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A physically-informed continuum crystal plasticity model is presented to elucidate deformation
mechanisms, dislocation evolution and the non-Schmid effect in body-centered-cubic (bcc)
tantalum widely used as a key structural material for mechanical and thermal extremes. We
show the unified structural modeling framework informed by mesoscopic dislocation dynamics
simulations is capable of capturing salient features of the large inelastic behavior of tantalum at
quasi-static (1073 s71) to extreme strain rates (5000 s~!) and at low (77 K) to high temperatures
(873 K) at both single- and polycrystal levels. We also present predictive capabilities of the
model for microstructural evolution in the material. To this end, we investigate the effects
of dislocation interactions on slip activities, instability and the non-Schmid behavior at the
single crystal level. Furthermore, ex situ measurements on crystallographic texture evolution
and dislocation density growth are carried out for polycrystal tantalum specimens at increasing
strains. Numerical simulation results also support that the modeling framework is capable of
capturing the main features of the polycrystal behavior over a wide range of strains, strain
rates and temperatures. The theoretical, experimental and numerical results at both single- and
polycrystal levels provide critical insight into the underlying physical pictures for micro- and
macroscopic responses and their relations in this important class of refractory bcc materials
undergoing large inelastic deformations.

1. Introduction

Body-centered-cubic (bcc) crystalline tantalum is a refractory transition metal in the Group V. It has been widely used for key
structural components often exposed to harsh physico-chemical environments due to its superb strength, ductility and corrosion and
radiation resistance over a wide range of strains, strain rates and temperatures. The mechanical behavior of tantalum and its alloys
has been a focal point of research to facilitate their applications in diverse mechanical, thermal and chemical extremes. Recently,
these materials are also finding new avenues towards high performance metallic composites and laminates for biological, defense
and energy applications (Pappu et al., 1996; Matsuno et al., 2001; Mayeur et al., 2013).
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Inelasticity in bee materials has been a long-standing interest. Inelastic deformation mechanisms in bcc materials are fundamen-
tally different from those in face-centered-cubic (fcc) or hexagonal materials. Inelastic slip in bcc materials is governed mainly by
the motion of screw dislocations in a close-packed direction of (111) on several possible different planes of {110}, {112} or {123}.
As reviewed in Seeger (2001), Weinberger et al. (2013) and Lim et al. (2020), slip occurs predominantly on {110} planes at low
temperature. Slip on {112} and {123} planes is also observed at elevated temperatures. However, the transition mechanism between
these slip modes have been deemed elusive in bec crystals which will be further discussed in Section 2.3. Furthermore, inelastic
slip of screw dislocations is a thermally-activated process over a wide range of strain rates and temperatures as well postulated in
Stainier et al. (2002) and Nguyen et al. (2021). The high Peierls stress (or lattice friction) associated with screw dislocations and the
thermally-activated formation of kink pairs give rise to strongly rate- and temperature-dependent inelastic features in bcc crystals
and their alloys. Over the past several decades, the rate- and temperature-dependent inelasticity has been investigated for single
crystalline tantalum (Stainier et al., 2002; Lim et al., 2020; Nguyen et al., 2021) and polycrystalline tantalum (Kothari and Anand,
1998; Nemat-Nasser et al., 1998).

In conjunction with the experimental and theoretical studies on the rate- and temperature-dependent inelastic features due to
the complex motion of screw dislocations, the breakdown of the classical Schmid law also known as non-Schmid effects has been
widely reported for bcc materials. A non-planar core structure of the dominant screw dislocations gives rise to such abnormal
plasticity features as tension—compression asymmetry and orientation-dependent critical shear stress for the onset of inelastic slip
as experimentally evidenced in Sherwood et al. (1967). Moreover, the underlying physics of the non-planar core structure in (111)
screw dislocations has been studied via atomistic simulations (Groger et al., 2008a,b; Groger and Vitek, 2020; Groger, 2021) and ab-
initio calculations (Bienvenu et al., 2022). Manifestation of non-Schmid effects has been well evidenced in experiments and atomistic
simulations for tantalum materials, especially at low temperature (Sherwood et al., 1967; Holzer et al., 2021; Bienvenu et al., 2022).

Meanwhile, based upon the classical papers by Asaro and Needleman (1985), Kalidindi et al. (1992) and Cuitifio and Ortiz
(1993), numerous single crystal plasticity models have been proposed and have found success in elucidating the key features in
the mechanical behaviors of bec single crystals including tantalum (Nguyen et al., 2021), a-iron (Narayanan et al., 2014), niobium
(Mayeur et al., 2013), tungsten (Cereceda et al., 2016) and their alloys (Ardeljan et al., 2014) under diverse loading scenarios
over a wide range of crystallographic orientations. Moreover, as recently reviewed in Cho et al. (2018), continuum single crystal
plasticity models have been extended to capture the non-Schmid behavior of tantalum and other bcc materials, especially at low
temperatures, informed from atomistic simulations on the non-planar core structure of an isolated screw dislocation under diverse
loading conditions (Groger et al., 2008a,b).

There have been many efforts to accurately model the large inelastic behavior of polycrystalline bce materials. Phenomenological
isotropic elastic—plastic constitutive theories including mechanical threshold stress (MTS) model (Follansbee and Kocks, 1988) and
Zerilli-Armstrong model (Zerilli and Armstrong, 1987) have found success in capturing the rate- and temperature dependent yield
and hardening behaviors in bee polycrystals (Chen and Gray, 1996; Lim et al., 2015, 2016). Although these isotropic constitutive
models described the plastic deformation features reasonably well, they could not account for microstructural details involving
texture and dislocation evolutions at the polycrystal levels. In tandem with the isotropic theories, the Taylor-type polycrystal models
(Asaro and Needleman, 1985) based on the single crystal plasticity theories have found success in part in modeling the large inelastic
behavior and the evolution of crystallographic textures during deformation in many fcc (Asaro and Needleman, 1985; Kalidindi et al.,
1992) and bec materials (Kothari and Anand, 1998; Nemat-Nasser et al., 1998). Polycrystal models have been recently extended to
satisfy both equilibrium and geometric compatibility, for which each of the finite elements represents one single crystalline grain
(Kalidindi et al., 1992; Bronkhorst et al., 1992; Anand, 2004). Furthermore, the recent progress in electron backscatter diffraction
analysis of actual polycrystalline microstructures has enabled better modeling of the polycrystalline behavior with more realistic
microstructures and networks of grains and grain boundaries especially for polycrystal becc materials and laminates (Lim et al.,
2014, 2018). However, in these papers on bcc polycrystals, the details regarding constituent single crystal behavior have not been
presented independently of the polycrystal behavior; i.e., the previous modeling efforts have been focused mainly on the effective
responses of the polycrystals. Furthermore, as the extreme thermomechanical responses associated with shear band localization,
ductile damage and spallation upon harsh loading events have recently received great attention (Bronkhorst et al., 2016, 2021;
Francis et al., 2021), there has been an increasing need for unified structural modeling framework for both bcc tantalum single- and
polycrystals at a wide range of strains, strain rates and temperatures.

This work aims at elucidating deformation mechanisms and dislocation structure evolution in bcc single- and polycrystal
tantalum using a suite of theoretical modeling, experimentation and numerical simulation. We present a physically-informed finite
deformation single crystal viscoplasticity model in which the underlying physics of dislocation evolution and interaction throughout
the slip systems is taken into account. Then, we show the predictive capabilities of the single crystal model at strain rates ranging
from 0.001 s! to 10% s~! and at temperatures ranging from 77 K to 873 K for various crystallographic orientations. We also show
strong latent hardening, herein due to collinear interactions throughout slip systems evidenced in the recent dislocation dynamics
simulations (Madec and Kubin, 2017), may give rise to slip instability and bifurcation in tantalum single crystals. Motivated by the
instability analysis, we further extend the dislocation density-based single crystal model to accurately capture the non-Schmid effect,
herein tension-compression asymmetry, experimentally evidenced in tantalum single crystals loaded especially in high symmetry
orientations at low temperature. The model is then validated for the inelastic features in polycrystal tantalum. To this end, we
conducted an extensive set of new experiments for polycrystal specimens including mechanical tests and ex situ neutron diffraction
measurements on dislocation density growth and texture evolution, and compared the experimental data with the corresponding
numerical simulation results. Using the unified modeling framework for both single- and polycrystal tantalum, we further develop
critical insights into the inelastic deformation mechanisms at both microscopic- and macroscopic levels in this important class of
refractory bec materials.

