mode was nearly inactive in the T6 condition.
Finally, Ganesan et al. [8] used the CPFE simulation results to capture the Hall-Petch
constant for different deformation modes in WE43 Mg alloy, which were 4.53, 11.33, 8.9,
11.18, 5.1 MPa x mm!/2 for different deformation modes of basal, prismatic, pyramidal
(a), pyramidal (c + a), and extension twinning, respectively.
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Figure 24. Comparison of the stress-strain curves of WE43 with different heat treatment conditions
of ST, T5, and T6 subjected to uniaxial tension along the rolling direction: CPFE simulation versus
the experimental results (After Ganesan et al. [8]).
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Figure 25. The strain maps obtained by the SEM-DIC experiment compared to the CPFE prediction
in WE-43 T6 sample during uniaxial tension at different strain values: (a) ¢ = 0.76% (SEM-DIC),
(b) ¢ = 0.76% (Simulation), (c) ¢ = 4.83% (SEM-DIC), (d) ¢ = 4.83% (Simulation), (e) ¢ = 8.15%
(SEM-DIC), (f) ¢ = 8.15% (Simulation) (After Ganesan et al. [8]).
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Figure 26. The comparison of deformation modes relative activity in T5 and T6 heat treatment
conditions of WE43 Mg alloy during uniaxial loadings along the rolling direction obtained by the
CPFE simulation: (a) Uniaxial tension, (b) uniaxial compression (After Ganesan et al. [8]).

3.2. In-Situ Synchrotron X-ray Techniques
3.2.1. Micromechanics of Twinning

Abdolvand et al. [27] used a combination of CPFE and in-situ 3DXRD experiments
to investigate deformation twinning in the AZ31B Mg alloy. They applied the uniaxial
tension on the sample with the texture favored for twinning during the loading and used
the in-situ 3DXRD to study the microstructural evolution. They calibrated the CPFE model
to capture the stress-strain response, as shown in Figure 27. They also studied the effect of
twinning on texture. Accordingly, they measured the {0002} pole figures at a tensile strain
of ¢ = 0% and & = 0.4%. In the case of ¢ = 0%, as shown in Figure 28a, basal poles were
observed to be aligned almost parallel to the normal direction. However, in the case of
e = 0.4%, as shown in Figure 28b, the deformation twinning reorients the {0002} poles,
which were observed towards the rolling direction and transverse direction on the outer
edges of the pole figure.
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Figure 27. Stress-strain curves for AZ31B Mg alloy during uniaxial tension along normal direction
obtained by continuous deformation, in-situ 3DXRD experiment, and CPFE simulation. The steps of
1 to 4 correspond to the strain values of ¢ = 0%, 0.2%, 0.4%, and 1.4% at which the measurements
of diffraction were performed. (b) is a magnified version of (a) in the strain range of ¢ = 0% — 2%
(After Abdolvand et al. [27]).
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Figure 28. Effect of twinning on texture: (a) The {0002} pole figures at a tensile strain of e = 0% (Step-
1), (b) the {0002} pole figures at a tensile strain of ¢ = 0.4% (Step-3), (c) twin volume computed by
CPFE versus the measured twin fraction, (d) variation of predicted twin volume versus misorientation
between normal to the basal plane of the grain and loading direction predicted by CPFE at a tensile
strain of ¢ = 0.4% (After Abdolvand et al. [27]).

Abdolvand et al. [27] also predicted the twin volume fraction using the CPFE sim-
ulation, which agrees well with the measured twin volume fraction (Figure 28c). They
further investigated the CPFE simulation results by studying the variation of predicted
twin volume versus misorientation angle (6) between normal to the basal plane of the grain
and the loading direction predicted by CPFE at a tensile strain of ¢ = 0.4% (Figure 28d).
In the case of grains with @ > 40°, no twinning was predicted by CPFE. Furthermore, the
scatter of twin volume for grains with similar 6 showed that global 6 was not the only
governing factor of twinning volume as the effect of the local neighborhood and load
sharing considerably varied the predicted twin volume fraction.

Another important subject Abdolvand et al. [27] addressed was the stress inside the
twinned children and parent grains using the in-situ 3DXRD results (Figure 29). They
selected 15 parent grains along 20 twinned children nucleated within those parent grains.
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Figure 29i shows different components of the stress presented in the results summary.
Different stress components were the normal stress 033, stress along the c-axis of the
untwinned parent o5, and normal and shear stress according to the twinned child plane,
ie., 0, and Ty, respectively. The mean value of each stress was represented by a line.
Abdolvand et al. [27] observed that the mean normal stress ¢33 and ¢, almost followed
the applied stress trend. Because of the texture (c-axis is almost aligned with the loading
direction), the values of 033 and o;;, were close. The values of ¢ in untwinned parents and
twinned children grains were close, which were in the region of 23—30 MPa, which did not
vary considerably during the loading. Interestingly, Abdolvand et al. [27] observed that the
shear stress, which was resolved on the twinning plane, i.e., 7,5, was considerably different
in untwinned parent and twinned children grains. They reported that the average value
of 75 in untwinned parent grains was 22 MPa higher than that of the twinned children
grains. To further analyze the experimental results, Abdolvand et al. [27] focused on an
untwinned parent grain with its two twinned children grains, as shown in Figure 29e-h,
which were nucleated due to the activation of the twin variants 1 and 6. The twin variant 1
was nucleated at the normal stress of ¢;, ~20 MPa, which was close to that of the parent,
as shown in Figure 29a-d. The twin variant 6 appeared at the strain value of 0.4%, in
which the shear stress 7,5 is ~19 MPa in the untwinned parent grain and ~ —10 MPa for
the twinned grain. The results showed that the shear stress, which was resolved on the
twinning plane, i.e., Trs, was smaller for both twin variants compared to the parent grains,
which was in line with the results shown in Figure 29a—d.
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Figure 29. Stress evolution inside the untwinned parent and twinned children grains: The results
for 15 parent grains and 20 twinned children nucleated within those parent grains (a) o33, (b) o¢p,
(c) o, (d) Tys. The results for a single untwinned parent grain and two twin variants nucleated from
that grain (e) 033, (f) o¢p, (8) 0n, (h) Ts. (i) The schematics of the stress components presented in
(a-h) (After Abdolvand et al. [27]).
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3.2.2. Detwinning

