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The fundamental power-law relationship representing the flow rule in crystal visco-plasticity
ensures uniqueness in the selection of slip systems accommodating imposed plastic strain-rates.
The power-law relationship also introduces an artificially high strain-rate sensitivity in crystal
plasticity simulations, unless a high value of the power-law exponent is used. However, the use of
high values for the exponent is limited by numerical tractability. This paper presents a numerical
method implemented in a crystal plasticity finite element (CPFE) model for embedding any value
of the power-law exponent reflecting the true material strain-rate sensitivity. Importantly, the
method does not increase computation time involved in the simulations. The enhanced CPFE
model is used to interpret and predict a complex strain-rate sensitive response and microstruc-
tural evolution of AZ31 Mg alloy. Measured values of strain-rate sensitivity for slip and twinning
modes are used in the simulations. Calculations show that the model successfully captures the
phenomena pertaining to the effect of changing applied strain-rate on the mechanical response
including flow stress and evolution of texture and twinning for a broad range of strain-rates
ranging from 107> s7! to 10° s™! and loading orientations in tension and compression. It is
shown that such predictions are a consequence of not only relative amounts of slip and twinning
activities driven by a set of accurately characterized hardening law parameters but also values of
the strain-rate sensitivities inherent to individual deformation mechanisms. Besides, the model
validates the measured strain-rate dependency of deformation mechanisms while accurately
reproducing the mechanical data. Hence, the model can be used to verify and further refine or
infer measured strain-rate sensitivity per deformation mechanism by reproducing experimental
data.

1. Introduction

The overall constitutive behavior of polycrystals stems from the collective deformation behavior of constituent crystals/grains
having local crystal orientation, size, and shape (Kocks et al., 1998). The relationship between the local deformation behavior at the
grain-level and that of the polycrystalline aggregate is established using homogenization schemes. To this end, the mean-field (e.g. the
Taylor-type or self-consistent (SC)-type (Feng et al., 2021; Ghorbanpour et al., 2017, 2020a; Lebensohn and Tomé, 1993; Riyad et al.,
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2021; Schmidt et al., 2021; Tam et al., 2020; Wu et al., 2007a; Zecevic and Knezevic, 2015; Zecevic et al., 2016b)) and the full-field (e.
g. the crystal plasticity finite element (CPFE)-type or Green’s function fast Fourier transform (FFT)-type (Eghtesad et al., 2020;
Eghtesad and Knezevic, 2020; Kalidindi et al., 1992; Lebensohn et al., 2012; Paramatmuni and Kanjarla, 2019)) theories are used. The
mean-field models are more computationally efficient, while the full-field models are more accurate because they account for local
grain-to-grain interactions. An important advantage of the mean-field models is their ability to efficiently handle the crystal lattice
reorientation associated with deformation twinning. Several approaches have been developed in the literature for the modeling of
twinning within the mean-field models like the predominant twin reorientation model (Tomé et al., 1991; Van Houtte, 1978), total
Lagrangian model (Fast et al., 2008; Kalidindi, 1998; Kalidindi et al., 2006; Wu et al., 2007a, 2007b), and composite-grain (CG) model
(Barrett et al., 2020; Proust et al., 2007). In contrast, modeling twin lamellae as discrete domains in spatially resolved full-field models
has been attempted only recently (Ardeljan et al., 2015b, 2017; Ardeljan and Knezevic, 2018; Knezevic et al., 2016a; Kumar et al.,
2015). However, such models have been primarily used for understanding of the mechanical fields associated with twin lamellae
formation rather than for modeling of large plastic deformation of polycrystals (Knezevic et al., 2015).

In the CPFE-type models, a material point can embed a single crystal (Ardeljan et al., 2014, 2015a; Barrett et al., 2018; Diard et al.,
2005; Fernandez et al., 2013; Staroselsky and Anand, 2003) or a polycrystal whose response is obtained by a homogenization scheme.
Formulations for the latter approach generally embed either SC models (Barrett and Knezevic, 2019; Segurado et al., 2012; Zecevic
et al., 2017; Zecevic and Knezevic, 2017, 2019) or Taylor models (Ardeljan et al., 2016) at FE integration points. Accordingly, these
multi-level models combine the two theories i.e. the FE full-field mechanics technique at a higher level and a mean-field technique at a
lower level into a single approach, which takes advantage of both the computational speed of the mean field theories and the accuracy
afforded by relaxing homogenization assumptions. In the present work, we adopt the modeling approach incorporating the Taylor-type
model at each FE integration point developed in (Ardeljan et al., 2016) and later used in (Feather et al., 2019). The combined
multi-level model is referred to as T-CPFE. Importantly, the modeling approach relaxes the iso-strain constraint assumption of the
Taylor-type model formulation imposed over the entire polycrystal. Since the polycrystal is distributed over finite elements (i.e. FE
integration points), the FE solver interrogates every sub-polycrystal as a separate Taylor-type model at every integration point with an
imposed deformation gradient. As the deformation gradient varies spatially based on boundary conditions imposed over the FE mesh,
the iso-strain constraint intrinsic to Taylor-type models is relaxed. While the iso-strain constraint assumptions is imposed over the
sub-polycrystal embedded at an FE integration point, it is relaxed at the level of the entire polycrystal spanning over the entire FE
mesh. The T-CPFE model at the grain-level incorporates the advanced CG twinning model while retaining the original Lagrangian
numerical scheme. The twinning model allows multiple twin variants to form per grain. Finally, the model incorporates a dislocation
density-based (DD) hardening law for the evolution of slip and twin resistances.

In this paper, the T-CPFE model is advanced to make deformation mechanism-level strain-rate sensitivities computationally
feasible, thereby enabling the rate sensitivity behavior of alloy AZ31 to be modeled over a wide range of strain-rates. Since the alloy
has a hexagonal closed packed (HCP) crystal structure and activation stresses vary between deformation modes, its deformation
behavior is highly anisotropic (Akhtar, 1973; Alam et al., 2020; Becker and Lloyd, 2016; Ghorbanpour et al., 2019a, b; Kabirian et al.,
2015; Knezevic et al., 2021; Partridge, 1967; Yoo, 1981). The plasticity in the alloy is carried out by a combination of crystallographic
slip (basal, prismatic, and pyramidal slip modes) and deformation twinning (extension and contraction twinning modes). Activation
stresses for these modes depend on strain-rate and temperature (Akhtar, 1975; Akhtar and Teghtsoonian, 1969) and highly varies
across the modes inducing strong plastic anisotropy with texture (Ishikawa et al., 2005; Khan et al., 2011; Pandey et al., 2015;
Watanabe and Ishikawa, 2009). Moreover, activity of deformation modes varies with loading paths. As a consequence of such vari-
ation, a sheet of AZ31 exhibits strong strain-rate sensitivity during in-plane tension and through-thickness compression, while
approximately no strain-rate sensitivity during initial straining in-plane compression. The underlying reason is slip dominated
deformation in the former cases and extension twin-dominated deformation in the latter case (Khan et al., 2011; Kurukuri et al., 2014;
Wang et al., 2021). At higher strain levels, the strain-rate sensitivity for in-plane compression increases due to activation of the
multiple slip modes. Such observations reveal that basic deformation mechanisms exhibit different strain-rate sensitivities.

Measurements for alloy AZ31 show that basal slip and twinning modes are approximately independent of strain-rate across a broad
range of temperatures with strain-rate sensitivity coefficients of m*=! = 1 x 107 for the basal slip mode and m’ = 1 x 107 for the
twinning modes (Korla and Chokshi, 2010; Watanabe and Ishikawa, 2009). In contrast, the strain-rate sensitivity coefficients for the
prismatic and pyramidal slip modes were estimated to be m*=2 = 2.35 x 1072 and m*~® = 7.42 x 1073, respectively (Ulacia et al.,
2010; Watanabe and Ishikawa, 2009). Despite the fact that these individual values per mode are established, a single coefficient of
strain-rate sensitivity for all modes is commonly used in modeling the strain-rate dependent behaviors of Mg alloys using crystal
plasticity. Therefore, current models disregard the distinction of strain-rate sensitivity among different deformation mechanisms. The
model in the work of (Wang et al., 2018) utilized a variable strain-rate sensitivity over deformation modes and successfully predicted
strain-rate sensitive response of AZ31 over a range of imposed strain-rates; however, the experimentally measured values per
deformation mode were still not numerically achieved, limiting the range of imposed strain-rates that the model captured. The
development of crystal plasticity models that work for a wide range of imposed strain-rates is very challenging for metals and alloys
such as Mg, which have several deformation modes. Low values of strain-rate sensitivity coefficient increase the stiffness of nonlin-
earity in the governing equations leading to computational failure (Knezevic et al., 2016b; Li et al., 2008).