A complete list for mathematical symbols used throughout this work is given in Table 1.
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Table 1
List of symbols.
Symbol Definition or meaning
F, Fe¢, FP Total, elastic, and plastic deformation gradients
Re, U® Elastic rotation, right stretch
Ce, E® Elastic right Cauchy-Green tensor, elastic strain tensor
L, Le, LP Velocity gradient, elastic and plastic distortion rates
%" Yo Plastic shear strain rate in the slip system a, reference slip rate
mg, ng Slip direction and slip plane normal for slip system «
Sg, 8¢ Schmid tensors in intermediate space and deformed configuration
SS;WS Non-Schmid projection tensors in intermediate space
(] Elastic free energy
C Fourth-order elastic stiffness
Cip, Cpa. Cyy Elastic constants at current temperature
Ci10> Ciag» Caag Elastic constants at 0K
myy, My, My, Slopes of the temperature-dependent elastic constants
A Thermal expansion tensor
0, 6, Current and reference absolute temperatures
My Ho Effective shear moduli at current temperature and 0K
T, P, T Elastic 2nd Piola stress, Piola stress, Cauchy stress
Ty, Resolved shear stress, effective shear stress in slip system a
Tags ?:f ; Resolved shear stress, effective shear stress including non-glide stresses
AG Activation energy
kg Boltzmann’s constant
P q Parameters for the shape of stress-dependent kink-pair formation energy
5%, Sy Slip resistance in slip system «, far-field slip resistance
558 Temperature-dependent lattice resistance, lattice resistance at 0K
b Magnitude of Burgers vector
a*? Dislocation interaction matrix
p* Dislocation density in slip system «
Le Mean free path of dislocation for slip system a
ky, ko Mean free path coefficients
Y& Yeo Annihilation capture radius for slip system «, reference capture radius
Apee Capture radius energy
p Material mass density
c Specific heat
n Taylor-Quinney factor

2. Single crystal behavior
2.1. Single crystal plasticity model
2.1.1. Kinematics
The deformation gradient is defined by,
F = Grady, (€D)

where y = ¢(X, 1) is the spatial vector mapped via the motion, ¢ and X is the material vector in the reference configuration. Here,
“Grad” denotes a gradient in the reference configuration. The deformation gradient multiplicatively decomposes into its elastic (F€)
and plastic (FP) parts,

F = F°FP. 2
The spatial velocity gradient represents the rate of deformation in the deformed configuration by,
L =gradv =FF, 3)

where v is the spatial velocity field and “grad” is a gradient in the deformed configuration. The velocity gradient additively
decomposes into elastic (L¢) and plastic (LP) distortion rate tensors,

L = L& + FeLPFe!, @
where L¢ = F¢F¢~! and LP = FPFP-!, Rearranging Eq. (4), we have,
FP = LPFP with FP(X,0) = 1. 5)

The dislocation motion is assumed to take place throughout prescribed slip systems a = 1 ~ N in the lattice space. Here, we

define the Schmid tensor S§ = mg ® ng, where my is the slip direction and ng is the slip plane normal in the intermediate (or
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lattice) space elastically relaxed from the deformed spatial configuration. Since plastic flow takes place throughout the prescribed
slip systems, the plastic distortion rate tensor in the lattice space is expressed by,

N
LP = Z rp"SC. (6)
a=1

Here, y,* is the plastic shear strain rate in each of the slip systems. Equivalently, the rate of plastic distortion is expressed in the
deformed configuration by,

N
LP = FELPFe! = Z 1p"S”, @
a=1

where S* = (Femg) ® (Fe'Tng) is the Schmid tensor in the deformed configuration. Furthermore, plastic flow is incompressible since,
trLP = 0. (8)
The elastic deformation gradient allows for the polar decomposition,
F¢ = R°U*, 9
where R€ is the elastic rotation and U€ is the elastic right stretch. Then we define the elastic strain tensor as,
Ee = %(Ce -1, (10

where C¢ = F€TF¢ is the elastic right Cauchy-Green tensor. Thus, the elastic strain tensor is defined in the intermediate space.

2.1.2. Constitutive equations
The elastic free energy in the intermediate space is defined by,

@ =PES9) = %Ee 1 C[E®]— (0 —6yA : C[E®]. an
Here, “ : ” denotes the inner product of two tensors. Then, the elastic 2nd Piola stress conjugate to E€ is obtained by,
0D (ES, 6)
T = T C[E® - A®0 -0, (12)

where C is the fourth-order elastic stiffness tensor and A is the second order thermal expansion tensor. Moreover, 6 is the current
absolute temperature and 6, is the reference temperature. The elastic 2nd Piola stress is related to the Piola stress P by,

P = FeT°FP T, (13)
Then, it is also related to the Cauchy stress T, using the relation, T = J~'PFT with J = detF,
T¢ = JFe1TFe T, (14)

The resolved shear stress that drives slip on the a-th slip system is projected from the elastic 2nd Piola stress via the Schmid tensor
defined in the intermediate lattice space,

T =C°T® : §§ ~ T : S, (15)

since the elastic deformation is small in this work.
The plastic strain rate on the a-th slip system is then constitutively prescribed by the form of the thermally-activated velocity of
screw dislocations,

a q
e AG Ters \P
@ exp| — 2L 1_(~) for %, >0,
Y =" P( k30< 5 Teff 16)
otherwise 7,"=0; 7, =7 -s",

where 7, s the effective shear stress, ¥, is the reference slip rate, AG is the activation energy, kp is Boltzmann’s constant, s* is
the slip resistance from dislocation interaction, p and ¢ denote the parameters for the shape of stress-dependent kink-pair formation
energy, and (-) = %( [ -]+ (-)) is a Macaulay bracket. Furthermore, the temperature-dependent lattice resistance, §; is expressed
by,

5=, a7)
Ho
. . . Ci10—C - . .
where s, is the lattice resistance at 0 K and y, = C44’0<w) and u = C44<L”TC'2) are the effective shear moduli at 0 K

and current temperature, respectively.

2.1.3. Slip resistance and dislocation evolution
The phenomenological hardening law in classical crystal plasticity models was found to reasonably capture the strain-hardening
behavior in becc materials in various crystallographic orientations (Stainier et al., 2002; Cho et al., 2018). More recently, many
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single crystal plasticity models for both fcc and bee materials have employed a modified Taylor hardening law associated with the
evolution of dislocation densities (Bronkhorst et al., 2019; Lim et al., 2020; Nguyen et al., 2021). In this work, we employ the
modified Taylor hardening law to better represent the underlying physics for the evolution of dislocations and their interactions
throughout the slip systems. The slip resistance in the a-th slip system is expressed as,

18)

where s, is the far-field resistance to slip, u is the effective shear modulus, b is the magnitude of Burgers vector and p” is the
dislocation density in each slip system, . Moreover, a®/ is the interaction matrix that characterizes the interaction strength between
the slip systems « and g, which will be further discussed below.

In order to compute the slip resistance in the modified Taylor hardening law (Eq. (18)), the dislocation density in each of the
slip systems must be simultaneously computed via an appropriate evolution model. Numerous evolution models for computing the
dislocation density exist in the literature for single crystal plasticity theories of bcc materials. Some bcc single crystal plasticity
models have used a simple evolution rule for dislocation densities in which the interaction strengths between the slip systems were
assumed to be equal (Knezevic et al., 2014; Lim et al., 2015). Moreover, there is literature on the bcc single crystal plasticity
models in which the geometric features in dislocation interactions throughout the slip systems were taken into account. Ma and
Roters (2004), Ma et al. (2007) proposed a simple model in which the forest and parallel dislocation densities associated with the
slip resistance in a slip system («) were computed such that dislocation densities in all other slip systems (f # «) were geometrically
projected onto the central slip system («). Their interpretation for geometry of dislocation interaction was recently employed to
model single crystalline bce tungsten (Cereceda et al., 2016) exhibiting anomalous yield features due to non-Schmid effects. More
recently, Nguyen et al. (2021) modified the geometric interaction model of Ma, Roters and Raabe to account for evolution of forest
and co-planar (including parallel) dislocation densities in which the mixed characteristics of edge and screw dislocations were taken
into account. All of these models have found success in capturing some important features in the thermomechanical behavior of
single crystal bce materials in various crystallographic orientations. Yet, these models for bec single crystal plasticity have limitation
in accounting for the dislocation density evolution associated with interaction strengths strongly dependent on the type of interaction
as well as the dependence of the dislocation interaction strengths on the hardening behavior.

Meanwhile, mesoscopic dislocation dynamics (dd) simulations have enabled computing the interaction properties of dislocations
for which both short-range contact interactions and long-range elastic interactions are taken into account throughout the slip
systems for single crystalline bcc materials (Queyreau et al., 2009; Madec and Kubin, 2017; El Ters and Shehadeh, 2019; Cui et al.,
2020). Specifically, for both fcc and bec crystals, the dd simulations have elucidated the roles of collinear interactions and various
junctions in the slip activation processes as well as the hardening mechanisms throughout slip systems, as well postulated in Madec
et al. (2003) and Devincre et al. (2005). Hence, a “soft” multi-scaling between the mesoscopic dd simulation and the macroscopic
hardening law has enriched the physical picture in the continuum single crystal models in which the dislocation interaction strengths
are explicitly taken into account (Dequiedt et al., 2015; Bronkhorst et al., 2019). In this work, we employ dd simulation results for
tantalum to better represent the dislocation microstructures and interactions in the single crystal model.

The dislocation density in each of the slip systems in Eq. (18) is taken to evolve according to a multiplication-annihilation type
model (Dequiedt et al., 2015),

. 1 1 .

p”=z<5—2yﬁp”>lyp”l, (19)
where £ is the mean free path of dislocations, and y? is the annihilation capture radius. The mean free path is inversely proportional
to the forest dislocation density, i.e.,

defph , (20)
. ap . . . . ap . .
with d¥¥ = ”k—z for self interaction or coplanar interaction, and d *# = "k—2 for other interactions, where k; and k, are the mean

free path coeflficients. In this work, we employ the interaction strengths,za"ﬁ, informed by dd simulations for tantalum recently
performed by Madec and Kubin (2017). Further detailed description of the dislocation interaction strengths employed in the single
crystal model is provided together with other material parameters in Section 2.1.5. Moreover, the temperature and rate-dependent
annihilation capture radius is expressed by,

kg 7"
y?=yco<1 - AB ln‘% >9 (21
rec

where y,, is the reference annihilation capture radius, and A

rec 18 the capture radius energy, following (Beyerlein and Tomé, 2008).
2.1.4. Temperature evolution

It has been known that during plastic deformation of metallic materials, the plastic work is partitioned into stored energy of
cold work and thermal energy (Taylor and Quinney, 1934). The energy stored in the atomic bond extension and contraction due



S. Lee et al. International Journal of Plasticity 163 (2023) 103529

to the evolution of dislocation density and structure is significant. The proportion of plastic work partitioned into thermal energy
is generally termed the Taylor-Quinney factor (Taylor and Quinney, 1934). Although it has been demonstrated that the Taylor—
Quinney factor is very likely not constant and can take values substantially below 1.0 (Rittel et al., 2017; Lieou and Bronkhorst,
2020, 2021), doing so within the present structural theory is beyond the scope of this work and therefore is assumed to simply
remain constant. The evolution of temperature is then taken as

N
ped =1 1", (22)

a=1
where 7 is the Taylor—Quinney factor, p is the material mass density, and c is the specific heat. Furthermore, it is assumed for strain
rates below 1000 s~! that # = 0.0 and above that # = 1.0. The Laplacian term in the original heat equation has also been neglected.