The deformation slip and twinning mechanisms were enough to define the response
of the Mg alloys during simple monotonic loadings. However, in the case of complex
loading paths, such as cyclic loadings, this was not the case. One should also define the
detwinning mechanisms in these cases, as described in Section 2.3. In-situ Synchrotron
X-ray techniques have contributed to investigate the detwinning mechanisms. In the case
of Mg and its alloys, Murphy-Leonard et al. [7] incorporated the HEDM technique to
investigate the twinning-detwinning in pure Mg. They applied cyclic loading with three
different applied strains of 0.4%, 0.52%, and 0.75%. The sample was extruded, and loading
was applied along the extrusion direction. The c-axis was mostly perpendicular to the
extrusion direction. Accordingly, extension twinning was a favored mechanism during
compression loading. To monitor the twin volume, Murphy-Leonard et al. [7] measured
the X-Ray diffraction peaks of the basal {0002} planes. In other words, initially, there
was no basal {0002} peak intensity along the loading direction. As a twinned child is
nucleated and grows, a 86.3° reorientation of the basal pole occurs within a parent grain,
and the peak intensity starts increasing. Accordingly, Murphy-Leonard et al. [7] introduced
the formulation for the twin volume fraction ¢ based on the HEDM data as follows:

=10 (16)
ND

where I; p is the basal {0 0 0 2} peak intensity along the loading direction, and I3, is the

initial basal {0 0 0 2} peak intensity along the normal direction.

Figure 30 shows the cyclic response of the sample at different loading cycles, including
the stress-strain loops, basal {0 0 0 2} peak intensity along the loading direction, and basal
{0002} peak intensity along the normal direction. In cycle 1, Figure 30b shows that
the basal {0002} peak intensity along the loading direction remained zero during the
tensile part of the loading, which means there no twin nucleation during the initial tensile
loading. The basal {0 0 02} peak intensity along the loading direction started increasing at
the C-1 point in compression and kept increasing until point B, which was the maximum
compression loading. At the same time, at point C-1, Figure 30c shows that the basal
{0002} peak intensity along the normal direction started dropping. This was in fact, the
reorientation of the c-axis along the normal direction towards the loading direction due
to twinning.

As soon as unloading starts, the basal {0 0 0 2} peak intensity along the loading direc-
tion starts decreasing, while the basal {0 0 0 2} peak intensity along the normal direction
starts increasing. In other words, the previously twinned children during compression
loading were reoriented back to the parent grains. The twin exhaustion occurred at the
point T-2 during the second loading cycle, as shown in Figure 30d—f. The variation of basal
{0002} peak intensity in the second cycle followed the same trend similar to the first
cycle. However, the twinning initiates at smaller compressive strains C-2 compared to C-1
in the first cycle. In both cycles 1 and 2, the twin was fully exhausted in the tensile loading.
However, as shown in Figure 30g—i, all the twinned children were not fully detwinned as
the minimum twin volume fraction can be observed at the maximum tension strain A. This
twin volume content was named residual twins. Murphy-Leonard et al. [7] showed that
the residual twins increased by the number of cycles. One can compare the residual twins
in loading cycle 500 at maximum tensile strain (point A) to that of loading cycle 200 to
observe the increase in the residual twin content as the number of loading cycle increases.
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Figure 30. The cyclic response of pure Mg samples during the cyclic loading with a strain amplitude of
0.75% along the extrusion direction, including the stress-strain loops and variations of basal {000 2}
peak intensity along with loading and normal directions during the cyclic loading (a—c) Cycle 1
(d—£) Cycle 2, (g-i) Cycle 200 (j-1) Cycle 500 (After Murphy-Leonard et al. [7]).

Murphy-Leonard et al. [7] also investigated the variation of twin initiation stress and
detwinning exhaustion stress versus the number of cycles, as shown in Figure 31, in the case
of cyclic loadings with the strain amplitude of 0.75% and 0.52%. The results showed that
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as the number of cycles increased, the magnitude of twinning initiation stress decreased
while the magnitude of the twin exhaustion stress increased. They further investigated the
results and analyzed the variation of twin intensity at maximum tensile strain, which can
be inferred as the twin residuals, versus the number of cycles in the case of cyclic loadings
with the strain amplitude of 0.75% and 0.52%, as shown in Figure 32. The results showed
that before the loading cycle 100, there was no twinning intensity at maximum tensile
strain independent of the strain amplitude, i.e., there were no residual twins. In the cases
of loading cycles higher than 100, the residual twin content increased as the number of
cycles increased. Furthermore, the residual twin content of samples subjected to the strain
amplitude of 0.75% was larger than those subjected to the strain amplitude of 0.52%. In
other words, the residual twin content increased by the strain amplitude. An open-source
CPFE software PRISMS-Plasticity [103] was later used to capture the cyclic response of
the sample, as shown in Figure 33. The results showed that the CPFE simulation can
successfully capture the experimental cyclic stress-strain response.
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Figure 31. The variation of (a) twin initiation stress and (b) detwinning exhaustion stress versus the
number of cycles in the case of cyclic loadings with the strain amplitude of 0.75% and 0.52% (After
Murphy-Leonard et al. [7]).
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Figure 32. The variation of twin intensity at maximum tensile strain versus the number of cycles in the
case of cyclic loadings with the strain amplitude of 0.75% and 0.52% (After Murphy-Leonard et al. [7]).
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Figure 33. The stress-strain response of pure Mg sample during cyclic loading along the extrusion
direction: CPFE simulation results for cycle 2 (A symbol) are compared versus the experimental
results (After Aagesen et al. [108]).
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3.3. In-Situ Neutron Diffraction
Micromechanics of Twinning