In this paper, numerical robustness of the T-CPFE model is enhanced to consider measured values of strain-rate sensitivity per
deformation mode. The developments here are motivated primarily from the fact that many metals exhibit low strain-rate sensitivity
and often as function of deformation mode, the case with Mg alloys (Chapuis and Liu, 2019). The motivation also comes from an
observation made in (Savage et al., 2017) that void growth-rates in voided cell computations introduce a strain-rate effect in the
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observed pressure dependence of the material. Such effects should be removed when studying the pressure dependence and comparing
to analytical criterion. The significant role of the power law exponent in the extensional strain increase and subsequent development of
localized deformation has been highlighted in (Peirce et al., 1983). The work varied m from a value of 0-0.005 for face-centered cubic
(FCQ) crystals under tension.

We seek to implement a robust numerical scheme in the T-CPFE model to eliminate the artificial scaling effect on stress with
imposed strain-rate. The implementation relies on the visco-plastic power-law flow-rule, which relates the shearing-rate of a defor-
mation system to the stress resolved on the system plane and in the glide direction (Hutchinson, 1976). The exponent n of the
power-law relationship is the deformation system-level equivalent of the inverse of the strain-rate sensitivity coefficient m, which
represents the dependence of the activation stress on strain-rate for fixed 7. The strain-rate sensitivity of material response m is 1/n

with n defined as the slope of the In-In flow stress-strain-rate curve (Follansbee and Kocks, 1988; Hosford, 2010),n = ,gln"i; . The value

€
of n is a deformation mechanism property, which can be measured experimentally from flow stress curves recorded at different

strain-rates for a static i.e. fixed/constant microstructural state. Note that if microstructure evolves then the strain-rate sensitive flow
stress is a consequence of a combination of the exponent, n, and evolving 7} (¢).

Grains deforming plastically accommodate strain using a subset of available slip/twin systems. As multiple slip and twinning
systems are involved, a sound criterion for activating these systems must be adopted. Criteria for identifying active systems prior to
determining their shearing rate differ between rate-independent and rate dependent theories. Limitations of rate-independent for-
mulations and advantages of rate dependent theory in terms of relating material rate dependence and unique determination of active
slip systems have been discussed in (Peirce et al., 1983). Solutions to the selection of slip systems, the long-standing problem of the
rate-independent theory of crystal elasto-plasticity, to produce an arbitrary deformation increment are presented in (Anand and
Kothari, 1996; McGinty and McDowell, 2006; Zecevic and Knezevic, 2018). The selection can be achieved uniquely through the
visco-plastic power-law formulism, which introduces strain-rate sensitivity into the deformation physics. In addition to representing
the inverse of strain-rate sensitivity, sufficiently high value of the visco-plastic power-law exponent n ensures uniqueness in the so-
lution to active slip/twin systems accommodating imposed strains. The distribution of shearing among the systems is collectively
referred to as slip/twin activity. Predicting such activity is fundamental to predicting the flow strength and reorientations of the
crystals. Due to numerical issues, the exponent n used e.g. in visco-plastic SC model is typically 20, which corresponds to m = 0.05. The
value of n = 20 ensures uniqueness in selected deformation systems but much higher values than n = 20 are needed to accurately model
the actual material strain-rate sensitivity at a constant resistance to slip/twin 7} i.e. constant/static microstructure.

It is important to recognize that the strain-rate sensitivity embedded in the exponent for constant 7} in conjunction with the strain-
rate sensitive evolution of slip resistances, 7%, describe strain-rate sensitive material behavior. The later contribution is described by the
thermodynamic theory of slip, which states that dislocation glide is thermally activated in the strain-rate ranging approximately from
107% 57! to 10° s7! (Kocks et al., 1975; Mecking and Kocks, 1981). Such strain-rate sensitive dislocation glide occurring in every
plastically deforming grain in a polycrystal causes the macroscopic flow stress of the polycrystal to depend on strain-rate and tem-
perature (Follansbee, 1986). Crystal plasticity modeling aims to relate the strain-rate sensitive glide of dislocations to the deformation
of a grain or set of grains as well as to represent the constant structure strain-rate sensitivity under an imposed strain-rate and tem-
perature conditions. Low values of n like 20-100 introduce an inaccurate decoupling between the strain-rate sensitive response of
constant structure and strain-rate sensitive evolution of 7} i.e. structure evolution. These issues are widely recognized (Kok et al., 2002;
Peirce et al., 1983; Wang et al., 2018; Zecevic et al., 2016a) and this work offers a viable solution within T-CPFE.

In this article, a computationally efficient numerical procedure allowing for any value of the exponent governing material strain-
rate sensitivity m is introduced into T-CPFE following the work involving a SC model presented in (Knezevic et al., 2016b) on poly-
crystalline Cu, which deforms by a single slip mode. The numerical method is termed the k-modification (k-mod) method. Until this
original work, the use of these measured values of strain-rate sensitivity coefficients in crystal plasticity models was limited by nu-
merical tractability i.e. the models were not able to take these measured values of strain-rate sensitivity per deformation mechanism.
Taking advantage of these numerical improvements and advances made in the present work, measured values of strain-rate sensitivity
per deformation mechanisms are employed in T-CPFE to investigate the strain-rate dependent behaviors of alloy AZ31 at room
temperature. It is shown that the strain-rate dependent behavior of the alloy from 10~3s™! to 10® s 7! can be accurately described by an
accurate representation of strain-rate sensitivity associated with operative deformation mechanisms. The model accurately predicts
flow stress and microstructure evolution for a broad range of strain-rates as a result of not only differing relative amounts of slip and
twinning activity driven by a set of accurately characterized hardening law parameters but also deformation mechanism-level
strain-rate sensitivities. Accordingly, the evolution of texture, anisotropy, asymmetry, and hardening behavior can be modeled
across a wide range of applied strain-rates.

2. Modeling framework

The numerical scheme of the finite deformation crystal plasticity finite element (CPFE) model originally presented in (Kalidindi
et al., 1992) is briefly summarized. In particular, the salient parts are outlined so that the proposed extension of CPFE and its im-
plications to the numerical procedure have context. With this goal in mind, the kinematics and constitutive choices are focused on,
while dislocation density-based hardening for slip and twinning (Ardeljan et al., 2016) is provided in appendix A. The particular
version extended here is the T-CPFE (Ardeljan et al., 2016), which is a multi-level model linking the macro FE level at the highest scale
and the Taylor-type polycrystalline model constitutive response at an integration point wherein the lowest level response of individual
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grains driven by slip/twinning is homogenized. The T-CPFE is implemented in finite element software ABAQUS as a user material
subroutine (UMAT). The implicit finite element solver iteratively provides a best guess at time, 7 (t-+At), of the deformation gradient, F,
for each gauss integration point in the finite elements based on the boundary conditions of the FE model. A set of state variables for
each grain such as dislocation density for slip systems and twin volume fraction for each twin variant per grain is available from the
previous increment, t. The UMAT updates the state variables, returns the volume average Cauchy stress, 6, and returns the Jacobian (i.
e. the mapping between change in Cauchy stress components with respect to each component of the logarithmic strain) at the inte-
gration point. If the principles of virtual work are satisfied (boundary conditions and stress equilibrium), the solver moves on to the
next time increment, otherwise the state variables are reset to the last converged state, and the updated Jacobian is used to create a new
guess for the deformation gradient. Note that the Jacobian changes rate of convergence and whether convergence is achieved, but does
not affect the solution. The following notation is utilized: tensor quantities are bold; tensor components and scalars are italic and not
bold; indices s, a, t, and # denote slip systems, slip modes, twin systems, and twin modes, respectively; - is a dot product; and ® is a
tensor product.