2.1.5. Slip systems and material parameters

As noted in the introduction, screw dislocations in tantalum and other bcc metallic materials dissociate into non-planar partial
dislocation configurations while at rest as a lower energy state. This creates ambiguity in the proper stress to use to drive dislocation
motion as the partial dislocation configuration is believed to be composed of three Burgers vectors which form a triangle. To provoke
motion of screw dislocations, the split core must be forced to become planar once again and given the triangular configuration of
the partial dislocations, the stress conditions to do so are not directionally isotropic and set up a condition of twin and anti-twin
directionality for the motion of these dislocations on any given slip system. Atomistic calculations of screw dislocation dissociation
in a number of different bcc materials on the {110}(111) type of systems has been clearly demonstrated (Groger et al., 2008a,b).
Similar physical demonstration for the {112}(111) and {123}(111) types has not yet been made. Neither has the influence of the split
dislocation core upon dislocation interactions been studied in bcc metals given the hypothesis that screw dislocation motion may be
via the nucleation and propagation of kink-bands (Butler et al., 2018). We know from prior work that including both {110}(111) and
{112}(111) types of slip systems as options for dislocation motion is necessary to properly describe crystallographic texture evolution
(Kothari and Anand, 1998; Bronkhorst et al., 2006) with the role of {123}(111) systems within a continuum crystal mechanics
setting unclear. Although, not yet well quantified, there are indications that the directional asymmetry described above is reduced
with increase in material temperature (Sherwood et al., 1967). Prior work has estimated this to be noticeable but small at room
temperature for tantalum (Cho et al., 2018; Bronkhorst et al., 2021). As further discussed in Section 2.3, the physical foundations
for the non-Schmid effects on {112} slip planes are still lacking largely and the non-Schmid effects have been found to be negligible
at room temperature and higher. Thus, in our analysis for the single crystal behavior at room temperature and higher presented
in Section 2.2, we employ the classical Schmid tensor and the corresponding resolved shear stress at the primary external driving
force for dislocation motion on the {110}(111) and {112}(111) types at these temperatures. Slip systems are listed in Tables 2 and 3.

Table 2

Slip systems for {110}(111).

Slip system mg ng
A2 [111] (011)
A3 [111] (101)
A6 [111] (110)
B2 [111] (011)
B4 [111] (101)
B5 [111] (110)
c1 [111] (011)
c3 [111] ao1)
cs5 [111] (110)
D1 [111] (011)
D4 [111] (101
D6 [111] (110)

Table 3

Slip systems for {112}(111).

Slip system mg ng
A4 [111] (211)
A8 [111] 112)
All [111] (121)
B3 [111] (211)
B7 [111] 112)
BI12 [111] 121)
c2 [111] (112)
Cs [111] (121)
C10 [111] (211)
D1 [111] 112)
D6 [111] (121)
D9 [111] (211)
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The material parameters used in the model are listed in Table 4. The mass density p, specific heat ¢, and thermal expansion
tensor A = al are assumed to be constant during deformation. The fourth-order elastic stiffness tensor is expressed in terms of the
three independent elastic constants (C,;, Cyp, C44). The elastic constants are linearly dependent on temperature as C;; = C;; o + m; ;6.
{C110- C120- Ca40) at 0 K and {my;, my,, my,} are assumed to follow the previous work by Kothari and Anand (1998), Cho et al.
(2018) and Bronkhorst et al. (2021). The values of y,, AG, s; and p and ¢ in the flow model are identified based on the previous
work that employed similar single crystal models for tantalum (Kothari and Anand, 1998; Cho et al., 2018; Bronkhorst et al., 2021).
Then, these values have been further tuned to better capture the rate-dependent stress—strain behaviors in the single crystals.

Table 4
Material parameters used in this study.
p [kg/m’] 16 640 ay 0.05
¢ [J/kgK ] 150 ay; 0.04
a [pm/m-K] 6.5 s, [MPa] 35.0
ky [J/K] 1.38 x 10-% 7o [sec™!] 1.0 x 107
Cy1o [GPa] 268.5 AG [J] 2.1 x 1071
Cy [GPa] 159.9 s, [MPa] 400.0
Cyy [GPa] 87.1 Y, o8 [m2] 2.4 x 10'2
my, [MPa/K] -24.5 Yeo 6b
my, [MPa/K] -11.8 A 131 2.0 x 10-20
my, [MPa/K] -14.9 P 0.28
Aeopl 0.06 q 1.34
eoli 600 0.7744 ky 180
Aeolli900 0.9025 ky 2.5
Aeolli 300 0.5112 b [nm] 0.286

The dislocation interaction coefficients are taken to follow the work by Madec and Kubin (2017). Instead of using the full
asymmetric interaction matrices throughout the slip systems of {110}(111) and {112}(111), we further simplified the interaction
coefficients, as follows.

* Gcp = 0.06  for the self- and coplanar interactions,

* Gcligee = 0.7744  for the collinear interaction and 6 = arccos|n - ng| =60°,

* Ggoliigpe = 0.9025  for the collinear interaction and 6 = arccos|n - ng| =90°,

* Qggpizpe = 0.5112  for the collinear interaction and 6 = arccos|n - ng| = 30°,

+ a;=0.05 for the junctions between {110} systems or {112} systems,

+ axy; = 0.04 for the junctions between {110} and {112} systems.

As pointed out in Queyreau et al. (2009), the presence of friction stress due to alloy friction or lattice resistance can screen the
elastic field between dislocations. Thus, this culminates in a decrease in the line-tension and interaction strengths. Since the lattice
resistance has been taken into account in our single crystal model, the values for the junction strengths (ay, ax;) are taken to be
slightly smaller than the average junction strengths determined in Madec and Kubin (2017).

The values for the remaining parameters, s, ¥, A,.. ki, and k, are then identified using the experimental data for the single
crystal behaviors at low to high strain rates and for the polycrystal behavior at low strain rate in through-thickness direction.

The finite deformation single crystal model was numerically implemented for use in a finite element solver (a standard branch
of Abaqus) for boundary value problems of single- and polycrystalline tantalum discussed in the next sections. We implemented the
implicit multi-step computational procedure for updating the stress tensor, kinematic tensors and all of the state variables including
the dislocation densities evolving together with deformation, following and modifying the algorithms proposed by Kalidindi et al.
(1992). Furthermore, we computed a fourth-order tangent tensor also known as the Jacobian consistent with the viscoplastic single
crystal model used in a Newton-type iteration for obtaining a solution that satisfies the global equilibrium at the end of the increment
in the nonlinear boundary value problems. All the details regarding the implicit time integration procedure and the computation of
tangent are provided in Appendices A and B, respectively.

Furthermore, we have solved the boundary value problems for both single and polycrystal behaviors using the finite element
procedures. When inhomogeneous deformation fields are expected (e.g. [149] single crystal and examples in Section 2.3.2), we have
employed a cylindrical domain consisting of a number of finite elements, where we have used a hexahedral element with reduced
integration. The top and bottom surfaces of the cylindrical samples are constrained to remain parallel and the lateral surfaces are
free to move. Furthermore, these boundary conditions have been further verified through more simulations with periodic boundary
conditions for both single and polycrystal cases with inhomogeneous deformation fields (Anand, 2004; Danielsson et al., 2002;
Hansen et al., 2010). Meanwhile, when the deformation is homogeneous especially in high symmetric orientations (e.g. [001] and
[011] directions), we have conducted simple single-element simulations.

2.2. Single crystal behavior at low to high strain rate and at room temperature and higher

Here, we validate the finite deformation single crystal model without non-Schmid effect presented above against experimental
data for high purity single crystal tantalum (99.99%). We used the single crystal stress—strain data at low to high strain rates recently
published by Rittel et al. (2009), Whiteman et al. (2019), Lim et al. (2020) and Nguyen et al. (2021).
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Fig. 1. Stress-strain behavior of single crystal tantalum in experiments and numerical simulations at low strain rates and at room temperature: (a) [001],
(b)[149], (c) [111] and (d) [011] in compression. The single crystal data were taken from Lim et al. (2020) and Rittel et al. (2009).

Fig. 1 shows the measured and numerically simulated stress—strain curves for single crystalline tantalum in crystallographic
orientations of [001], [011], [111] and [149] at strain rates of 0.001 s~! and 0.1 s~! and at room temperature without any non-
Schmid effects. As evidenced in the figures, the model captures well the main features of the rate-dependent yield and flow stresses
for the various crystallographic orientations. The highest initial yield point and the flow stresses in the [111] orientation due to
the lowest Schmid factor are nicely described by the model. Furthermore, the hardening behavior and its tendency toward larger
strains are reasonably well captured in the [001], [111] and [149] orientations. However, in the [011] orientation, the hardening
behavior observed in the experiment is poorly predicted by the model. This discrepancy can likely be attributed to crystallographic
misorientation’ or some finite size effects in samples during experimentation. Additionally, the stress-strain behavior in this
particular [011] orientation has large variations amongst the experimental data reported by different research groups (Rittel et al.,
2009; Whiteman et al., 2019; Lim et al., 2020).

In Fig. 2, the single crystal behavior is further presented at high strain rates in both experiments and numerical simulations.
The high strain rate curves are displayed for room temperature and higher in the crystallographic orientations of [001] (Fig. 2a),
[011] and [111] (Fig. 2b). The orientation- and temperature-dependent yield stress and flow stresses are excellently captured by the
model. Furthermore, the single crystal model captures nicely the thermal softening that manifests due to adiabatic heating under
high strain rate conditions. In summary, the present crystal model has been shown to be capable of capturing the main features of
the orientation-dependent stress—strain behaviors of single crystal tantalum at low (0.001 s to high (~ 5000 s~1) strain rates and
at room (296K) to high (873K) temperatures.