Brown et al. [34] incorporated the in-situ neutron diffraction to investigate the evo-
lution of internal strain and texture during extension twinning in the AZ31B Mg alloy.
They applied different loading paths that include in-plane compression (IPC), in-plane
tension (IPT), and through-thickness compression (TTC), where the c-axis of most of the
grains were perpendicular to the loading direction. Among these three loading paths, the
extension twinning was the governing deformation mechanism in the IPC, which was the
main focus of their study [34]. They used the VPSC framework to simulate the sample
response during in-plane compression. Figure 34 presents the stress-strain responses of
AZ31B Mg alloy during TTC and IPC. The circles on the IPC curve represent the strains
at which the in-situ neutron diffraction measurements were conducted. The VPSC results
were also presented as the dashed line for the IPC loading. The stress-strain response
of IPC loading yields at the stress value of ~60 MPa, which was followed by a plateau
with a small hardening rate. This plateau is commonly attributed to the role of extension
twinning [34]. The hardening rate starts increasing at the inflection point that occurs at the
strain of ~5%. For strain values larger than ~8%, the stress during IPC becomes equal or
larger than that of the TTC loading, and the rate of work hardening decreases again.
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Figure 34. The stress-strain responses of AZ31B Mg alloy during thorough-thickness compression
(TTC) and in-plane compression (IPC). The circles on IPC curve represent the strains at which the
in-situ neutron diffraction measurements were conducted. The VPSC results are also presented as
the dashed line for the IPC loading (After Brown et al. [34]).

Brown et al. [34] investigated the diffraction pattern of the AZ31B Mg alloy subjected
to the IPC loading path in parallel and perpendicular detector banks at different stress
values, as shown in Figure 35. Initially, the parallel detector banker does not detect any
diffraction peaks from {0002}, while the transverse detector bank shows very strong
diffraction peaks from {0002}. As the applied compression increases, the diffraction
peaks intensity detected by the parallel detector banker increases, while the one detected
by the transverse detector bank decreases. Brown et al. [34] stated that the increase in the
diffraction peaks intensity of {0002} detected by the parallel detector banker manifests
the development of twinned grains. Accordingly, they measured the twinning variation
and showed that the twinning initiates at the strain ~1%. It was observed that the twinning
volume linearly increases with the applied strain up to a strain ~6%. The twinning is then
saturated at the strain ~8%, with the maximum twinning volume fraction of 80%. Brown
et al. [34] mentioned that the variation of twin volume fraction is almost proportional to
the increase in the diffraction peaks intensity of {0 0 0 2} detected by the parallel detector
banker, with the slope of 0.145 per unit plastic strain. The VPSC predicted faster twin
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formation, which saturates at the strain ~4%. The increased hardening rate at larger strain
observed in Figure 34 can be attributed to the twin saturation and initiation of pyramidal
slip in the twinned regions [34].
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Figure 35. The diffraction pattern of the AZ31B Mg alloy subjected to in-plane compression loading
in parallel and perpendicular detector banks at different stress values (After Brown et al. [34]).

Figure 36 shows the variation of lattice strain parallel and perpendicular to the loading
axis in untwinned parent grains and daughter twinned grains versus the applied load [34].
Brown et al. [34] obtained the lattice strain for a grain orientation contributing to a given
(h k 1) diffraction peak as follows:

Ikl _ ghk]
o a
where d, denotes the unstrained interatomic spacing, which can be approximated by the
initial interplanar spacing. Figure 36a shows the internal strain in the untwinned parent
grain parallel and normal to the loading axis versus the applied load. The theoretical linear
elastic relation is shown as dashed lines. Prior to the applied compressive stress of 70 MPa,
the untwinned parent grains behave according to the linear elasticity. Afterward, the lattice
strain becomes less than the elastic prediction as other grains with different orientations,
including the daughter grains, which sustain stresses larger than average applied stress.
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Figure 36. The variation of lattice strain parallel and perpendicular to the loading axis versus the
applied load: (a) Untwinned Parent grains, (b) daughter twinned grains (After Brown et al. [34]). The
dashed line represents the theoretical linear elastic relation. Closed markers denote the loading path,
while the open markers represent the unloading path.
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Figure 36b shows the internal strain in the daughter twinned grains parallel and
normal to the loading axis versus the applied load. The lattice strain in daughter grains can
be first identified at the compressive applied stress of 70 MPa, where twin reorientation
occurs. Brown et al. [34] reported an interesting observation in which the lattice strain of
newly twinned daughters was —700 ue, which was considerably less than the untwinned
parent and the surrounding grains. In other words, the daughter twinned grains were in a
relaxed state compared to the surrounding grains. In the region of applied compressive
loading of 70 MPa — 220 MPa, the increase in lattice strain was much larger than the elastic
prediction. The stress/lattice strain slope was reported as 32 GPa, which was smaller than
the elastic slope of 48 GPa calculated for grains with basal pole parallel to the loading axis.
This can be attributed to the fact that the daughter twinned grains were hard orientations
and sustain more elastic strain compared to the untwinned parent and surrounding grains,
which have soft orientations and deform inelastically [34]. For applied stress greater
than 220 MPa, one can see an inflection point in the variation of lattice strain versus the
applied loading as the variation of strain sustained by the daughter grain is less than the
elastic prediction.