2.1. Overview of CPFE

Since each FE integration point may be a polycrystal due either to twinning or including multiple grains (i.e. a Taylor poly-
crystalline aggregate), the Cauchy stress is taken as a volume average of crystal stresses at the integration point

Nerains

6= <6> = Z ViOy, (1)
k=1

where the sum of grain volume weights, v, is unity and () denote the volume average.
The weighted grains embedded at an FE integration point undergo the same applied deformation gradient, F, which is the intrinsic
assumption of the Taylor model. The multiplicative decomposition of F leads to its plastic and elastic portions as

F=FF". 2

In this decomposition, the intermediate configuration is plastically deformed by F? and is stress-free meaning that the crystal lattice
remains aligned with that in the undeformed configuration. The lattice stretch and rotation is accounted by F°. The rate of change of F
is

F =L'F, 3)

which after the integration from the time at the beginning of the strain increment, ¢, to the end of the increment, 7 = t+At, is
F’ (1) = exp(L? (7)At)F” (1). 4)

The grain stress-strain relationship is
1
T=CE, with T=F 'tF =F'{(defF)6}F* " and E :E{F"TF“ —1}, )

where, C is the fourth-order elasticity tensor, T is the second Piola-Kirchhoff stress, which is the pull-back from current configuration
of the contravariant Kirchoff stress T (also known as the weight Cauchy stress), and E° is the Lagrangian strain. The elasticity stiffness
tensor per grain is calculated based on the single-crystal elastic constants for Mg: C;; = 59,500 MPa, C;2 = 26,100 MPa, C;3 = 21,800
MPa, C33 = 65,600 MPa, C44 = 16,300 MPa (Duvvuru et al., 2007; Knezevic and Kalidindi, 2007; Landry and Knezevic, 2015; Slutsky
and Garland, 1957). In order to calculate the stress, F* must be known from F*(r) = FF"' (7) = FF"' (H){I — AtLP(7)}. In order to
evaluate L?, the applied velocity gradient tensor, L, corresponding to F, is additively decomposed to its elastic part, L¢, and plastic part,
L. The plastic part accounts for plasticity due to slip and twinning. These kinematics equations are

NSt N

L=L'+L/ =L +L'+L" =L+ Y 7S+ Y /S8, (6)
s t

where S{ = b} ® n§ and S = b} ® n, are reference Schmid tensors for slip and twinning systems s and t, respectively, 7* is the rate of

shearing, S* is the twin system shear strain, and ft = g—i is the rate of twin volume fraction evolution, which is the pseudo-slip model
(Kalidindi, 1998; Van Houtte, 1978). The Schmid tensors are based on the geometry of slip/twin system vectors, b and b, are Burgers
vectors and nj,and nj are plane normal vectors. These vectors are time independent i.e. are in the reference configuration, 0. N* and
N™ are total number of slip and twin systems.

The standard power-law relationship of crystal visco-plasticity can be used to calculate the shear strain-rates for slip and twinning,
7 and j', (Asaro and Needleman, 1985; Hutchinson, 1976; Kalidindi, 1998). Since the equation is equivalent for slip and twinning
(except twinning is directional i.e. restricted to carry out positive shearing), for slip systems s, it is
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Fig. 1. Effect of the power-law exponent of n = 20 on the alloy AZ31 response in simple tension as a function of imposed strain-rate as indicated in
the legend. The same value of n is used for every slip mode « and twin mode f.

s|\m
7=t (Ti(‘;'ﬂ) sign(c). %)
where the resolved shear stress is calculated using 7 =T - Sj, 7 is the slip systems resistance, y, is the reference shearing rate used to
scale the applied strain-rate (7, = 0.001 s™!), and m is the strain-rate sensitivity. The power-law exponent, 1 = n, must be sufficiently
high to ensure proper selection of slip/twin systems and, at the same time, should not introduce any extraneous constant structure (i.e.
constant 7°) strain-rate sensitivity. The latter is recognized as a significant issue when attempting to simulate high strain-rate defor-
mation using crystal visco-plasticity models (Knezevic et al., 2016b; Zecevic et al., 2016a). The strain-rate sensitivity introduced by the
power-law relation reduces as n increases. The strain-rate sensitivity embedded in the exponent should not be confused with the
strain-rate sensitive evolution of slip resistances, 73, as described by the thermodynamics of slip (Follansbee and Kocks, 1988; Kocks
et al., 1975). The evolution of slip/twin resistances, 73, originates from the evolving structure. The aim of the present work is both to
relate the strain-rate sensitive glide of dislocations to the deformation of a grain or set of grains (see the hardening law in appendix A)
and to represent the constant structure strain-rate sensitivity under an imposed strain-rate, as detail below.

2.2. Computationally efficient representation of strain-rate sensitivity per slip/twin mode using the k-modification (k-mod) method

The power-law visco-plasticity theory has proven effective in determining the single crystal yield surfaces of materials with many
potential slip/twin systems. However, the power exponent also controls the strain-rate sensitivity of the response such that for n — oo,
the shear-rates and stress become rate insensitive; however, increasing n above 100 is not computationally attractive since the
simultaneous equations in T and 7z} becomes too stiff to solve numerically or take a prohibitive number of iterations (Knezevic et al.,
2016Db). Conversely, if n is too small (n < 20), the selection of active slip systems is affected.

The symmetric part of L? is the plastic rate of stretching tensor

1
D”:E(L”-i-L”T), ®)
which is deviatoric, and an equivalent strain-rate to it is ¢ = 4/ZDP - DP. The same rate of stretching is applied to every crystal, ¢, in a

Taylor polycrystal, i.e.
D=(D) = D°, ©)]

with

D<= Py, (10)

where Pg° = 1 (S§° +(SE‘C)T) is the symmetric part of the Schmid tensor for crystal c. The superscript ¢ will be omitted from writing in
the crystal equations that follow. In case the applied rate of stretching is scaled by 4 # 1, Eq. (10) and Eq. (7) lead to

D =2y, ZP‘(LP?’U sen(T- Py =7, ZPK(HT P}) <,1~T P’) 1)
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Fig. 2. Effect of the power-law exponent of n = 20 and k = 19 on the alloy response in simple tension as a function of imposed strain-rate as
indicated in the legend. The k-mod formulation of n(k + 1) = 400 approximately achieves a strain-rate insensitive response, which corresponds to
the imposed strain-rate of 1.0. The same values of n and k are used for every deformation mode, a and f.

For constant 7}, the equation on the right governs a strain-rate sensitive response that scales inversely with n. Evidently, the stress is
scaled as #'T, and raising n has the effect of removing the strain-rate sensitivity, i.e. lim4* = 1. Fig. 1 shows the effect of the power-law
n—oo

exponent of n = 20 (strain-rate sensitivity of m = 0.05) on stress-strain response of the alloy AZ31 in simple tension as a function of
imposed strain-rate, ¢ (i.e. the scaling of the applied rate of stretching like ADP). The reference shearing rate was constant, y, =
0.001 s7!. The same value of n is used for every deformation mode, @ and j. As is evident, the standard power-law equation of the
visco-plasticity theory requires a correction to remove the superfluous strain-rate sensitivity that is introduced with inaccurately low
values of n (i.e. high values of m).

The complexity for finding the solution of crystal stress given an imposed deformation scales with increasing value of the power-law
exponent n. The value of n representative for strain-rate sensitive behavior of many metals is difficult to achieve numerically.
Commonly used Newton-Raphson (NR) solution procedures converge for n in the range up to n = 50. Modified NR solution procedures
are required to reach to about n = 100. As mentioned, for most metallic materials, such as stainless steel and Cu, the value of n needs to
be significantly greater in order to capture their strain-rate sensitive response (Chen and Gray, 1996; Follansbee and Kocks, 1988;
Hosford, 2010; Jahedi et al., 2015b; Knezevic et al., 2013a, 2016b). Modified NR procedures often encounter convergence problems
for n > 100. As a result of n > 100, the non-linear equations turn out to be extremely stiff and prohibitively challenging to solve for
stress. A way to achieve values of n representative of the strain-rate sensitivity of actual metallic materials numerically is adding an
additional solution procedure loop to incrementally increase n. To this end, an obtained solution for a given n is used as a guess to
calculate the next solution corresponding to a higher n. Such a solution procedure is computationally prohibitive and unpractical.