2.3. Single crystal behavior with non-Schmid effect at low temperature

2.3.1. Slip instability in {110} (111) slip systems

The collinear interactions taken into account in the present single crystal model have been found to be critical for predicting
active slip systems in fcc single crystals loaded in high symmetry orientations (e.g. (100), (110) and (111)), as posited by Madec
et al. (2003) and Devincre et al. (2005). Notably, as further discussed in recent dislocation dynamics studies (Queyreau et al., 2009;

1 As pointed out by Cuitifio and Ortiz (1993) and Stainier et al. (2002), for single crystal specimens with high symmetric orientation along the loading
direction, small misalignment in the loading axis breaks the symmetry of resolved shear stress, resulting in a significant change in slip activity and stress
responses.
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Fig. 3. Effect of collinear interactions on single crystal behavior loaded in high symmetry orientations. (a) Stress—strain curves with and without misorientation,
(b) evolution of accumulated slip and slip resistance without misorientation, (c) stress—strain curves and (d) accumulated slip and slip resistance with a weaker
collinear interaction and without misorientation.

Madec and Kubin, 2017), the collinear interactions were found to be strong in bcc materials. Moreover, in Madec and Kubin (2017),
from which we have taken the interaction strength for tantalum, the strength of collinear interactions throughout the {110} (111)
slip systems have been found to be markedly strong. Hence, we analyze the role of collinear interactions in the slip activation
processes for tantalum single crystals. We numerically examine instability induced by strong collinear interactions, especially on
{110} slip planes. Towards this end, we excluded the 12 {112} (111) slip systems in the numerical simulations for single crystals.

Fig. 3 shows a numerically simulated stress—strain responses of a tantalum single crystal loaded in a high symmetry orientation
of [001], together with accumulated slip and slip resistances in eight slip systems having the same Schmid factor. Here, (A3, A2),
(B4, B2), (C3, C1) and (D4, D1) are the pairs of slip systems collinear-interacting on the {110} slip planes. As shown in Fig. 3b,
though the accumulated slip in these eight slip systems evolve initially at the same rate, they bifurcate after a small amount of
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Fig. 4. Accumulated slip on four equivalent slip systems in a single crystal loaded in [011]. (a) D6, (b) D4, (c) C5 and (d) C3, in the two element simulation.

deformation. Interestingly, in the deactivated cross-slip systems (A3, B4, C3 and D4), the slip resistance continues to evolve. While, in
the active slip systems (A2, B2, C1 and D1), the slip resistance does not evolve significantly since their cross-slip counterparts become
deactivated (See the modified Taylor hardening law in Eq. (18)). Instability in the slip activation process was found to culminate
in an anomalously stiff response beyond the initial yield as shown in Fig. 3a (black solid line with no misorientation). Such an
anomalous stress response sustains until the collinear interactions vanish due to the lattice distortion in the deformed single crystal.
Next, we introduced a slight misorientation (0.6 °) between the sample axis and the loading direction. The slight misorientation
resulted in asymmetry in the initial Schmid factors (or resolved shear stresses) for the eight slip systems. The asymmetry due to
the slight misorientation culminated in early determination for activation without any bifurcation throughout the equivalent slip
systems. As evidenced in the simulated stress—strain curve (red solid line in Fig. 3a), the abnormally stiff response observed in
the perfectly oriented sample diminishes with misorientation. Then, the single crystal response in this high symmetry orientation is
further examined with a weaker collinear interaction strength. As shown in Fig. 3c, the single crystal exhibits a stress—strain behavior
without any precursor for instability. The stable hardening behavior is evidenced by Fig. 3d on slip resistances and accumulated slip
in the equivalent eight slip systems. These slip systems having the same Schmid factor are equally active without any bifurcation
during deformation. All of these simple numerical results clearly reveal that the collinear interactions throughout the {110} (111)
slip systems play a critical role in determining slip activation processes in bcc single crystals loaded in high symmetry orientations.

Slip instability is further addressed in a single crystal loaded in another high symmetry direction, the [011] orientation, where
only four equivalent slip systems, here two collinear pairs of “C3 and C5” and “D4 and D6”, are possibly activated. We conducted
a simple two-element simulation for a single crystal loaded in this particular orientation. Fig. 4 shows accumulated slip on initially
equivalent four slip systems (D6, D4, C5 and C3 for Fig. 4a, b, ¢ and d, respectively) at a compressive strain of 0.3. Active slip
systems are bifurcated spatially throughout the two elements in order to avoid the strong collinear interactions and the resulting
zig-zag type deformation develops. This simple numerical result also reveals that possible manifestation of sub-grain events such
as grain fragmentation (Berger et al., 2022) or formation of dislocation cell blocks (Noell et al., 2017) due to instability in the bcc
single crystals in multi-slip situations.

In order to improve our mechanistic understanding of the slip instability and bifurcation due to the strong collinear interactions,
we performed an analysis on the energy landscape in the single crystal loaded in the [011] orientation illustrated in Fig. 4. To this
end, we calculated an incremental work density through numerical integration of the stress power,

W=P:F=P:LF,
N
. (23)
=T¢: E®+ E %",
a=1

Since the elastic stretch is negligibly small, we consider only the plastic part of the stress power (W? = Zﬁ;l 7%%,%). In the single
crystal loaded in the [011] direction, the four slip systems of C3, C5, D4 and D6 are initially equivalent and lattice rotation is
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Fig. 5. Incremental plastic work density and its principal curvature as functions of 4y, and 4y, with (a) stronger collinear interaction (a ;- = 0.7744) and

(c) weaker collinear interaction (a.y ;600 = 0.07). Incremental plastic work density plotted with fixed total slip rate (4y, + 4y, = 0.05) for (c) stronger collinear
interaction (a6 = 0.7744) and (d) weaker collinear interaction (a.qy;s. = 0.07).

suppressed due to symmetry and geometric constraint. Then, in each of the two elements, only one in the two collinear-interacting
slip systems (collinear pairs of C3 and C5; and D4 and D6) is more activated; i.e., the {C3, D4} and {C5, D6} slips are bifurcated into
the two elements as shown in Fig. 4. Based upon these numerical observations, we make the following assumptions for incremental
slip in the {C3, D4} and {C5, D6} slip systems,

Ay, = Aycs = Arpg.

249
Ay, = Aycs = Aype-
With the fixed slip increments in Eq. (24), the plastic part of the incremental work density can be calculated by
N
AW?P =Y T ays. (25)

a=1

The resolved shear stress is calculated using the flow rule with the fixed slip increments and slip resistances. The dislocation densities
of the four active slip systems (C3, C5, D4 and D6) are assumed to be 1 x 103 m~2; and those of inactive slip systems are assumed
to be 2 x 10'! m~2. Then, the plastic incremental work density in Eq. (25) is numerically integrated using the trapezoidal rule. Fig. 5
shows the calculated incremental plastic work density as a function of 4y, and A4y,, where the color on the surface indicates the
minimum principal curvature of the incremental plastic work density. As shown in Fig. 5a, the minimum principal curvature was
found to be negative for any slip increments with the strong collinear interaction strength (a.yy;600 = 0.7744). Negative curvature
in the incremental plastic work density is more clearly evidenced in Fig. 5b where the total slip increment is taken to be fixed
(4y, + Ay, = 0.05 here). Negative curvature of the incremental plastic work density displayed in Figs. 5a and b implies that
homogeneous slip activation throughout the four equivalent systems (i.e., Ayq3 = Aycs = Ayps = Aype) is energetically unfavorable.
The slip bifurcation is inevitable, attributed to the failure to find a unique, energy-minimizing solution. The incremental plastic work
density is then calculated with a weaker collinear interaction strength. As revealed in Fig. 5c¢ and d, the weaker collinear interaction
resulted in a convex incremental plastic work density (non-negative curvature in the incremental work); the stable, homogeneous
slip with no bifurcation throughout the equivalent slip systems is favorable for an energy-minimizing deformation process.

Finally, we further illustrate slip instability and spatial inhomogeneity in the deformation field in the single crystal subjected
in uniaxial tension in the [011] direction. In order to trigger “spatial” instability, we applied an orientation defect (1°) to the
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Fig. 6. Spatial inhomogeneity and instability in a single crystal loaded in [011] due to a spatial orientation defect. (a) Defect (1 °) in a finite element mesh and
iso-surfaces of an accumulated slip in a slip system of D6 with (b) strong collinear interaction (a.;¢- = 0.7744) and (c) weaker collinear interaction (dcqy; ¢

= 0.07).

central element in a finite element mesh for the single crystal as illustrated in Fig. 6a. Figs. 6b and c show the iso-surfaces of
an accumulated slip in a slip system of D6 with the collinear interaction strengths of 0.7744 and 0.07, respectively. When the
collinear interaction is strong, a significant deformation inhomogeneity propagates from the central defect throughout the finite
element mesh, as shown in Fig. 6b; i.e., the deformation inhomogeneity accompanied by spatial slip bifurcation is energetically more
favorable than the homogeneous deformation through equal activation in all possible slip systems. In contrast, as shown in Fig. 6¢
with the weaker collinear interaction strength, the deformation inhomogeneity never develops throughout the finite element mesh;
i.e., the deformation field in this situation is stable and homogeneous against a spatial perturbation. In order to aid visualization
for the instability induced by the strong collinear interactions throughout {110} (111) slip systems at low temperature, we have
provided movie clips on propagation of the instability triggered by a small geometric perturbation in the single crystal loaded in
high symmetric orientation, [011], as a Supplementary Material. See Videos S1 and S2 in Supplementary Material.

If the additional {112} slip systems are included, no slip systems in collinear interactions are activated in single crystal samples
loaded in the high symmetric orientations of (100), (110) and (111). Hence, no instability is observed as we demonstrated in Fig. 1
on the room temperature single crystal behavior with the 24 slip systems. Slip instability that possibly emanates from the latent
hardening in multi-slip situations throughout the {110} (111) slip systems in the single crystals loaded in high symmetry orientations
is associated as well with the non-Schmid behavior discussed in the following Section 2.3.2.