Brown et al. [34] calculated the CRSS required for twin formation using the in-situ
neutron diffraction experimental data. They observed that the twin formation occurs at the
stress in the region of 50 MPa — 70 MPa. In the case of the tested sample, the maximum
Schmid factor is 0.499, which leads to the twinning CRSS of 25 to 35 MPa for AZ31B Mg
alloy. In the last step, Brown et al. [34] tried to derive how much strain is sustained by
twinning. They derived the contribution of twin to the total plastic strain as follows:

Aepyi A
fwin_ _ 93052V (18)
Agplastic A‘gplastic

where the coefficient 0.32 is obtained based on the texture of tested AZ31B Mg alloy, S is the
characteristic twin shear strain defined in Equation (10), and v is the twin volume fraction.
They estimated that 61% of the plastic deformation is sustained by twinning mechanisms
at the strain of 5%. Afterward, the twinning rate versus the strain decreases in which it
saturates at the strain of 8%. At this strain, 42% of the plastic deformation is sustained by
the twinning mechanism.

4. Conclusions and Future Works

In the present study, the crystal plasticity models, which have been incorporated for
Mg and its alloys, are reviewed. These models include different deformation mechanisms
such as plastic slip, twinning, and detwinning. The recent experimental frameworks, such
as in-situ neutron diffraction, 3D high energy synchrotron X-ray techniques, and digital
image correlation under scanning electron microscopy, which have been incorporated
along crystal plasticity models to investigate the properties of Mg and its alloys, are also
reviewed. Although many studies have tried to model the behavior of Mg and its alloys
using crystal plasticity, which was often coupled by the advanced in-situ techniques, there
are still some critical challenges that need to be addressed. A summary is presented for the
future challenges as below:

e  Real-time crystal plasticity simulation coupled to in-situ experiments to guide identifi-
cation of outliers that can in-turn improve crystal plasticity theories.

e A general map to include the effect of alloying for a variety of Mg alloys using crystal
plasticity models along with synchrotron X-ray techniques in a consistent framework.

e  Using machine learning techniques to learn the crystal plasticity models and generate
surrogate models which can be used to design specific Mg alloy loading paths to
achieve target properties.

e Developing a crystal plasticity model with a physically based twinning and detwin-
ning model, which include the correct isotropic and kinematic hardenings to capture
the appropriate cyclic response of Mg alloy. This is extremely important in the predic-
tion of fatigue simulation using crystal plasticity simulation.
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e Developing an integrated framework of crystal plasticity models and phase field
simulation to better capture the twin morphology in Mg alloys.

e The interaction of slip modes and twinning and detwinning mechanisms, which is
typically reflected as latent hardening in crystal plasticity models.

e Improved modeling of slip/twin and grain boundary interactions: Effects of grain
size in different Mg alloys using crystal plasticity models, specifically via micro-Hall
Petch models whose parameters can be inferred through experiments [98,102] and
including the effect of grain boundary on twin nucleation and growth in crystal
plasticity models.

e Integrating the crystal plasticity models of Mg and its alloys with the PRISMS-Fatigue
framework [109] to investigate the effects of texture, grain morphology, sample size,
multiaxial strain, and strain amplitude on their fatigue response.

e  Coupling the crystal plasticity models with phase-field simulations to address the
effect of deformation mechanisms such as plastic slip and twinning on the dynamic
recrystallization of Mg alloys.
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Abstract: This work investigates a ferrite matrix with multiple non-metallic inclusions to evaluate
their influence on the global and local deformation and damage behavior of modified 16MnCrS5 steel.
For this purpose, appropriate specimens are prepared and polished. The EBSD technique is used
to record local phase and orientation data, then analyze and identify the size and type of inclusions
present in the material. The EBSD data are then used to run full phase crystal plasticity simulations
using DAMASK-calibrated material model parameters. The qualitative and quantitative analysis
of these full phase simulations provides a detailed insight into how the distribution of non-metallic
inclusions within the ferrite matrix affects the local stress, strain, and damage behavior. In situ
tensile tests are carried out on specially prepared miniature dog-bone-shaped notched specimens
in ZEISS Gemini 450 scanning electron microscope with a Kammrath and Weiss tensile test stage.
By adopting an optimized scheme, tensile tests are carried out, and local images around one large
and several small MnS inclusions are taken at incremental strain values. These images are then
processed using VEDDAGC, a digital image correlation-based microstrain measurement tool. The
damage initiation around several inclusions is recorded during the in situ tensile tests, and damage
initiation, propagation, and strain localization are analyzed. The experimental results validate the
simulation outcomes, providing deeper insight into the experimentally observed trends.

Keywords: damage mechanics; crystal plasticity; numerical simulation; local deformation behavior;
in situ tensile test; VEDDAC; DAMASK; digital image correlation; non-metallic inclusions

1. Introduction

The steel industry is playing an important role in providing about 45% of the raw
material to the automotive sector [1]. The advancement in the steel parts used in an
automobile is inevitable to competitively improve the strength to weight ratio, fuel economy,
and crash safety of cars. Researchers have studied various multi-phase steels to increase
the ultimate tensile strength (UTS) and percentage elongation of steels using different
thermo-mechanical methods and phase combinations [2,3].

The ever-increasing demand for lightweight materials for the mobility sector has pro-
moted the utilization of the multi-phase phenomenon in steel [4]. For instance, quenched and
partitioned (Q&P) steels have shown a UTS up to 1.4 GPa with a uniform elongation of up
to 20% [5]. This remarkable combination is desirable during steel formation into sheets and
during individual component making with application-based mechanical strength capabilities.
Small-sized hard phase inclusions added into the soft ferrite matrix during steel making act as
reinforcement participants [6-8]. The common inclusions in the ferrite matrix—i.e., alumina
(ALLO3), cementite (Fe3C), manganese sulfide (MnS), and pyrite (Fe;S)—are very small in size,
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in the micron range [9-11]. Alloy steel thus formed with this microstructure, called gear steel,
has good machinability and improved hardenability [12,13]. Post-carburizing-quenching case-
hardened parts are used in an automobile where a core tensile strength of 800-1100 MPa is
needed. Their good wear resistance and low-temperature impact toughness make them
usable for piston bolts, camshaft levers, gears, worms, seals, and other sleeve parts [14].