Another approach consists of eliminating the strain-rate sensitive response by embedding the norm of an applied rate of stretching,
|DP|, into the reference shear rate, y,. The approach makes the model strain-rate insensitive. A change in the magnitude but not sense of
the applied rate of stretching, AD?, will not change stress provided that 7$ is constant with strain-rate because y, = |ADP|. The typical
value of n used in this approach is n = 20, which ensures the proper selection of slip/twin systems and is efficient. The approach was
used in many prior studies (Feather et al., 2019; Knezevic et al., 2013d; Kok et al., 2002). However, in addition to not capturing
strain-rate sensitive response of materials, this approach has another major issue when attempting to implement it into FEM (Knezevic
etal., 2013b; Knezevic et al., 2013c; Segurado et al., 2012; Zecevic et al., 2016a; Zecevic et al., 2015a, b). Since the stress is no longer a
function of |DP| but a function of four components of the normalized rate of stretching ‘%‘, the solution for stress has dependent

components. The Cauchy stress required by Abaqus will only have five (not six) independent components.

A solution to this problem allowing any value for the strain-rate sensitivity while being computationally efficient is a so-called the
k-mod method (Knezevic et al., 2016b), which is summarized in the remainder of this section. The method is implemented in the
T-CPFE model per deformation mode to model the strain-rate sensitive behavior of alloy AZ31.

The key component of the k-mod method is an appropriate modification of the applied rate of stretching at every FE integration
point before evaluating the constitutive function for stress at the grain level. Specifically in place of any applied rate of plastic
stretching denoted now by D”#?, we use a modified rate of stretching, D?, to solve for stress

praw

1
= |Dp‘“m}“])n,upp|‘+l_ (12)

D

As k increases, the norm of D? approaches unity. The inverse relationship is DP*#? = DP [DP%* |ﬁ = D?|D? [, Thus, the norm of D? is
the (k + 1)th root of DP*P. Note that powers and norms do not apply to the units but only to the values. Because D° is small for a
plasticized grain, whether we modify the plastic D”%” or the total D®? in Eq. (12), results are not appreciably different. Since eval-
uating DP*P requires an additional loop for the implicit integration, we elect to use D*” in order to avoid the computational cost
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associated with the third loop. The rate of deformation tensor D*? is provided as an Abaqus UMAT variable. As a result, the k-mod
method introduces the following scaling to the stress while governing the amount of strain-rate sensitivity

| n
}LDGPP . e . : iy P-‘ o .
MD“P”\MD PP |G g AT = }IOZPO <|‘r7:0|> sgn( AT T - P‘0> ) (13)

A

The equation states that if the applied rate of stretching is arbitrarily altered to AD%?, the k-mod method modifies the rate of
stretching from D? to JETDP. As a consequence, the grain stresses, T i.e. ¢ scales according to JETRG and, as a result, the homogenized
macroscopic stress scales according to/T 6. Note that, the scaling in Egs. (11) and (13) has the same form, but in the former case the

scaling is only by n (/I%T), while in the latter case by a combination of n and k (XWT). It should also be noted that the increase in k
affects the scaling of the stretching and stress tensors but does not affect the relative contribution of active slip/twin systems. Selection
of slip/twin systems and the strain-rate direction are defined only by n.

Grain stress solutions are different with n or with a combination of n and k as seen from Egs. (11) and (13), respectively. To
appreciate this scaling of the stress, consider the same scaling of the applied strain-rate (i.e. the rate of stretching ADP) as in Fig. 1, while
keeping the constant value for the reference shearing rate, 7, = 0.001 s~!. In the k-mod approach, any value of a strain-rate sensitivity
as the material property can be realized by a combination of n and k. It is convenient to set n = 20 because it ensures proper selection of
slip/twin systems and is computationally efficient, while only vary k. The scaling is demonstrated by rerunning the simulations from
Fig. 1 after setting k = 19 and keeping n = 20 (i.e. (k + 1)n = 400). The curves from Fig. 1 converge to a strain-rate sensitive response
of m = 0.0025 in Fig. 2. The sensitivity of 0.0025 is typical for Cu (Follansbee, 1986) and many steels (Poulin et al., 2019). It should be
noted that the exponent of 400 can also be achieved either by n = 400 and k = 0 or another combination of n and k like n = 50 and k =
7. These would produce the same results but would not be as efficient as the combination of n = 20 and k = 19 because the
computational time to solve for the stress given the rate of stretching increases with n to 50 or to 400 but remains the same with
increase in k. Changing the value of k does not influence the convergence of the NR solution for stress and, therefore, it does not
influence the time to solving the power-law with a given value of n. Importantly, different combinations of n and k can be used per
slip/twin mode governing their individual strain-rate sensitivities.

As the k-mod method alters the rate of plastic stretching accommodated by grains from D”%? to DP, to ensure that the grains
actually accommodate the applied rate of stretching, D”#?, the calculated shearing rates scale using

D
D7 = Lk Z o’ _ZPUYA mod> (14)
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such that the shearing rates are normalized in CPFE as
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Finally, as the Jacobian matrix plays a central role in the rate of convergence of the equilibrium governing equation in the FE
framework (Bathe, 1996), a modification to the analytical CPFE Jacobian matrix due to the k-mod implementation is implemented.
The overall Jacobian matrix is defined as a derivative of the Cauchy stress tensor with respect to the logarithmic strain tensor provided
by ABAQUS. The matrix revises the deformation field at each FE integration point in order to iteratively satisfy the principle of virtual
work using the Newton-type implicit FE iterations (Anand, 2004; Delannay et al., 2003). To accommodate the k-mod, the modification
pertains to the relationship between j;_, ,and T, which is approximated as follows

0Ayk od & 0Ay*
my DT —
= D=

oT (16)
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where "a,f is computed as in the original model. If the analytical form for the derivative is involved in Eq. (16), a computationally

aDaPp = 0 has no apparent impact on the

expensive matrix inversion operation would be involved. We have observed that settlng
convergence rate of the stress solution, even in applications with rapid fluctuations of apphed strain-rates such as in Taylor cylinder
impact simulations; therefore, the computational expense of the matrix inversion suggests a Jacobian modification beyond Eq. (16) is
unwarranted. For completeness, Appendix B provides the full analytical Jacobian if D*%? is considered instead of D*#?, beginning from
Eq. (13).

In closing this section, we mention that while modifying the T-CPFE model for the inclusion of the k-mod method, we enabled the
uses of threaded parallelization in the code, while still maintaining the option to uses MPI parallelization. Threaded parallelization is a
shared memory parallelization method where all parallel workers or ‘threads’ have access to all the variables all of the time. As
opposed to MPI parallelization where each parallel worker or ‘process’ has its own copy of all the variables that only it has access to.
This does not have inherent performance improvements but in an application such as CPFE where there are several arrays that are of
size (# elements, # integration points, # of crystals per integration) this reduces the number of duplicates of these potentially very
large arrays which is required for each MPI process. To quantify the benefit of this change a 64 element model with 6 grains embedded
at each integration point was run with each version of the code, with 16 CPUs each. The memory usage of this simulation was 6.68 GB
for the old MPI only version of the model, and 0.70 GB for the threaded parallelization version. This is about a 90% decrease in memory
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Fig. 3. Pole figures showing the initial measured texture of the alloy. Measured texture using electron backscattered diffraction (EBSD) over a large
area is compacted to 3,072 crystal orientations for simulations. Pole figures of the initial texture used in the simulations are indistinguishable from

the measured ones depicted in the figure and are not shown.
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Fig. 4. (a) True stress-plastic strain response of annealed alloy AZ31B-O Mg sheet in compression and tension along the rolling direction (RD) and
in compression along the normal direction (ND) at room temperature as a function of strain-rate. (b) True stress versus strain-rate (logarithmic scale)
trend lines at two strain levels (0.02 and 0.08) for the sheet deformed in simple compression and tension along the three in-plane direction (RD, 45°,
and TD). The symbols are measuring points. The data is taken from (Kurukuri et al., 2014).

requirements, enabling the use of larger element count models. A computer workstation of Intel(R) Xeon(R) Gold 6130 CPU @ 2.10
GHz with 32 physical cores and 772 GB RAM was used to perform the simulations in this work.