2.3.2. Non-Schmid behavior: Experiments vs. model
Since the early studies by Christian (1983), the breakdown of the Schmid law has been widely investigated for the group V and

VI bcc transition metals. Numerous atomistic simulation studies with non-central interatomic potentials capable of capturing mixed
nature of free-electron and covalent characteristics have revealed that the cores of 1/2 (111) screw dislocations spreading onto
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several different {110} planes in the (111) zone are responsible for the non-Schmid behavior. The non-Schmid effects involve the
dependence of critical resolved shear stress on the orientation of the maximum resolved shear stress plane strongly associated with
the twinning/anti-twinning asymmetry as well as tension-compression asymmetry of the yield stress. The non-Schmid effects in
tantalum and all other bcc transition metals have been found to be most pronounced on the {110} (111) slip systems, for which the
majority of the previous studies have focused on anomalous glide of the screw dislocations especially on the {110} planes. Only a
few recent studies have explored the non-Schmid effects on the {112} (111) slip systems, by which empirical models for anomalous
slip on the {112} planes have been constructed (Knezevic et al., 2014; Savage et al., 2017, 2018; Zecevic and Knezevic, 2018). Most
recently, the tension-compression asymmetry on the {112} (111) slip systems have been further explored in Nguyen et al. (2021),
in which the Peierls stress difference between twinning and anti-twinning slip directions on the {112} planes was assumed to be
one of the major sources of non-Schmid effects within bcc metals. Although, in these earlier modeling studies on bcc materials, the
possible anomalous slip on the {112} (111) slip systems has been introduced, the non-Schmid effects on these {112} planes should
be much further studied via experiments and numerical simulations.

Of particular interest is also identifying slip systems in bcc transition metals over a range of temperatures and strain rates. The
physical picture for complex slip in bee crystals has been studied as well in numerous experiments and atomistic simulations, by
which it has been very clear that slip occurs in the closest packed (111) direction. However, identifying the planes where slip
occurs still remains a significant challenge. As posited in several important reviews on the active slip planes in tantalum and other
bce metals (Seeger, 2001; Weinberger et al., 2013; Weygand et al., 2015), slip almost always occurs predominantly on the {110}
planes at low temperatures. As temperature increases, slip is observed on the {110}, {112} and {123} planes at room temperature
and higher. Furthermore, slip is extensively observed on the maximum resolved shear stress planes; i.e., the non-Schmid effects
diminish significantly at room temperature and higher. The transition temperature from the {110} to the {112} slip has been
found to be between 100 K and room temperature especially for tantalum materials (Seeger, 1995, 2001; Weinberger et al., 2013).
However, there is still ambiguity on activity of the {110} or {112} slip especially around room temperature, as recently argued in
Lim et al. (2021), where dominant dislocation slip on the {112} planes were experimentally observed in tantalum single crystals
under compression at room temperature. All of the previous experimental and theoretical studies on the slip planes have revealed
slip occurs predominantly on the {110} planes in tantalum at low temperatures. Furthermore, slip on the {110} planes is strongly
associated with the anomalous behavior of the (111) screw dislocations non-planar throughout three-fold {110} planes. Additionally,
the latent hardening possibly due to the strong collinear interactions throughout the {110} (111) slip systems may lead to slip
instability and spatial bifurcation in the multi-slip situations in tantalum single crystals loaded in high symmetry orientations, as
shown in the previous section (Section 2.3.1). Hence, it should be noted that we herein place emphasis on the non-Schmid effects
most apparent on the {110} (111) slip systems in tantalum especially at low temperatures below 100 K. To this end, we extend the
dislocation density-based single crystal plasticity model presented in Section 2.1, to account for the non-Schmid behavior involving
tension-compression asymmetry in tantalum single crystals especially loaded in high symmetry orientations.

Based upon the three-term formulation on the non-Schmid stresses (Groger et al., 2008a,b; Cho et al., 2018), we define the
modified resolved stress (rﬁs) for each of the slip systems,

Thg = T 0S¥ =T & (8] + w, SONS +w, SO Ns T Ws o:grs)’ (26)
where Sf is the Schmid tensor, and SO ;IS’ Sg ;S and SO ;’IS are the non-Schmid projection tensors defined by,

lLa

Syxns = m; ® g (27)
2,0

Syns = @G X mg) ® ng (28)
3,0 ra a

SONS (n X m )®n (29)

where m§ is the slip direction, ng is the slip plane normal and n/“ is the plane normal whose angle with the primary slip plane
(ng) is 60 deg. Moreover, w;, w, and ws are the weighting factors for the non-glide stresses, T¢ : Sl & Sg ;s’ and T¢ : Sg 1”\’]3
that represent the shear stress components parallel and perpendicular (the last two non-glide stresses) to the slip direction in the
corresponding {110} planes. Detailed procedures to identify the weighting factors with some constraints can be found in Groger
and Vitek (2019).

The flow rule is also modified from Eq. (16)

~ q

. . 4G, Ters ~

yp"=y0exp<—@<l—(sT[)” for r:ff>0 and % >0, 30)
otherwise ;/'p"’ =0,

where 7% of f (= 735 — 5 is the effective stress. To capture asymmetry of the yield stress, the sign of the resolved shear stress should
be taken into account. Hence, the flow rule is modified to enable only positive slip. The slip systems used in the single crystal model
with non-Schmid effects are given in Table 5. Due to the condition for positive slip, slip systems « and « + 12, which are equivalent

within the Schmid law, cannot be simultaneously activated.
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Table 5

Slip systems for the non-Schmid effect based model (Groger et al., 2008b).
a mg ng n’g“ a mg ng n(’)“
1 [111] @1on (110) 13 [111] (101 011
2 [111] (011) (101) 14 [111] (011) (110)
3 [111] (110) 011) 15 [111] (110) (101)
4 [111] 011) (110) 16 [111] 011) (101)
5 [111] (101) (011) 17 [111] (101) (110)
6 [111] (110) 101) 18 [111] (110) (011)
7 [111] (011) 110) 19 [111] 01D (101)
8 [111] (101) (011) 20 [111] (101) (110)
9 [111] (110) (1on 21 [111] (110) (011)
10 [111] (011) (101) 22 [111] (011) (110)
11 [111] o1 (110) 23 [111] (101) (011)
12 [111] (110) (011) 24 [111] (110) (101)

Figs. 7a and 7b show the stress—strain curves for tantalum single crystals in tension and compression in [001] and [011] orienta-
tions at 77 K, respectively. Since the single crystal samples were loaded in high symmetry orientations, slight misorientation (0.6 deg)
is again introduced in order to avoid the undesirably stiff, unstable behavior accompanied by the slip bifurcation due to the strong
interactions between collinear pairs on the {110} slip planes. The highly asymmetric yield stresses in both orientations are reasonably
captured by the extended single crystal model without any further modifications on the material parameters. However, as shown in
Fig. 7b on the single crystal loaded in [011] orientation, beyond the initial yield, the stress hardening especially in compression is
much lower in the numerical simulation. The undesirable strain softening-like behavior is attributed to significant grain rotation as
displayed in Fig. 8a. Furthermore, an unexpected overshoot in the stress response was observed in tension. Though the homogeneous
misorientation throughout all elements enabled avoiding the slip instability, it was found to lead to significant crystallographic
reorientation that gave rise to the globally unstable hardening behavior (e.g. Asaro (1983), Ortiz and Repetto (1999)).

—
o
N

(b)

1000 1000
= 800 = 800
s g
= 600 =600 L oo
1) 9] o
wn n
& o
% 400 % 400
[} <]
E O Exp. comp. E O Exp. comp.
& 2001 [001] —Sim. comp. S 200{ [011] — Sim. comp.
. . O Exp. tens. . . O Exp. tens.
0.6 deg misori. —sim. tens. 0.6 deg misori. —sim. tens.
0 0
0 0.05 0.1 0 0.05 0.1
True strain True strain

—
<]
~
—

o,
N

1000

— 800 —

< <

& 2

600 =

g g

£ ooof £

w400 =] 7]

g g

=] . o Exp. comp.
O Exp. comp. = _ =] p. comp.

HH 200 [001] ——Sim. comp. E 200 [011] ——Sim. comp.

. O Exp. tens. . O Exp. tens.
Gaussian — Sim. tens. . Gaussian —Sim. tens.
0o 0.05 0.1 0 0.05 0.1

True strain True strain

Fig. 7. Stress-strain behavior of single crystal tantalum in experiments and numerical simulations at low temperature (77 K and 0.001 s™!): (a) [001] and
(b) [011] with 0.6 ° misorientation in both tension and compression. (c) [001] and (d) [011] with random misorientation in both tension and compression.
Weighting factors (w,, w, and wj;) for non-glide stresses are 0.5, 0.2, and 0.1, respectively.

Source: Experimental data for high purity tantalum (99.99%) were taken from Sherwood et al. (1967).
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The effect of the misorientation associated with instability is further investigated in Figs. 7c and 7d. Here, misorientation was
randomly assigned to each of the elements, for which the Gaussian distribution with a standard deviation of 0.25 for ¢ and w, and
0.4 for 6 was employed for Canova convention Euler angles. As shown in the stress—strain curves, the extended single crystal model
nicely captures overall features in the yield and hardening behavior without any stress overshoot and softening instability especially
in compression in the [011] orientation. Furthermore, as shown in Fig. 8b, the crystallographic orientation [011] was found to be
maintained with no significant grain rotation during deformation.

(a) (b)
Z 111 Z 111

Strain 0.3
0.6 deg. misori.

Strain 0.3
Random misori.

Strain 0.2

Strain 0.1

001] 011 [001] 011]

Fig. 8. Evolution of crystallographic orientations in single crystals in compression in [011] orientation. (a) Single crystal with 0.6 ° misorientation and (b) single
crystal with randomly assigned misorientation, at a strain of 0.3. White makers in (a) indicate the mean orientations at initial and strains of 0.1 and 0.2.