The particle size, distribution, and morphology have a great effect on the overall
mechanical properties of these steels [15,16]. MnS with better plasticity and major inclusions
in desulphurized alloy steels affects the mechanical anisotropy after being rolled into
elongated strips [6]. The deoxidation of the molten steel produces Al,O3; being hard, it
can act to initiate microcracks and as a propagation source during the application of a load
on the component [17]. Moreover, Al;O3 can also cause excessive wear of the tool during
the machining of the component. Therefore, understanding, controlling, and utilizing the
limiting effects of these two inclusions can assist in the material forming processes and
producing application-based materials [18-20].

A crystal plasticity-based microstructural approach for investigating material behavior
is comparatively more accurate than empirical and phenomenological studies [21-23]. The
large-scale crystal plasticity finite element method (CPFEM), with multiple calculation
points in a single orientation, can evaluate the average mechanical response of a poly-
crystalline material. An added advantage of this type of modeling and simulation is the
analysis of the local stress and strain behavior to mitigate the concentrations and prolong
the global elongation process [24,25].

Although large-scale CPFEM methods are considered important for the true behavior
recognition of multi-phase materials, the literature has limited results that can be applied
satisfactorily to the mass production of parts [26-31]. Recently, DP steel (martensite in
a ferrite matrix) has been studied using the relaxed grain cluster homogenization tech-
nique using the Diisseldorf Advanced Material Simulation Kit (DAMASK) [32-34]. The
results gave an interesting insight into microstructural evolution during the deformation
of heterogeneous multi-phase materials. However, there is still a need for extensive study
based on individual phase constituents in the steel matrix to reach a point where industri-
ally required process maps can be generated and utilized for microstructurally informed
material production.

This study is a unique combination of various techniques to evaluate the microme-
chanical response of polycrystalline multi-phase material. Industrially produced modified
16MnCrS5 with alumina, pyrite, and cementite as precipitate phase particles spread all over
the ferrite matrix has been used as a starting material. An EBSD map has been generated,
and in situ tensile deformation has been performed while recording the local material state
at various global stress values. A crystal plasticity-based numerical simulation model built
on finite strain theory has been used to study slip-based plastic deformation in a ferrite
matrix. The correlation of simulation results with the experimental obtained local material
behavior is studied and presented.

The manuscript has been categorized so that Section 1 presents the introduction and
background of the study. Section 2 has very brief information about the experimental
procedures. The modeling technique with the current numerical simulation procedure
with boundary conditions is mentioned in Section 3, while the results are detailed in
Section 4. Finally, Section 5 gives a complete discussion of the results compared to the
already published literature, while the study’s conclusions are presented in Section 6.

2. Methodology

In this work, in situ tensile tests were carried out on specially prepared specimens
inside the SEM chamber in a deformation stage. The local EBSD data from the same
specimen were used to run a full phase crystal, plasticity-based numerical simulation
model. The material’s local deformation and damage behavior, especially around an MnS
inclusion, was analyzed and compared with the numerical simulation results. This section
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contains a complete methodology of the in situ tensile tests, EBSD data collection, and data
processing that was carried out.

2.1. In Situ Test Setup and Data Collection

For in situ investigations, a specialized method was adopted based on previously
published work by other researchers [35-39]. For in situ testing, tensile specimens according
to DIN EN ISO 6892-1 with a length of 50 mm and a thickness of 0.6 mm with notches
for strain concentration were prepared as shown in Figure 1c. The samples were cut from
the discs using a water jet cutting machine to avoid material wastage and residual stress
accumulation on the surfaces during conventional machining. The prepared samples
were finely milled to obtain a better edge finish and produce small u-shaped notches in
the middle of the neck, as shown in Figure 1c. They were prepared by metallographic
polishing. Since the specimens were very thin, a special embedding compound was used
during the polishing process that could be dissolved in acetone when heated to 30 °C after
the polishing process was complete. As the test specimens’ deformed surface was later to
be analyzed with digital image correlation software, the test specimens were etched for
5 s in a 3% Nital solution to achieve the required surface contrast. The visual inspection
of specimens before testing revealed that only non-deformed inclusions were found on
the surface of the specimens, and a few MnS inclusions with an elongated shape were
present in the middle of the specimen. Further details about specimen preparation and the
achievement of the correct contrast of micrographs using image processing techniques are
provided in Appendix A for interested readers.

(a)

Figure 1. (a) ZEISS Gemini SEM 450 scanning electron microscope used (b) and the in situ tensile
model. (c) Geometry of the in situ specimens with notches for the stress concentration, where all the
dimensions are in mm.

The overall chemical composition of the current material is shown in Table 1 in
comparison with the standard chemical composition of the alloy. It is modified 16MnCrS5
with 50% lower carbon content and 20% more sulfur. Therefore, the strength of this modified
material is slightly lower; due to higher sulfur content and less carbon, it contains more
MnS inclusions, with some being predominantly large (as discussed later in Sections 2.3
and 2.4).
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Table 1. Chemical composition of the investigated modified 16MnCrS5 steel in weight percentage in
comparison with standard non-modified 16MnCrS5 steel.

Element C Si Mn P S Cr Al Cu

W non-modified 0.16 0.25 1.15 <0.01 0.035 1.00 <0.01 0.03
t.