3. Experimental data

Experimental data utilized in the present work are taken from (Kurukuri et al., 2014) for a rolled sheet of alloy AZ31B (3.0% Al,
1.1% Zn, 0.49% Mn) in the annealed condition (O-temper) with equiaxed grains and a 12 pm average diameter. Pole figures showing
the initial texture in the sheet are shown in Fig. 3. The sheet exhibits a typical, strong basal texture with the majority of grains in the
sheet being oriented with their crystallographic c-axes along the sheet normal direction (ND). There is more spreading/tilting in the
rolling direction (RD) compared to the transverse direction (TD). The sense of loading (tension, compression) and orientation of
loading (RD, TD, ND) relative to the initial crystallographic texture govern the activity of deformation mechanisms accommodating the
plasticity.

In the work of (Kurukuri et al., 2014), the alloy was tested under strain-rates ranging from 10> s ! to 10% s~! at room temperature.
To characterize the effect of sheet orientation and strain-rate on flow stress anisotropy and tension/compression asymmetry, the
strain-rate sensitive flow stress was measured in tension along the RD, 45°, and TD and in compression along the RD, 45°, TD, and ND.
Fig. 4a shows that the in-plane (RD) flow stress in compression is approximately strain-rate insensitive for the early portion of
deformation. As the compressive deformation proceeds, the material starts to exhibit increasingly strain-rate sensitive behavior. The
material is much stronger in compression along ND relative to the in-plane compressive loading. The ND compressive response exhibits
some strain-rate sensitivity in terms of the initial yield strength. However, the rate of strain hardening increases for higher strain-rate
loading. Under loading in tension, the alloy exhibits strong strain-rate sensitivity, which is approximately constant throughout the
deformation. The alloy exhibits pronounced tension/compression asymmetry that increases with strain-rate.

The strain-rate sensitivity under tension and compression along three in-plane orientations (RD, 45°, and TD) is further illustrates
in Fig. 4b, in which true stress vs. strain-rate from 107> s~! to 10% s™! is plotted for the strain levels of 0.02 and 0.08. The figure first
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Fig. 5. Comparison of measured and simulated true stress—true strain responses of the alloy in compression and tension along the rolling direction
(RD) and in compression along the normal direction (ND) at room temperature under two strain-rates. The simulations are based on the measured
values of strain-rate sensitivity per deformation mode.

shows that the material exhibits mild in-plane anisotropy with the TD direction being the strongest. The RD is the least strong. Looking
at the texture (Fig. 3), such behavior is expected since there is slightly more grains tilted with their c-axis towards RD than TD. The data
further shows that there is a clear increase in strength with the strain-rate in all the three tested directions in tension. Interestingly, the
trend lines for tension along the three directions show similar slope at both strain levels. The figure also reveals that the degree of
tension/compression asymmetry increases with strain-rate, primarily at low strain levels. This is because the in-plane compressive
response is approximately strain-rate insensitive at low strains (0.02). The low slope of the trend lines clearly indicates this. At higher
strains (0.08), the compressive strain-rate sensitivity is strong. The trend lines indicate comparable or even higher slope than that in
tension. Rapid hardening in compression makes the compressive strength exceed the tensile strength with plastic strain.

The complex behavior of the alloy with strain and strain-rate is attempted to be interpreted here using the enhanced T-CPFE model,
which incorporates the true values of strain-rate sensitivity of individual deformation mechanisms that activate as a function of
texture, loading sense. The measured values of strain-rate dependency of individual deformation mechanisms will be validated, while
predicting the comprehensive mechanical data.

4. Results
Simulations were performed using a simple cubical cell consisted of 64 continuum three-dimensional eight-nodal (C3D8) elements.

Simple tension/compression boundary conditions were prescribed by specifying displacements along the loading direction while
ensuring the stress-free conditions on the lateral faces (Jahedi et al., 2015a). The imposed strain-rate in each simulation was consistent
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Table 1a
Fitting parameters for the evolution of slip resistance per slip mode.
Parameter Basal,a =1 Prismatic, a = 2 Pyramidal, « = 3
2 [MPa) 3.9 38 92
k¢ [m™1] 6E+6 1.8E+6 1.8E+8
g 1.4E-4 1.2E-4 6.2E-3
D” [MPa] 100 150 225
q* 130 250 720
HY 0.007 0.014 0.13
Hj 0.1 0.20 3.53
Hj 0.1 0.20 2.12
Table 1b
Fitting parameters for the evolution of twin resistance per twin mode.

Parameter Extension, f =1 Contraction, f = 2

Hc‘m [MPa] 15 90

Throp [MPa] 7 60

Hg[MPa]\/ﬁ‘ 0.09 0.13

C¥a=1 200 200

CPa=2 300 300

Cc¥a=3 600 600

with the experiment and the only change from test to test is the strain-rate and prescribed loading direction. The initial texture was
represented using 3,072 equally weighted crystal orientations to initialize the model. A Taylor sub-polycrystal consisted of 6 grains
was embedded at each integration point via a random assignment. Every orientation is allowed to develop multiple twin variants and,
therefore, the number of orientations at each integration point can increase with plastic strain very quickly. Four stress-strain curves
were used in fitting of the model parameters for AZ31 while calculating the stress-strain response. Two remaining curves as well as the
evolution of texture and twinning can be regarded as predictions.

In the simulations, basal a {0001}<ﬁ20>, prismatic a {TlOO} <ﬁ20>, and pyramidal c+a {10T1 } <ﬁ23> or type I and
{ﬁ22} <ﬁ2§> or type I slip modes and c-axis extension { lOTZ} <TOll> (TTW) and c-axis contraction { 1011 } <10ﬁ> (CTW) twin

modes were made available. In addition, secondary twinning facilitating a common double twinning sequence {1011}— {1012}
(DTW) was allowed to operate. The TTW accommodates a shearing strain of 0.1289, while reorienting the crystal orientation of the

twinned domain for about 86° about the <11§0> direction. The CTW produces a shear of 0.1377, while reorienting the crystal

orientation of the twinned domain for about 56° about the <11§0> direction (Yoo, 1981). While the TTW are fast growing and thick

(Al-Samman and Gottstein, 2008; Barnett, 2007a; Jahedi et al., 2017), the CTW are thin (Al-Samman and Gottstein, 2008; Barnett,
2007b; Knezevic et al., 2010). The morphology of the latter twins is due to the creation of a TTW within the primary CTW lamella
hindering its growth. The hardening law parameters are adjusted so that the slip/twin resistances evolve to provide the appropriate
ratios of active deformation modes for predictions of stress-strain, texture, and twinning.

Fig. 5 compares measured and simulated true stress-true strain responses for the alloy in compression and tension along the RD and
in compression along the ND at room temperature under two strain-rates (10~ s~! and 10% s™1). The figure illustrates that the model
successfully captures the phenomena pertaining to the effect of increase in the strain-rate on mechanical response using a single set of
hardening parameters (Table 1). The hardening parameters were adjusted for the selected T-CPFE homogenization scheme, the CG
twinning model, and the selected hardening law to reproduce the experimental data. In order to capture the mechanical response over
a broad range of strain-rates, the following parameters associated with the hardening law for slip and twinning are fit. The parameters
for slip are: the initial slip resistance, 7, trapping rate coefficient, k{, activation barrier for de-pinning, g%, drag stress, D%, rate co-

efficient g%, and Hall-Petch-like coefficients,H. The parameters for twinning are: the nucleation stress, rfn.t, propagation stress, rf,,op,
interaction matrices, C**, and Hall-Petch-like coefficients H‘g. The fitting procedure starts with varying the initial resistances to fit yield
stress. Next, k{, is adjusted such that the initial hardening slope is reproduced. Next, g%, D?, interaction matrices, and Hall-Petch-like
coefficients are adjusted to match the hardening behavior. Finally, q“ is adjusted to capture the later stage of the hardening behavior.
The parameters are fit while monitoring deformation mechanism activities and the evolution of texture and twinning.