In order to provide more generalized guidance for determining the non-Schmid factors, we present the numerically simulated
stress-strain curves for tension and compression along [001], [011], and [111] directions with varying w,, w, and w; in Fig. 19 in
Appendix C.

Furthermore, tension-compression asymmetry diminishes significantly at room temperature and higher. Our single crystal model
is also capable of capturing the decrease in the tension—compression asymmetry of the yield stresses by taking the weighting factors
to be functions of temperature, i.e., w; = w; s + (W; g — W; 55) €Xp(—60/6,), where w; oy are the weighting factors at 0 K, w; s is the
saturation weighting factor, and 6, is the characteristic temperature that controls of the rate of decaying in the weighting factors.
Here, w; (x are taken to be 1.00, 0.41 and 0.20 for i = 1,2, 3, respectively. In addition, w; i is taken to be 5% of the w; (. 6, is taken
to be 100 K. The simulated yield stresses are displayed in Fig. 9. By simply introducing the saturation-type non-Schmid factors,
our single crystal model captured the temperature-dependent yield stresses in both tension and compression, where the degree of
asymmetry diminishes toward room temperature.

3. Polycrystal behavior

The deformation mechanisms in polycrystal tantalum have been investigated, traced back to the early work by Chen and
Gray (1996), Nemat-Nasser et al. (1998) and Kothari and Anand (1998). In these classical papers, the highly temperature- and
rate-dependent inelastic features in polycrystal tantalum were addressed. Furthermore, the polycrystal models that employed the
phenomenological hardening law were found to capture well some features in flow stresses and crystallographic texturing without
any notion of dislocation evolution and interaction. This success with the phenomenological hardening law has been deemed
due to the macroscopic hardening responses not sensitive to the details of dislocation evolution and interaction throughout the
polycrystalline network.

Here, the single crystal model presented in Section 2 is further underpinned by examining the predictive capabilities of the
model for polycrystal tantalum. To this end, we conducted mechanical tests for polycrystal tantalum samples machined in two
different directions (through-thickness and in-plane) taken from the wrought tantalum plate. Furthermore, ex situ measurements
on crystallographic texture evolution in the deformed samples at increasing strains were conducted. In addition to crystallographic
texture, dislocation density was monitored using ex situ neutron diffraction measurements. The polycrystalline behavior involving
stress-strain responses, dislocation density evolution and texture evolution is then reproduced in numerical simulations in which
the single crystal plasticity model is employed without any further modification. The results below show the predictive capabilities
of our modeling framework on both single- and polycrystal tantalum materials at low to high strain rate and at room temperature
and higher.

3.1. Experiment

Multiple cylindrical high purity tantalum (99.99%) specimens of 4.2 mm diameter and 8.4 mm length were electro-discharge
machined from a wrought plate with their axes parallel to either the through-thickness (TT) or in-plane (IP) directions. IP polycrystal
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Fig. 9. Temperature-dependent yield stress under tension and compression. (a) Experiment, (b) model along [001] orientation, (c) experiment, (d) model along
[011] orientation.

tantalum specimens were compressed in-situ at a strain rate of 0.001 s~! to maximum true strain levels of 0.08, 0.18, 0.44, 0.89 or
0.149. In parallel, the TT and IP specimens were compressed ex situ to compressive true strains of 0.2, 0.3 and 0.4.

Bulk texture measurements of the specimens were conducted on the High-Pressure/Preferred Orientation (HIPPO) neutron time-
of-flight diffractometer (Wenk et al., 2003; Vogel et al., 2004) at the Lujan Center at the Los Alamos Neutron Science Center
(LANSCE). HIPPO consists of 1,200 *He detector tubes on 45 panels arranged on five rings around the incident neutron beam
with nominal diffraction angles of 144°, 120°, 90°, 60°, and 40° covering 22.4% of 4 (Takajo and Vogel, 2018). The deformed
samples at strains of 0.2, 0.3 and 0.4 were glued on to sample holders with their cylinder axis along the holder axis and loaded on
an automated robotic sample changer on HIPPO (Losko et al., 2014). Data was then collected at three rotations around the sample
axis of 0°, 67.5°, and 90°. Data over a d-spacing range from 0.7 A to 2.5 A was analyzed with the Rietveld method (Rietveld, 1969)
as implemented in the Materials Analysis Using Diffraction (MAUD) code following procedures described previously (Wenk et al.,
2010). The orientation distribution was represented by the E-WIMV method (Matthies et al., 2005) using a resolution of 7.5°. From
the MAUD analysis, pole figure data recalculated from the refined ODF was exported for further processing.

High-resolution (FWHM ~0.1%), high-statistics time-of-flight (TOF) neutron diffraction data was collected on the Spectrometer
for MAterials Research at Temperature and Stress (SMARTS) for the purpose of diffraction line profile analysis (DLPA) (Brown
et al., 2016) of each of the deformed specimens. The extended convolutional multiple whole profile (eCMWP) method (Ribarik
et al., 2004) was used for semi-quantitative determination of the dislocation density in each of the deformed tantalum specimens.
Annealed copper foil was used to determine the instrumental resolution and a Pearson VII function was used to fit the individual
peak profiles to determine the breadth and shape parameters.

3.2. Stress—strain behavior, crystallographic texturing and dislocation density evolution

Numerical simulations for polycrystalline tantalum are conducted in which each of the finite elements represents one crystal. We
use a finite element model comprising 1000 (10 x 10 x 10; Fig. 10a) hexahedral elements with reduced integration. Furthermore, the
single crystal modeling framework with both {110} and {112} slip systems without any non-Schmid effects presented in Section 2.2
has been employed to simulate the polycrystal behavior at room temperature and higher and at low to high strain rates. For simple
compression, all faces are constrained to remain parallel, and displacement boundary conditions corresponding to loading conditions
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are applied on the top surface. The initial texture in each of the through-thickness and the in-plane direction was extracted from
the measured data using MTEX (Bachmann et al., 2010) and the corresponding set of Euler angles (¢, 6 and w) was then randomly
assigned to each of the elements in order to represent the initial material texture.

Fig. 10 shows the response of polycrystal tantalum in compression (strain rate: 0.001 s~!) in both experiment and numerical
simulation. Together with undeformed and deformed meshes shown in Fig. 10a, the measured and numerically simulated stress strain
curves along the through-thickness direction are displayed in Fig. 10b. As shown, the numerically simulated responses including
yield stress and overall hardening behavior are in good agreement with the measured data.

Figs. 11 and 12 shows a comparison of the pole figures from experiments and numerical simulations of the polycrystal tantalum
under compression along the through-thickness and in-plane directions respectively. The sample in the through-thickness direction
was found to be initially textured in the (100) and (111) as shown in Fig. 11a at zero strain. In addition, the sample in the in-plane

(a) Measured (b) Predicted
Strain (200) (200)
0‘2 @ @
0.4

0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5

Fig. 11. Texture evolution during compression along the through-thickness direction. Pole figures (a) measured and (b) numerically predicted.
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Fig. 12. Texture evolution during compression along the in-plane direction. Pole figures (a) measured and (b) numerically predicted.

direction was found to be textured in the (110) direction as shown in Fig. 12a at zero strain. The texture development toward
the (100) and (111) orientations is attributed to constrained rotations of grains by prescribed slip systems (Kocks et al., 1998),
well predicted in our numerical simulations for both sample directions. Moreover, as recently pointed out in Lim et al. (2020) the
rotation characteristics in bcc crystals are strongly dependent upon the types of the prescribed slip systems. Our experimental and
numerical results on the texture evolution strongly support that the prescribed slip systems on both {110} and {112} planes have
been appropriately chosen for this study.

We then directly compared the dislocation densities measured in our ex situ neutron diffraction experiments to those predicted
in our numerical simulations in the through-thickness direction (Fig. 13a) and the in-plane direction (Fig. 13b). To this end, we
plotted the flow stresses in the two sample directions as functions of dislocation density and imposed strain. Here, since the volume
change is small, the total dislocation density is simply calculated by averaging the dislocation density at each integration point
in the polycrystal model. As shown, our numerical simulations capture reasonably well the relations between dislocation densities
and macroscopic stress and strain responses in both sample directions in terms of trend. Furthermore, the flow stresses are linearly
dependent on the square root of the averaged dislocation density in both experiments and numerical simulations. However, the
overall stress response in the numerical simulation especially in the in-plane direction is found to be higher than that in the
experiment. This discrepancy is presumably attributed to a lack of information on initial distributions of dislocation densities for
numerical simulations and not yet adequately representing the complexities of dislocation dynamics and intergranular interaction
in the materials.

3.3. High strain rate and high temperature behavior

Fig. 14 shows the stress-strain behavior of polycrystal tantalum in compression at high strain rates (> 10> s~!) in both
experiments and numerical simulations. The high strain rate data was collected using a split-Hopkinson pressure bar system. The
model predicts the overall strain rate dependence in yield and flow stresses at low to high temperature reasonably well. Notably, the
remarkable decrease in yield stress with increasing temperature is well captured. Furthermore, as shown in Fig. 14b, the numerical
simulations predict the low- to high strain rate behavior in polycrystal tantalum at room temperature reasonably well. Although
the overall features in high strain rate and high temperature behaviors are reasonably predicted, the hardening behaviors at room
temperature and 473 K are poorly captured in the numerical simulations. It is presumably attributed to inaccuracy in the interaction
properties computed from the dislocation dynamics simulations especially at large strains and at high strain rates.
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3.4. Grain-level analysis for rotation and dislocation density evolution

The macroscopic features in dislocation density, crystallographic texturing and stress—strain responses in polycrystal tantalum
samples have been found to be captured well by the simple polycrystal model in which each element represented one crystal. Here,
the polycrystal behavior is further addressed by numerical simulations on a polycrystal model based on Voronoi-tessellation. Though
this Voronoi-tessellation-based polycrystal model is not grain-boundary conforming, it enables analysis of the local variations of
dislocation density, slip activity, stress and rotation throughout more realistic polycrystalline network not available in the simple

polycrystal model presented in Section 3

2.
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Fig. 15a shows a Voronoi-tessellated unit-cube with 200 random spatial Voronoi points. The tessellated domain is meshed with
the hexahedral elements via voxelization using an open-source program, Neper (Quey et al., 2011). Moreover, the number of random
Voronoi points has been chosen such that the Voronoi model reproduces the texture evolution captured by the simple polycrystal
model (the set of 10 x 10 x 10 hexahedral elements) displayed in Fig. 12. In the Voronoi-tessellation-based polycrystal model, each
of the polyhedral Voronoi cells represents one crystal to which a set of Euler angles extracted from the experiment is assigned. Then
we conducted numerical simulations for the polycrystal domains under large compression. As shown in Fig. 15b, the macroscopic
stress—strain curve in the Voronoi-tessellation-based polycrystal model matches well with that for the simple polycrystal model in
the in-plane direction.