’ modified 0.081 0.038 1.07 <0.01 0.131 1.06 <0.01 0.03

The in situ tensile tests were carried out with a ZEISS Gemini SEM 450 scanning
electron microscope using a Kammrath and Weiss tensile test stage, as shown in Figure 1a,b.
This module allows in situ data collection during tensile or compressive loading using SE,
EBSD, and EDS in the Gemini SEM450 of Carl Zeiss AG. For the experiments, different
points on the tensile stress—strain curve were targeted at a forming speed of 8 um/s, and
the specimen was held at various values of stress and strain. At the same time, analyses of
the microstructure and chemistry were performed. A series of images was taken during
tensile testing. All images were taken with a resolution of 2048 x 1536 pixels. In addition,
all photos in the area of interest were taken with a magnification of 11k and WD (working
distance) of 16.6 mm with the “InLens” module.

2.2. Selection of Area for Full Phase Simulations

For the crystal structure analysis, the specimens were placed in the Gemini SEM450
from Carl Zeiss AG. The EBSD analysis was performed with an accelerating voltage
of 20 kV, a working distance of 11 mm, and a specimen holder pre-tilted by 70°. The
magnification was 10,000 x. For the EBSD analysis, the Symmetry S2 detector from Oxford
Instruments PLC was used. The analysis area was 95.4 um x 71.8 um, with a step size
of 0.2 um. The advanced Symmetry S2 EBSD detector utilizes a unique combination of
speed (4500 pixels/second), sensitivity (CMOS technology sensor), and diffraction pattern
details (1244 x 1024 pixel resolution) to efficiently produce high-quality EBSD data for the
selected area, which can then be post-processed to obtain information in the desired format.
Modified 16MnCrS5 steel contains inclusions that are quantitatively analyzed and recoded
using EDS Ultim MaxX from Oxford Instruments PLC.

The multi-phase steel material Representative Volume Element (RVE) was obtained
after EBSD analysis. The data were initially raw and required cleaning for unindexed
points due to crystallographic noise at the grain boundaries. This noise was reduced
using an intelligent algorithm implemented on the MTEX toolbox with MATLAB [40]. The
procedural details of the EBSD data cleaning and the developed algorithm are published
elsewhere [41]. Therefore, readers are encouraged to refer to that work for further details.

The ferrite matrix distribution is shown in Figure 2a, and the distributions of alumina
(Al O3), cementite (Fe3C), and manganese sulfide (MnS) concerning the grain boundaries
are displayed in Figure 2b. Most of the inclusions detected in this area of the specimens
are present on the grain boundaries. This kind of microstructure with appropriately large
second phase particles distributed homogeneously on the grain boundaries of adequately
large ferrite grains appears to be due to the adopted manufacturing strategy.

2.3. Statistical Analysis of the EBSD Data

A quantitative comparison of the grain shape (aspect ratio) and particle size of the
ferrite matrix and inclusions is presented in Figures 3 and 4, respectively. In Figure 3,
the aspect ratio of 1 corresponds to almost perfectly round shapes, whereas the higher
aspect ratio corresponds to the adequately elongated grain or inclusion. Considering
this criterion, the aspect ratio of ferrite grains in Figure 3a predominantly lies between
1-2, except for some grains with a high degree of elongation of >4, which is the normal
ferrite microstructure reported in previous literature [42,43]. On the other hand, the
inclusions in Figure 3b—d are largely round (aspect ratio = 1), with some particles slightly
elongated. There can be two reasons why the manufacturing process yields such inclusion
shapes, as reported previously [44], or it can be due to the limitations of the measurement
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and magnification chosen in this work. During EBSD analysis, only these slightly large
inclusions with round profiles were detected due to the chosen magnification and the set
step size. In contrast, very thin and long inclusions were missed.
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Figure 2. Multi-phase steel specimen. (a) IPF for ferrite matrix with BCC crystal structure, with

different colors showing different crystallographic orientations. (b) Three types of inclusions spread
all over the ferrite matrix and (c) the mesh resolution showing the grid size for calculation points.
(d) IPF figure showing orientations of ferrite grain orientations with reference directions.
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Figure 3. Distribution of aspect ratios of (a) ferrite grains, which are relatively larger and have a
wider spread; (b) cementite inclusions, which are close to 1, with few inclusions at 1.3 and 1.7; (¢) MnS
inclusions are also usually round, with a few with a spread of 2.8; (d) Al,O3 inclusions are also
usually round with an aspect ratio of 1, with some inclusions reaching up to 2.3.
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Figure 4. Distribution of grain size in terms of equivalent radius (ER) for (a) ferrite, which is biased
towards small grains but being widespread reaches up to 8 um; (b) cementite inclusions, which are
generally small with sizes close to 0.1 um, with a few inclusions up to 0.18 um ER; (¢) MnS inclusions,
which although usually small are in a large number with 0.16 um ER and a few as large as 0.23 pm.
(d) The Al,Oj3 inclusions have a large spread with many having sizes close to 0.1 um and then having
a downslope spread up to 0.25 um ER.

The grain size in Figure 4 is measured in terms of the mean sphere diameter. A significant
number of ferrite grains in the selected area for EBSD analysis are below 4 pm, as observed in
Figure 4a, and some grains are larger than 6 um. As shown in Figure 4b—d, the inclusions are
comparatively very small. Most inclusions are around 0.1 pum in size, whereas very few are
larger than 0.2 um. Even smaller inclusions may be present within the microstructure but
were not detected due to the selected magnification and EBSD measurement step size. This
lack of smaller inclusions negligibly alters the material chemistry or local phase distribution
and hence is assumed to have almost no effect on the simulation results.

Second phase inclusions have been talked about a great deal in this section. The
elemental analysis of an MnS inclusion using EDS analysis is presented in Figure 5 for
reference. All the other inclusions—i.e., Al;O3 and FezC—have also been identified using
the same process.