Despite the relaxed Taylor assumptions afforded by the T-CPFE model, the Talor-type homogenization over 6 single crystals and
their twins can still suffer from over or under activation of deformation mechanisms due to the geometric constraint. This effect
primarily results in the case of this AZ31 alloy in a lower basal slip resistance and larger ratio between basal and other between slip

10
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Table 2a
Strain-rate sensitivity per slip mode, m”, achieved in the model by a combination of n* and k”. These values are measured data from the

literature: m*=! = 1 x 10~° for basal slip, m*~2 = 2.35 x 102 for prismatic slip, and m*=3 = 7.42 x 10~ for pyramidal slip (Korla and
Chokshi, 2010; Ulacia et al., 2010; Watanabe and Ishikawa, 2009).

Parameter Basal,a =1 Prismatic, a = 2 Pyramidal, a = 3
n” 20 20 20
k* 49999 1.28 5.74
n” (k* + 1) 1000000 42.6 134.8
m* 0.000001 0.0235 0.00742
Table 2b

Strain-rate sensitivity per twin mode, m”, achieved in the model by a combination of n’ and k”.
Twinning modes are considered independent on strain-rate with the strain-rate sensitivity coefficient
of m =1 x 1076 (Korla and Chokshi, 2010; Watanabe and Ishikawa, 2009).

Parameter Extension, f =1 Contraction, f = 2
n’ 20 20

K’ 49999 49999

n’ (K’ +1) 1000000 1000000

m’ 0.000001 0.000001

modes when compared to other homogenization methods which better approximate the matrix constraint (Barnett, 2003; Tomé,
1999). As a result, substantially varying the number of grains embedded at integration points may require slight readjustment of the
parameters. The simulations are based on the measured values of strain-rate sensitivity per deformation mode (Table 2). In particular,
approximately strain-rate independent response is predicted for the in-plane compression to strains less than ~0.04, whereas the
increasing strain-rate sensitivity is predicted for strains greater than ~0.04. The higher strength in compression along ND relative to
the in-plane compression and, in particular, the increase in the rate of strain hardening with strain-rate for the ND compression are
predicted well. The strong and approximately constant strain-rate sensitivity with plastic strain is predicted well under loading in
tension. As a consequence of the different strain-rate sensitivity exhibited by the material in tension vs compression, the pronounced
tension/compression asymmetry increases with strain-rate, which is also predicted well by the model.

Fig. 6 shows the predicted relative activities of deformation mechanisms accommodating plastic deformation of the alloy under the
deformation conditions corresponding to Fig. 5. The activity plots include the activity in the parent and the twinned domains. The
model adjusts deformation mechanisms accommodating the plastic strain based on the evolution of slip/twin resistances in order to
predict the deformation behavior of the alloy. The typical sigmoidal upwards shape of the curves recorded under compression in RD is
indication of profuse twinning in the first stages of deformation. Deformation by profuse extension twinning is followed by rapid
strain-hardening owing to the subsequent activation of non-basal slip systems. The origin of such hardening is in the crystal lattice
reorientation in the twinned domains. The twinned domains are harder than the parent orientation with respect to the loading di-
rection (Asgari et al., 1997; Knezevic and Beyerlein, 2018; Knezevic et al., 2012). Hard pyramidal slip systems activate in the twinned
domains (Clausen et al., 2008; Jain and Agnew, 2007; Lentz et al., 2015; Lou et al., 2007; Proust et al., 2009b; Risse et al., 2017). It is
worth noting that the strength does not tend to substantially increase at/after the onset of twinning but after the extension twinning
fraction increases with the plastic strain. The shear strain of S* = 0.1289 intrinsic to the extension twins corresponds to a maximum
plastic strain of about 0.0744 (Ghorbanpour et al., 2020b; Knezevic et al., 2010). The value follows from a simple theoretical analysis

of the plastic strain accommodated by twinning, which is expressed as D* = Zivm 7Py = Z’;’M fﬂ S'PY. The rate of change of the twin
volume fraction per particular twin system()"I )is proportional to the shear rate on the twin system (j') and inversely proportional to the

characteristic shear strain f = gf: Upon the time integration, the relationship is Af* = As—y,[. With further integration over n strain in-
n

crements, the accumulated twin volume fraction of a particular twin system, t, can reach unity (i.e. Y Af* = 1), which means that the
1

particular twin system accommodated the maximum possible amount of shear strain (i.e. S* = Y 74y"). In this case, the whole volume
of the given parent grain completely reoriented into the twin variant t. Therefore, physically it is not possible to have any other twin
variant active in this particular grain. In contrast, if multiple twin variants activate in a given grain then none of them can rich a volume

fraction of unity but only sum of their volumes can reach unity. The corresponding equivalent plastic strain ,/2D™ - D" = 0.0744. As a

result, the activity of extension twinning starts saturating shortly after the corresponding amount of the compressive plastic strain.
With the extension twinning increasing with the plastic strain, crystallographic slip deformation mechanism activate more to
accommodate the continuously imposed strain. Secondary twinning can also activate. These twins re-orient texture from soft (basal
slip) to hard (pyramidal slip) orientations.

In addition, twins subdivide parent grains giving rise to the barrier Hall-Petch-like hardening effect (Asgari et al., 1997; Bouvier

11
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Fig. 6. Predicted activities of deformation mechanisms accommodating plastic deformation of the alloy in the deformation conditions indicated in
the figure. The plots include activities in both the parent grains and the twinned domains.

etal., 2012; Kaschner et al., 2007; Proust et al., 2007; Savage et al., 2021b). The mechanism of barrier hardening is understood in terms
of dislocations accumulating in the vicinity of the grain/twin interfaces. The alloy AZ31 is known to exhibit a variation in the
Hall-Petch slope (Barnett et al., 2004; Yuan et al., 2011). This is an indication that the barrier effect should be associated with
deformation systems, as is done in the present work. The values are fit for grains containing twins to reproduce the macroscopic true
stress-true strain curves, while the grain size effect in embedded in the initial resistances. To this end, extension twins cause small
barrier as reflected by small values of Hf because they grow quickly and dislocations can easily be transmitted (Molodov et al., 2017).
As a result, the initial plateau in the stress-strain response arises. In contrast, contraction twins create a large barrier effect hardening
(Knezevic et al., 2010), as reflected by large values of Hj. These contraction twins are very thin as they often develop extension twins,
which is a commonly observed double twinning sequence (DTW). This trend of the CTW and DTW having higher barrier term values
that the TTW is in agreement with experimental observations that the CTW/DTW effectively restrict the mean free path of pyramidal
dislocations (Ardeljan et al., 2016; Knezevic et al., 2010). Some hardening due to twinning could arise from the so called
Basinski-mechanism, which has to do with the transmutations of stored dislocations from the parent grain to the twinned domain
(Basinski et al., 1997). However, this mechanism is small in Mg alloys since twins develop early in the deformation when the level of
dislocation density in grains is low (El Kadiri and Oppedal, 2010; Knezevic et al., 2010). The in-plane tensile response is a consequence
of prismatic slip primarily, while the ND compression response is a consequence of pyramidal and basal slip and contraction twinning.
The decreasing hardening rates recorded in tension and ND compression indicate the slip dominated deformation. As already elab-
orated, the CTW causes significant barrier effect hardening to pyramidal slip.