In the Voronoi-tessellation-based polycrystal model, three grains have been selected for detailed analysis for a intragranular
behavior. The grain A initially oriented in the [419] direction was selected since the location in the standard triangle has the
maximum Schmid factor on the {110} slip planes (Fig. 16a). Under deformation, as shown in Fig. 16b, the grain tends to rotate
toward the edge (between [001] and [111] of the standard triangle) and then toward [001] such that the Schmid factor of the initially
active slip system decreases along the corresponding great circle. Furthermore, a significant variation in rotation (or intragranular
orientation) is observed inside the grain, as shown in Figs. 16b and 16c. Herein, the intragranular misorientation is computed via,
Ag; = g,(gavg>‘1, where Ag; is the magnitude of misorientation between the orientation of a spatial intragranular point i (g;) and the
average orientation in the grain (g,y,), following Pokharel et al. (2014). Together with the intragranular rotation map, dislocation
densities in major active slip systems at a strain of 0.4 are displayed in Fig. 16d. Though the Schmid factor on the {110} slip systems
(e.g. the slip system of B2) is initially greater than on the {112} slip planes, the dislocation densities are found to develop well on
both {110} and {112} planes, due to the remarkable spatial variation in rotation inside the grain; i.e., at a strain of 0.4 (Fig. 16c),
the contour for local orientation in the grain A is widely located throughout the regions where the Schmid factors are strong on
both {110} and {112} slip planes.

Then, a grain B initially oriented in the [561] was selected since the initial orientation in the standard triangle has the maximum
Schmid factor on the {112} planes (Fig. 17a). As shown in Fig. 17b, the grain tends to rotate toward the [111] direction such that
the Schmid factor decreases along the corresponding great circle. Moreover, once again a significant spatial variation in rotation
is observed again in the grain B at increasing strains of 0.2 and 0.4, as displayed in Fig. 17c. Dislocation densities in major active
slip systems at a strain of 0.4 are also shown in Fig. 17d. The dislocation density is found to grow remarkably, especially for a slip
system on the {112} plane (here, C2). This is quite reasonable since the contour for local orientation in the grain B is still located
in the region where the maximum Schmid factor is incurred in the slip systems on the {112} planes.

Lastly, Fig. 18 shows the intragranular behavior of a grain C initially oriented in the [11 98] direction. The grain C was selected
since it was closely aligned to [111] direction (Fig. 18a). It rotates much less than the other two grains presented in Figs. 16 and 17.
Furthermore, as shown in Figs. 18b and 18c, there is no significant intragranular misorientation. Dislocation densities in the grain
C grow very similarly to those in a single crystal loaded in the [111] direction, attributed to the small rotation during deformation.
As shown in Fig. 18d, the dislocation densities in the grain C grow remarkably in the slip systems of A8, B12 and C10 that exhibit
the highest Schmid factors in a single crystal loaded in the [111] direction.

4. Discussion

Plastic deformation in bcc tantalum has been deemed a complex process which involves diverse physical mechanisms across
length-scales. In past decades, continuum mechanics-based crystal plasticity theories have been proposed to address the salient
features of the rate- and temperature-dependent deformation in this important refractory metallic material. Furthermore, the
continuum crystal plasticity theories have enabled modeling of the large inelastic behavior of tantalum single crystals and
polycrystals. In this work, we have extended the crystal plasticity model to elucidate the deformations of both single- and polycrystal
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Fig. 16. Numerically predicted rotation and dislocation density in a grain A in the [419] direction within the Voronoi-tessellated polycrystal domain. (a) Location
of the [419] direction on contour of the maximum Schmid factor, (b) countour of crystallographic orientations within the grain A at a strain of 0.4, (c) distribution
of misorientation angle within the grain (strains of 0.2 and 0.4), (d) dislocation densities in slip systems on both {110} and {112} planes at a strain of 0.4.

tantalum materials at a wide range of strain rates and temperatures. Furthermore, using finite deformation constitutive modeling,
experiments and numerical simulations, we have addressed the main features of deformation mechanisms, dislocation evolution,
instability and the non-Schmid effects in bce tantalum at both single- and polycrystal levels. Additionally, our work has been inspired
by the recent mesoscopic studies on dislocation interactions throughout major slip systems on both {110} and {112} slip planes. The
structurally unified modeling framework has been shown not only to reproduce the experimental data but also to provide critical
insight into the plastic deformation mechanisms and microstructural evolutions at both single and polycrystal levels in bec tantalum
materials. Notably, most of the previous crystal plasticity-based modeling efforts have been focused on either single crystal behaviors
(Lim et al., 2020; Nguyen et al., 2021) or polycrystal behaviors (Kothari and Anand, 1998; Bronkhorst et al., 2007; Lim et al., 2018)
in these materials. However, in our unified modeling framework, the same constitutive model and parameters without any further
modifications have been demonstrated to predict the single- and polycrystal behaviors simultaneously. Furthermore, by taking the
dislocation microstructures and their interactions into account, our model well captured evolutions of textures and dislocation
densities throughout polycrystalline network, which have not been explicitly represented in the previous isotropic polycrystal
constitutive models including mechanical threshold stress (MTS) model (Follansbee and Kocks, 1988) and Zerilli-Armstrong model
(Zerilli and Armstrong, 1987).

There are nevertheless some discrepancies between experimental data and our modeling results (e.g. tensile yield stress in the
single crystal loaded in the [011] orientation at 77 K). As pointed out in Sections 2.2 and 2.3 on the single crystal behavior, the
discrepancies are mainly attributed to the large variations in the single crystal data especially at high symmetric orientations
available in the literature (Rittel et al., 2009; Whiteman et al., 2019; Lim et al., 2020; Nguyen et al., 2021). Notably, at low
temperatures, yield stresses for tension and compression vary significantly among the literature (Byron, 1968; Sherwood et al., 1967;
Hull et al., 1967), which implies the non-Schmid weighting factors may not be uniquely determined for this material. Moreover,
as discussed in Stainier et al. (2002) and Lim et al. (2020), the ambiguity of the active slip systems in these materials at a range
of strain rates and temperatures may lead to additional sources of discrepancies. Additionally, as noted in Cai et al. (2004), the
kink nucleation barrier and its stress dependence can differ in the {112} planes and the {110} planes, from which Nguyen et al.
(2021) showed that the orientation-dependent yield stresses can be better captured by employing the different values of the Peierls
stress for each of the slip systems. Furthermore, in Nguyen et al. (2021), the Peierls stress was taken to be different in twinning

21



S. Lee et al. International Journal of Plasticity 163 (2023) 103529

z [111] mrd

w

001] | 011]

5 X100
Grain B

[=2]
—_
(==}

ot

Frequency (mrd)
[\ >~
Dislocation density [m~2]

T

0 20 40 60 Cl DI A3 C2 D1 B7 A4
Misorientation angle Slip system

Fig. 17. Numerically predicted rotation and dislocation density in a grain B in the [561] direction within the Voronoi-tessellated polycrystal domain. (a) Location
of the [561] direction on contour of the maximum Schmid factor, (b) countour of crystallographic orientations within the grain B at a strain of 0.4, (c) distribution
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and anti-twinning directions to better capture the non-Schmid effects especially on the {112} planes. Despite all their extensive
parametric studies, there are still significant discrepancies between the single crystal data and modeling results. This implies that
much needs to be done for further refinement of the single crystal plasticity theory for bcc materials involving active slip systems,
multiple slip modes and their connections to the non-Schmid effects; especially in high symmetric orientations across a range of
strain rates and temperatures.

Meanwhile, the non-convex nature of bee single crystal plasticity discussed in Section 2.3.1 provides more physical insight into
the deformation mechanisms in tantalum single crystals. As illustrated in Figs. 4-6, the solution to the simple boundary value
problem associated with non-convex plastic potentials is not unique; there may not exist a unique solution that satisfies the minimum
principle (Ortiz and Repetto, 1999; Ortiz et al., 2000). Possible non-convexity in dislocation density-based bcc single crystal plasticity
models has been relatively unexplored and elusive since, in most of the previous models, the interaction characteristics throughout
slip systems central to the evolution of dislocation densities as well as the associated hardening behavior have been too simplified
for many bcc materials (e.g., Knezevic et al. (2014), Lim et al. (2015, 2020), Nguyen et al. (2021)). It should also be noted that many
previous studies on non-convexity in crystal plasticity have been devoted to close-packed materials mainly with phenomenological
hardening laws (Ortiz and Stainier, 1999; Stainier et al., 2002), for which nonlinear optimization methods were developed to
determine slip activity and slip rate that minimize the incremental work density. Also, as recently recognized in Petryk and Kursa
(2013, 2022), Petryk (2020), the non-convex plastic potential due to strong latent hardening is associated with active slip selection
problems in rate-independent crystal plasticity in high symmetry orientations. Furthermore, non-convexity in crystal plasticity is
strongly associated with the formation of microstructures that minimize the associated incremental energy (Ortiz et al., 2000; Hansen
et al., 2010; Kochmann and Hackl, 2011; Yalcinkaya et al., 2012; Vidyasagar et al., 2018); all of these issues on rate-dependent and
-independent, non-convex crystal plasticity still remain open questions in bcc materials.