2.4. Selection of Area, Tools Used, and Methodology Adopted for In Situ Strain Measurement

During the in situ tensile tests, a large, elongated sulfide inclusion (MnS) was analyzed.
The inclusion, along with the chemical analysis confirming it to be MnS, is shown in Table 2.
The length of the inclusion together with the cavity is about 42.5 pum. The elongated
inclusion aligned with the tensile loading axis (horizontal to the shown micrograph) was
expected to be prone to severe fracture and was therefore of great interest.
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MV AN

Figure 5. Elemental analysis of the modified 16MnCrS5 steel specimen using EDS to identify the
inclusions (the red dotted line represents the line of measurement). The inclusion shows a major
concentration of Mn and S; therefore, it is classified as an MnS inclusion.

Table 2. Chemical analysis of inclusion at different points, confirming MnS. The units of the measure-
ment are in mass, %.

(ﬁpektrum‘lﬂé' s
R,
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: L
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Element Spectrum 1112 Spectrum 1113 Spectrum 1114 Spectrum 1115
S 10.50 6.46 10.34 14.65
Cr 1.19 1.70 0.95 0.95
Mn 17.06 11.61 17.24 23.48
Fe 69.56 75.98 70.66 60.16
Others 1.69 4.25 0.81 0.76
Total 100.00 100.00 100.00 100.00

The in situ tests come with their own challenge of image acquisition [35-37]. The
images taken during the test should have a specific contrast and clear feature identification
possibility [45]. To ensure that the images taken during the current tests are of acceptable
quality and grayscale distribution, an analysis was performed that has not been included
in the main part of the body but is presented in Appendix A. The effect of different settings
and attributes is discussed and can be interesting for readers interested in performing such
tests themselves. Appendix A also contains detailed information about the local and global
strain measurement during experimentation.
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The digital image correlation software VEDDAC from Chemnitzer Werkstoffmechanik
GmbH was used to process the captured image series. When processing the images, images
with strong contrast or sharpness fluctuations were removed from the calculations, and
the final set contained images. Two calculation areas were selected during DIC. The first
calculation area is shown in Figure 6a, which consists of the matrix around the inclusions
and the cavities. The second calculation is the inclusion area and cavities around it, as
shown in Figure 6b. The optimal grid sizes for a particular series of images were 9 x 9 pixels
(coarse) for the matrix and 5 x 5 pixels for the inclusion (fine). More information about the
local strain measurement methodology is provided in Appendix B.

() (b)

Figure 6. Calculation network for digital image correlation (a) around non-metallic inclusions (b) in
non-metallic inclusions and cavity area. In this work, a grid of 9 x 9 pixels (coarse) for the matrix
and 5 x 5 pixels for the inclusion (fine) was chosen to get accurate and fully resolved results.

3. Numerical Simulation Model Setup

The EBSD data and the information of each phase’s chemical and crystallographic
structure were used to model and run a full phase crystal plasticity-based numerical
model with calibrated material models. These simulations were used to provide detailed
information about the local deformation and damage behavior of this material and how
different inclusions, morphologies, and distributions affect the local deformation and
damage behaviors. This insight is useful to understand the data from limited in situ tests.

First developed by Hutchinson [46] and later extended by Kalidindi [47], the phe-
nomenological model implemented in the DAMASK framework [33] calculates the plastic
deformation by slip planes based on the initial and saturated slip resistance—S, S, respec-
tively (refer to Table 3). This resistance value for slip systems = 1,2,3 ... Ngj;, increases
from the initial to saturation value depending on the crystal structure specifications and
the critical shear value on the slip plane during deformation.

This model uses a mathematical description to correlate the initial deformation gradi-
ent (F) with the resulting first Piola—Kirchoff stress tensor (P), as shown in Equations (1)
and (2). The elastic part is simplified in the form of the generalized Hook’s law, and for the
plastic part, it is given with the help of the plastic velocity gradient given in Equation (3).

10 0
Fij=|0 % 0| x103%""
0 0 =«

)

S = CE @)

where
S = second Piola—Kirchoff stress tensor;
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C = fourth-order elastic stiffness Tensor;
E° = second-order Langrangian strain tensor.

Nslip
L,= Z ¥ (m™ ®@n%) 3)
=1

The value of the velocity plasticity gradient L, is dependent on the shear strain y
(Equation (4)), which is a function of the resolved shear stress T* and slip-resistance on the
o slip plane S*.

n

sgn (%) ©

T[X

S

S
Y =Yo

and

o=1,2,3--,Ngjp (For BCC Ferrite Ny, = 24)

A non-conserved damage field ¢ is governed by the continuous release of the stored
mechanical energy density from undamaged to fully damaged conditions in a region; i.e.,
¢ =1to ¢ =0. In the ductile damage criterion implemented in DAMASK, plastic energy
dissipation at a material point is the driving force here for damage flux f,,. Therefore, plastic
energy dissipation in the form of the following equation is used:

1 .
Wplastic = i(pz/ Mp.Lpdt. 5)

Consequently, the minimization of the total free energy density is responsible for force
to drive damage, and it is given as follows:

OWplastic  OW, G
_ plastic surface | _ G /
fo= P + T } 4 Mp.Lydt. (6)

where
G = surface tension of the newly generated damage surface;
I = length scale of the diffused surface;
L, = plastic velocity gradient.
The plastic governing law changes to the following when damage evolution is coupled

with dissipated plastic energy:
M
Ly=f (—”) )

@2

Readers are encouraged to read the pioneering work by the developers of DAMASK
for further details and understanding of the model [33,34,48,49]. For instance, a strategy
was published recently by Qayyum et al. [50] by choosing an optimal RVE that behaves
isotopically yet is small enough to produce fast results for the calibration of the material
model parameters of single-phase materials. The strategy comprises a 10 x 10 x 10 size
RVE containing 1000 grains, where each point represents a different grain. The RVE adopted
from that published methodology is shown in Figure 7a. This RVE was used to calibrate
the fitting parameters in the material model by comparing simulation outcomes with the
experimental observations, and the results are shown in Figure 7b.