TTW plays a significant role in texture evolution during in-plane compression. Fig. 7 and Fig. 8 show predicted twin volume
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Fig. 7. Predicted twin volume fraction evolution during the deformation conditions indicated in the figure.

fractions and texture evolution, respectively. These results are consistent with many measurements from the literature like (Chun and
Davies, 2011; Khan et al., 2011; Knezevic et al., 2010; Pandey et al., 2015; Paramatmuni and Kanjarla, 2019; Proust et al., 2009a). TTW
and basal slip explain the texture formation in compression. The activity of prismatic and pyramidal slip increases with plastic strain to
cooperate with the basal slip activity. These slip modes activate within extension twin domains and are responsible for hardening
because the pyramidal slip is hard in particular. The cooperative action of prismatic and basal slip explain the texture formation in
tension and pyramidal and basal slip explain the texture formation in ND compression. The activity of twinning in ND compression and
in plane tension is small. In general, the activities at 107> s~ and 10% s™! are similar but as such are the origin of the strain-rate
sensitive deformation behavior of the alloy. The major difference is that there is a little more twinning at 10° s~! than at 1073 s 1.
Because crystallographic slip is strain-rate sensitive and therefore more difficult under higher strain-rates, twinning as insensitive to
strain-rate is promoted with strain-rate. Therefore, there is more hardening due to twinning under such deformation conditions. In
particular, the higher hardening rates under high strain-rate deformation arise from the reduction of the slip length of mobile dis-
locations due to more activity of CTW/DTW. Qualitatively, the texture evolution is not a strong function of strain rate meaning that the
shape change is accommodated by similar deformation mechanisms over a broad range of strain-rates. A number of studies have made
similar observations for a range of materials (Ardeljan et al., 2016; Kabirian et al., 2015; Khan et al., 2011; Knezevic et al., 2013d,
2014; Pandey et al., 2015; Paramore et al., 2015). With the increased number of dislocation sources created at higher strain rates, the
twin volume fractions slightly increase with the deformation rate (Song and Gray, 1995). Grains are often observed to contain slightly
thinner lamellae under high strain rate deformation rather than fewer thicker lamellae developing under quasi-static deformation
(Song and Gray, 1995b). Such microstructural evolution changes as a function of strain rate introduce only secondary effects on texture
evolution and underlying activity of deformation mechanisms.

Fig. 9 shows predicted true stress versus strain-rate trend lines at two strain levels (0.02 and 0.08) superimposed over the trend lines
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Fig. 9. Predicted true stress versus strain-rate trend lines at two strain levels (0.02 and 0.08) superimposed over the trend lines from Fig. 3b for the
sheet deformed in simple compression and tension along the three in-plane direction (RD, 45°, and TD). The symbols are predicted points.

from Fig. 3b. The model successfully predicts the trend that TD is the strongest and RD is the weakest direction. Moreover, the model
predicts that the in-plane compressive response is strain-rate insensitive (the low slope) at the lower strain level (0.02) for all three
tested direction, since basal slip and extension twinning-dominated the plasticity. The model also predicts that the compressive strain-
rate sensitivity increases at the higher strain level (0.08) due to the activation of pyramidal and prismatic slip systems. The model
predicts the increase in strength with the strain-rate in all the three tested directions in tension. Such behavior is attributed to the
strain-rate dependency of deformation mechanisms other than extension twinning and basal slip. Interestingly, the trend lines for
tension along the three direction show similar slope at both strain levels. This is because there is no shift in deformation mechanisms
during tensile deformation. Finally, it is not surprising that the model successfully predicts the increase in the degree of tension/
compression asymmetry with increase in the strain-rate. These good predictions result from proper modeling of deformation mech-
anisms strain-rate sensitivity and the strain-rate sensitive evolution of slip/twin resistances.
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Fig. 10. Comparison of measured and simulated true stress-true strain responses for the alloy corresponding to Fig. 5 with simulations performed
using adjusted values of strain-rate sensitivity per deformation mode.

5. Discussions

Strain-rate sensitivity is an essential material property governing the strain-rate dependent flow stress response and formability as a
function of imposed strain-rate. Understanding and predicting such material behavior is of significant interest e.g. to support designs
for crash or impact. Mg alloys exhibit complex strain-rate sensitive behavior owing to underlying deformation mechanisms (Ardeljan
et al., 2016; Jahedi et al., 2018; Kabirian et al., 2015; Pandey et al., 2015; Zecevic et al., 2020). This paper is a contribution towards
predicting the true visco-plastic properties of polycrystalline alloy AZ31 using T-CPFE, a multi-level constitutive model linking the
grain-level to polycrystalline aggregate-level to FE macro-level material response.

The numerical method incorporated at the deformation mechanism-level facilitates the use of strain-rate sensitivity exponents
corresponding to any value of strain-rate sensitivity. As a result, the true values of strain-rate sensitivity of deformation mechanisms
were utilized in the T-CPFE simulations of AZ31. The use of accurate values of the constant structure strain-rate sensitivities allowed
for accurate characterization of the strain-rate sensitive evolution of slip resistances, 7}, which are governed by the thermally activated
hardening law.

To demonstrate the utility of the developed T-CPFE model, a comprehensive dataset of alloy AZ31 collected over a wide range of
strain-rates from 103571 to 10% s ! is used. Over this range, a comparison between measured and predicted flow stress corresponding
to a fixed microstructural states at 0.02 and 0.08 strains under tension and compression is performed. The plots consisted of comparing
macroscopic stress versus strain-rate. In terms of the model, this could be thought of holding distributions of slip/twin resistances
corresponding to the two microstructural states constant, while applying strain-rates. As shown, the model achieves good agreement
because the appropriate values of the power-law exponents per slip/twin mode were used. These predictions of the strain-rate sensitive
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Table 3
Adjusted values of strain-rate sensitivity per slip mode, m®.
Parameter Basal, a =1 Prismatic, a = 2 Pyramidal, a = 3
n® 20 20 20
k* 49999 1 3
n* (k% +1) 1000000 40 80
m* 0.000001 0.025 0.0125

response derive purely from the exponent.

Slip/twin resistances evolve with straining and are dependent on strain-rate. The hardening law for slip and twinning is calibrated
using the flow stress and structure evolution data to govern the activation of deformation mechanisms. The in-plane (RD) flow stress in
compression is accurately predicted as approximately strain-rate insensitive for the early portion of deformation as a result of the
deformation dominated by basal slip and extension twinning. These predictions verify measurements that these two deformation
mechanisms are strain-rate insensitive. As twins reorient texture in the material, pyramidal and prismatic slip mechanisms increasingly
activate. As a result of strain-rate sensitivity of these slip mechanisms, the overall material exhibits increasingly strain-rate sensitive
response. Under loading in tension, the alloy exhibits strong strain-rate sensitivity. Such behavior is a consequence of tensile defor-
mation being accommodated primarily by slip and, in particular, prismatic slip. The increase in tension/compression asymmetry with
strain-rate is also predicted well since it is a consequence of accurate modeling of strain-rate sensitivities intrinsic to the deformation
mechanisms accommodating tension vs compression. The strain-rate sensitivity of the ND compression results primarily from pyra-
midal slip. As the compressive response in RD and ND are successfully predicted at strain-rates of 10> s~ and 10® s, the model also
captures the evolution of anisotropy with strain-rate. More importantly, the increase in the rate of strain hardening with strain-rate is
accurately predicted to be governed primarily by the evolution of slip/twin resistance. Note that the response in ND compression under
10% s7! strain-rate is stronger than under 10~ s~! not only because of strain-rate sensitivity of pyramidal slip system but also because
of the rapid rate of hardening. Contraction twins induce this hardening, which is modeled using the barrier effect. The thin contraction
twins are known to cause such hardening since they cut the path of the pyramidal dislocations (Knezevic et al., 2010).

We also show that the model can be used to refine measured strain-rate sensitivity per deformation mode by improving the fits of
the flow stress experimental data relative to those achieved using the measured strain rate sensitivities. The fits are slightly improved
by refining the strain-rate sensitivities associated with the slip modes and, in particular, by making the pyramidal slip a bit more strain-
rate sensitive than in the measurements (Fig. 10, Table 3). In order to use the model to infer strain rate sensitivities inherent to
deformation mechanisms, relative activities must be roughly known.

In closing, we note that the required power-law exponents to represent strain-rate sensitive behavior of materials are very large
such that the non-linear scaling between the normalized shearing rate and the resolved shear stress normalized by the resistance is
extraordinarily high. Such underlying hypothesis that the power-law behavior invokes can be circumvented by a more physics-based
constitutive model relying on the Orowan’s equation and transition state theory (Kothari and Anand, 1998). The equation of Orowan
relates the slip system shear rates with a density of mobile dislocations and an average value of dislocation velocity (Orowan, 1940).
The average dislocation velocity is defined in terms of the resolved shear stress, critical resolved shear stress, and temperature using the
transition-state theory (Krausz and Eyring, 1975). Nevertheless, it is shown here that the widely used visco-plastic flow rule when
appropriately modified, in combination with a physics-based dislocation density hardening law, can successfully predict a complex
strain-rate dependent response of AZ31.

6. Conclusions

A numerical method enabling the use of true strain-rate sensitivity exponents for polycrystalline materials is implemented within a
CPFE model. Importantly, the method does not increase computation time involved in simulations. The method facilitates separation
of a strain-rate sensitivity embedded in the evolution of slip/twin resistances due to microstructural evolution and the constant
structure strain-rate sensitivity driven by the exponent. The development presented in this paper marks the first time T-CPFE model
implementation able to represent thermally activated dislocation glide per slip mode and twinning in a quantitative agreement with a
wide range of strain-rate experimental conditions, without superfluous strain-rate effects entering numerically via the power-law
exponent. The enhanced CPFE model is multi-level in nature, in which the grain-level to polycrystalline aggregate-level to FE
macro-level modeling components, operate concurrently. In the model, resistances to slip/twin evolve as a function of strain-rate using
a dislocation density-based hardening law. To demonstrate the utility of the enhanced CPFE, simulations are performed for alloy AZ31,
which exhibits a variable strain-rate sensitivity of deformation mechanisms from relatively low, m = 107° or equivalently the high
exponent value of 105, to relatively high, m = 0.025 or equivalently the exponent value of 40. These simulations are the crystal visco-
plasticity modeling of alloy AZ31 with the measured values of deformation mechanism strain-rate sensitivities governing the macro-
level flow stress response to facilitate the quantitative verification over a wide range of experimental conditions. The model accurately
predicts flow stress and evolution of texture and twinning for a broad range of strain-rates ranging from 10> s~ to 102 s~! and loading
orientations in tension and compression as a result of not only differing relative amounts of slip and twinning activity driven by a single
set of accurately characterized hardening law parameters but also deformation mechanism-level strain-rate sensitivities. Calculations
show that the model successfully captures the phenomena pertaining to the effect of increase in the strain-rate on the mechanical
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response including: (i) initially strain-rate independent followed by increasingly strain-rate dependent response with plastic strain for
the in-plane compression, (ii) increasing rate of strain hardening with strain-rate for the through-thickness compression, (iii) constant
strain-rate sensitivity under in-plane tension, and (iv) increasing tension/compression asymmetry with strain-rate. As the T-CPFE
model successfully reproduces the mechanical data, it also validates the measured strain-rate dependency of deformation mechanisms.
Hence, the model can also be used to verify and refine or infer strain-rate sensitivity per deformation mechanism by reproducing
experimental data.
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Appendix A

This appendix summarizes equations pertaining to a strain-rate and temperature sensitive hardening law used in the present work
for the evolution of resistances to slip/twin. The law is from (Ardeljan et al., 2016). Only the strain-rate effects are varied here and the
temperatureT is taken to be 295 K. The law evolves resistance to slip using

(&, T):Tg"‘f;-lp""f;m(é» T) +75,(&T), (A1)

where 7§ is the friction stress per slip mode a, 7}, is the barrier (Hall-Petch (HP)-like) term evolving per slip system s due to twin
lamellae since the grain size barrier effects is already embedded in 7§, 77, is a contribution to the evolution of slip resistance due to
buildup of the forest dislocation density, and 7%, is another evolving term due to the substructure/debris dislocation density.

The barrier term is

) b*
T = HH | | (A2)
mfp

where b” is magnitude of the Burgers vector per mode a (3.21 x 10~% m for basal, 3.21 x 107!% m for prismatic, and 6.12 x 1071°m
for pyramidal), u* is the shear modulus (16,000 MPa for AZ31 (Watanabe et al., 2004)), HY are the fitting HP parameters per slip mode
for systems in grains having lamellae of either TTW (i = 1), or CTW (i = 2), or DTW (i = 3), and dfnfp is the mean-free-path for dis-

locations. The path is estimates as a distance between adjacent twin lamellae per grain using (Proust et al., 2007)

S (1=,
. _ A3

p sin(9) ' (A3)
where fP* is the predominant twinning system (PTS) volume fraction, 6 is the angle spanning between the given slip system and twin
system planes, and d_ is the spacing estimated as the ratio between the average grain size, d, = 12 um for the studied AZ31, and the
observed number of lamellae per grain (taken as 3). The model allows formation of multiple twin variants per grain, however, the PTS
variant is used to estimate dfnfp-

The terms governed by the evolution of dislocation density populations, pj, (¢, T) and py (¢, T), are (Madec et al., 2002)

(A4)

[ 1
S ss’ S , a - 0.086u%b* 1 ,
rfur H X pfm Tsub " \% Psupt08 (ba \/M)

in which X“, is a matrix of dislocation interactions with the diagonal terms (s=s’) set to 0.81 and the off-diagonal terms to zero
(Lavrentev, 1980; Mecking and Kocks, 1981).
The first dislocation population evolves using (Essmann and Mughrabi, 1979; Mecking and Kocks, 1981)
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where k{ is a fitting parameter for dislocation storage and k‘;(é, T) is a dynamic recovery parameter calculated based on the following
law (Beyerlein and Tomé, 2008)

Ko 1 P OV
k3 (&,T) TR
) (M) De(be) — kTin | £

£

(A6)

Here, k, is the Boltzmann’s constant, & is a value of the reference value of strain-rate (107 s 1), g% is the activation enthalpy, and D* is
the drag stress. The second dislocation population increments using

Wrempor |, ¢
Aoy =Y 4V Py ayx,f ar' |, (A7)

In which g is a fitting parameter for the amount of debris forming from the recovered dislocations.
The law evolves the resistance to twin using

(&, T) =70+ Thyp + Ty (6, T). (A8)

The friction term is

Bttt (rfri,—ff,gp)exp<—z”fﬂ">, (89

s Psat

with the nucleation stress Tfm

2
and propagation stress rgmp. The latter term is weighted by the probability term, p, = (I%) , which
2

with strain (Beyerlein and Tomé, 2008; Savage et al., 2021a). The HP barrier term is

favors rgmp over z'im

H)
Thp = . (A10)
\ /dmf[
Finally, the hardening term due to the slip and twin interactions is
mp ﬂzcaﬂbﬂbapfor (A11)

Here, C#* is the interaction matrix and magnitudes of the Burgers vectors are 1.38 x 107'% m for extension and 9.24 x 10~!! m for
contraction twin modes. The crystal lattice reorientation associated with twinning is modeled using the composite grain (CG) model
from (Proust et al., 2007) with the change that present model considers multiple twin variants as well as double twins per grain. Twin
variants nucleate in grains when their fraction f* reach a critical value, which is taken from a distribution centered at 5% for extension
and 1% for contraction and double twins. Twin variants inherit parameters such as dislocation densities and slip/twin resistances from
the parent grain upon nucleation. As a result of twin nucleation, the number of grains embedded at that FE integration points increases
for the number of created twin variants. Growth/thickening of twins is facilitated by transfer of volume fraction from the parent grain
to the variant with the shear strain accommodation.

Appendix B

The full form of the Jacobian modification to accommodate the k-mod is as follows

k
0AY; o O|DP PP |ET gDPPP 1 0Ay*
mod _ A Dp.up/) T Bl
ot A g g TIPTy (BL)
0AY_. 4 ) L)) R oAy
mod __ 4 app |7 ) eedtza B2
ar ”Sk+ 121 ) g I ®2)
where ”A’S is computed in the original model and mwp is derived from Eq. (14) as
P ) 6\[)” a/7ﬂ|k+l D” app . o 2 -
A= § Ay'P + D W|k' <§ Ay P) (B3)
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