Itis observed that the simulation results match well with the experimental observations
globally. The dips in the experimental data are positions where the test was stopped and
pictorial data were recorded. The adopted and calibrated material model parameters used
in this study are shown in Table 3. This set of parameters was used to run full phase
simulations and then analyze the local material deformation and damage behavior.

The DAMASK framework is designed to get all the inputs in the form of specifically
structured text files with a complete microstructural description of RVE with geometrical
details, material behavior attributes, and boundary values. Elastic and plastic phase
parameters for ferrite and only elastic parameters of all the inclusions are defined to observe
the micromechanical deformation of ferrite caused by stiffness degradation. Ductile damage
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criteria have been incorporated in the ferrite matrix as well. The RVE generated by using
the EBSD data shown in Figure 2 was subjected to quasi-static tensile load with a strain
rate of 1073 s! in the x-direction.

(a) (b)
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{001] [101]

Figure 7. (a) 10 x 10 x 10 size RVE containing 1000 individual grain orientations, (b) comparison of
experimental and simulation flow curves, showing a good match of results.

Table 3. Elastic parameters of second phase inclusions obtained from the literature [10,20,23,26,28,41,51,
52] and calibrated parameters of ferrite adopted from the literature [23,26,28,41,52] and adjusted by
comparing with the flow curve from in situ tests. The ductile damage parameters were calibrated by
comparing them with the in situ test results.

Elastic Parameters of All the Phases

Parameter Value Unit
Ferrite-Cq1,C12,Caq 233.3,235.5,128.0 GPa
Fe3C-Cq1,C12,Cyq [17] 375.0,161.0, 130.0 GPa
MnS-Cyy Cia,Cag [6] 177.3,117.0,25.2 GPa
AlyO3-Cq1,C1p,Cyy [10] 496, 109, 206 [18] GPa
Plastic Parameters of Ferrite Phase
Yo 56 x 107 ms~!
Sp, [111] 95 MPa
Ss, [111] 222 MPa
So, [112] 96 MPa
S, [112] 412 MPa
ho 1 GPa
hup 1.0 GPa
n,w 3,2.0 _
Naiip 12,12 i
Ntwin 0 -
Ductile Damage Parameters
Parameter Description Value for Ferrite Unit
Interface energy (go) 1.0 Jm—2
Damage mobility coefficient (M) 0.001 571
Critical plastic strain (e;) 0.5 -
Damage rate sensitivity 10 B
coefficient (P)
Damage diffusion (D) 1.0 -
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4. Results
4.1. Global Results of Numerical Simulation

The global results of the simulation in comparison with experimental observations
are shown in Figure 8. The global results are calculated by taking an average of the results
at each solution point for each increment. The data are combined in a meaningful way to
produce observable trends. The stress and damage evolution with respect to the true global
strain in the selected RVE is shown here in Figure 8.

3% 6% 9% 12% 15.5%
(81) (82) (83) (84) (S5)

True Stress, MPa

18

Loading direction

Figure 8. (a) RVE chosen to run full phase simulations in IPF colors; yellow box represents one of
the crack initiation zones. (b) Outcome of the simulation flow curve in comparison with the in situ
experimental test results, showing a good match; the dips in the experimental results are the points
where the test was stopped to take local pictures of the inclusions for later DIC. E1-E4 show the
damage evolution around an MnS inclusion, S1-S5 inset figures show the damage evolution around
a comparable MnS inclusion during numerical simulation.

A good correlation between global experimental and numerical simulation results
is observed with less than 3% difference of predictions. The inset figures in Figure 8
from S1-S5 show damage evolution around an MnS inclusion. Inset figures E1-E4 show
damage evolution around a similar-sized MnS inclusion captured during in situ testing.
Interestingly, not only do the global results match well, but the local damage evolution
is also comparable. These local deformation and damage trends are discussed later in
this article.

4.2. Local Results of Numerical Simulation

The local distributions of strains, stress, triaxiality, and damage at 3%, 9%, and 15.5% of
global strain are shown in Figure 9. Due to the heterogeneous distribution of non-metallic
inclusions and different Schmidt factors of each ferrite grain, the local distributions of each
attribute are largely heterogeneous. Therefore, the grain boundaries have been overlaid in
contrasting colors to clarify the distributions of attributes within individual grains.

It is observed that at 3% global strain, the local strain distribution is relatively homo-
geneous within the selected RVE. As the global strain increases and reaches a maximum
of 15.5%, an extreme heterogeneous distribution of strain along the grain boundaries in
thick channels aligned at 45 degrees to the loading axis is observed with intermediate
areas of very low local strain. On the other hand, the stress distribution is high from the
beginning in the ferrite grains with a high Schmidt factor and increases significantly within
those grains. The value remains similar as the global strain reaches the maximum value.
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Of course, the local stress and strain distribution is largely affected by the presence and
distribution of non-metallic inclusions. The behavior is discussed in more detail in the
next section.
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Figure 9. Evolution of local strain, local stress, stress triaxiality, and local damage in the selected RVE
at 3%, 9%, and 15.5% global true strains, where the loading axis is horizontal to the micrographs.

Stress triaxiality is the relative degree of hydrostatic stress in each stress state, which
is usually used to estimate the type of fracture that might take place in the material. In
the current RVE, it is observed that the triaxiality measure in most of the grains is close
to 0.1, which means that the stress (no matter how high) is predominantly hydrostatic.
Therefore, the deviatoric component of stress in these grains is low and will not contribute
significantly towards material flow and eventual damage. In addition, it is interesting to
note that the triaxial stress remains consistent with the increase in strain and only slightly
shifts to neighboring grains after the damage initiation and propagation.

Generally, it is observed that the damage initiates at the interface of the non-metallic
inclusions, especially in the narrow zones locked between the cluster of inclusions. After
initiations, the damage propagates at an oblique angle to the applied external load. As a
result, the local voids coalesce and form larger cracks that grow faster, and material damage
accelerates. It is important to mention here