Though our model captures many important aspects of plastic deformation in bce tantalum, much needs to be done for further
refinement of the theory for bce materials. In particular, the model as proposed is structural only and therefore does not yet account
for the proper partition of energy into the evolution of dislocation structure or thermal energy. This is particularly important for
the ability of predicting the evolution of dislocation density and structure and properly accounting for the evolution of temperature
within a thermally sensitive theory.
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Fig. 18. Numerically predicted rotation and dislocation density in a grain C in the [11 98] direction within the Voronoi-tessellated polycrystal domain. (a)
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strain of 0.4.

Furthermore, there is much we do not yet know about the mechanics and thermodynamics of bce dislocation behavior and
interaction within the potential kink-pair mechanisms of dislocation motion, particularly for the rate limiting screw dislocations
and the role which edge dislocations play (Butler et al., 2018). These questions also certainly extend to defining the evolution
of the structural and thermodynamic state of dislocations within metallic materials (e.g., Acharya (2010), Anand et al. (2015),
Arora and Acharya (2020), Berdichevsky (2006, 2017, 2018b,a, 2019a,b), Chowdhury and Roy (2019), Hochrainer (2016), Jafari
et al. (2017), Jiang et al. (2019), Langer et al. (2010), Langer (2015), Le (2018, 2019), Le et al. (2021), Levitas and Javanbakht
(2015), Nieto-Fuentes et al. (2018), Po et al. (2019), Roy and Acharya (2005, 2006), Rivera-Diaz-del-Castillo and Huang (2012),
Shizawa et al. (2001)). The open questions in bcc materials involving non-convexity, non-Schmid effects, dislocation interactions and
their thermodynamic foundations should be revisited to improve the predictive capabilities of bcc single and polycrystal modeling
framework.

5. Conclusion

In this work, we have presented a unified framework for single- and polycrystal behaviors in bce tantalum materials. At the single
crystal level, we extended the finite deformation single crystal viscoplasticity model to account for the evolution and interaction of
dislocations throughout the slip systems on both {110} and {112} planes. The single crystal model takes into account the dislocation
interaction strengths critically associated with the hardening behavior as well as the microstructural evolution in bcc single crystals,
informed by the recent dislocation dynamics simulation results for tantalum. The single crystal model with material parameters
simply calibrated with experimental data on single crystal tantalum has been shown to accurately capture the major features in
the stress-strain responses at low to high strain rates and at low to high temperatures in the major crystallographic orientations
of [001], [011], [111] and [149]. Furthermore, using the single crystal model, we addressed the effects of collinear interactions
on slip activity and instability in multi-slip situations in single crystals loaded in high symmetry orientations. Non-convexity in the
incremental plastic potential attributed to the strong collinear interactions was found to give rise to instability and bifurcation in
the slip activity throughout the equivalent slip systems.
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We then extend the dislocation density-based single crystal model to capture the non-Schmid effect at low temperature where slip
on the {110} planes are more likely to be activated. Specifically, the extended model was found to accurately predict the tension—
compression asymmetry in the single crystals loaded in high symmetry orientations, [001] and [011]. The possible non-convexity
issues in these multi-slip situations was again resolved by introducing random misorientations throughout single crystals in our
numerical simulations.

The single crystal model has been further underpinned by the successful representation of polycrystal behaviors in both
experiments and numerical simulations. We conducted mechanical testing of polycrystal tantalum specimens together with ex situ
neutron diffraction measurements for crystallographic textures and dislocation density at increasing strains. Numerical simulation
results showed predictive capabilities of our modeling framework for the macroscopic stress—strain behavior and the corresponding
crystallographic texturing at low to high strain rates and at low to high temperatures. The polycrystal model was also shown
to be capable of reproducing the Taylor relation in which the flow stress is linearly proportional to the square root of the
dislocation density experimentally evidenced in our ex situ neutron diffraction measurements on dislocation density growth in
the polycrystal specimen at increasing strains. Furthermore, we have investigated spatial variations of rotation and dislocation
density throughout the more realistic polycrystal network using numerical simulations on a Voronoi-tessellation-based polycrystal
network. The numerically predicted local variations of the inelastic features provided insight into the underlying physical pictures
for microstructural evolution within the individual crystals undergoing severe plastic deformation which recently have received
great attention for polycrystal materials (Pokharel et al., 2014; Lieberman et al., 2016; Millett et al., 2020; Charpagne et al., 2021;
Bhattacharyya et al., 2021). Indeed, the bcc crystal plasticity theory needs to be further extended to account for the influence
of grain boundaries and thereby grain size effect that critically influence the characteristics of dislocation motion in and out of
grains of a polycrystal, consequently culminating in substantial change in the macroscopic inelastic features. In addition, short- or
long-range spatial interactions between dislocations and grain boundaries or between different grains throughout the polycrystal
network should be taken into account for accurately modeling extreme events such as damage nucleation and growth. Towards this
end, more realistic, grain boundary conforming polycrystal models must be established using the electron backscatter diffraction
and state-of-the-art measurement techniques for the actual microstructures for bcc materials (Foster et al., 2021).
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Appendix A. Time integration procedure for single crystal model

The implicit time integration procedure we have used in this work is summarized, as follows. Let = = r + Ar. Using the given,

1. F@), F(7),
2. FP(1), s%(t), T(?)

our task is to update {FP(7), s*(r), p*(r)and T(z)}.
Components of the fourth-order elasticity tensor in the global basis are calculated by,
Cijkl = QinijerlsC;qrs’ (Al)

where Cryrs I8 the component of the fourth-order elasticity tensor in the crystal basis and Q is the orthogonal tensor which rotates

the crystal basis to the global basis (e.g. Kalidindi et al. (1992)). Trial quantities are then calculated by,

FS = F(o)FP~ (1), (A.2)
Ci =F FL, (A3)
ES = 3(CE -1, (A.4)
TS = C[ES — A(0 - 6))]. (A.5)
BY = symm[Cerg], (A.6)
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C* = C[B"]. (A7)
The following coupled implicit equations for T¢(z), s*(zr) and p*(z),
N
Te(r) =TS - Y 47, (T8(x), 5°(2))C7, (A.8)
a=1
s%(r) = s%(1) + As® (Ayg(Te(‘r), s (D), PP (1)), (A.9)
(1) = p*(t) + Ap“(Ayg (T8(), (1)), PP(0), (A.10)
with,
« 4 AG Iz =s*@,\* « . qo
Ayg = Aty exp<—m<l - <T)1’> >; where 7% = T(z) : S, (A.11)
As® = At §%(z)
1 Xya? s (A.12)
= st [ X dPr () = 200 () |27 (o), ()|
‘/Zﬁ ab pP (1) Y
Ap® = At p*(7) = %( /; dob ph(z) — 2ygp"(r)>|4yg(Te(f), s%(0))1, (A.13)
where,
kgt | Arp
¢ = 1- In|—=1 ), A.14
Ve ch( Arec n At }-/0 > ( )

are solved using the following two-step iteration procedure.
First, the elastic 2nd Piola stress is updated, keeping s*(z) and p*(z) fixed, by,

TS, (1) = TS(0) - 4,7 '[Gy], (A.15)
N

G, =TS(r) = T + ). Ay,  (TS(x), s5(1))C”, (A.16)
a=1
Al P

=1 C* @ —— Ay, *(T¢(7), s R A.17

2 +a§ ® Fren (T(2). s§(r)) (A.17)

where T is the fourth-order identity tensor. The elastic 2nd Piola stress is accepted if,

|[7,71641] ;| < ATy (A.18)
where AT is the tolerance for stress. The Newton correction in Eq. (A.15) is accepted if,

max |47, (T, (®), s5(®)| < A7, 1ol (A.19)

where 4y, (o is the upper bound for the incremental shear strain rate. Here, we have used 4y, , = 0.5. However, if the constraint
in Eq. (A.19) is not satisfied, the elastic stress (Tj +1) is further corrected by,

(T, (D) = [T;(D)];; + AT, (A.20)

where AT® = — jn" [G,] and 7 is the correction factor. Here, we have used # = 0.25. This correction is repeated until the corrected
elastic stress satisfies the constraint.

Using the converged T¢(z), the slip resistance (s*(r)) and the dislocation density (p“(r)) are simply updated with no iterations
by,

SE(0) = $°(0) + 45" <Ay{j (T2, (), s°@), ol )
Y, a% (A.21)
= s+ e [¥ a0 = 28] ) |4 (T, 0. L)),
VE @t N

A @) = 90 + 4% (478 (TS, @), 5¢0). o]

(A.22)
="+ %(‘ | o) - 2Y?PZ>|AVS(T§+1(T>’ 53@)|-
B
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The slip resistance is accepted if,

a a o
moztlxlsk+l — sl < ol (A.23)

If not accepted, we go back to the first level of the iteration procedure in Eq. (A.15) upon using the updated values, s{,, and p_ ;.
Once T¢(z), s%(z), p*(r) in the two-step iteration procedure are accepted, the kinematic variables are then updated. The Cauchy

stress and the temperature at the end of the increment are then updated by Egs. (14) and (22), respectively.
Appendix B. Computation of material Jacobian

The implicit finite element procedure employed in this work uses a Newton-type iteration which requires a fourth-order tangent
also known as Jacobian at the end of the increment defined by,

JT(z)
W(r) = R B.1
(7) OF, (0 (B.1)
where T(z) is the Cauchy stress and E,(7) is the symmetric relative strain tensor.> The Cauchy stress is calculated by,
1
T(r) = ——— [F¢(0)T(0)F*T(2)]. B.2
(z) detFe(T)[ (DT (0)F* (7)] (B.2)
From Eq. (B.2) we have,
dT = 3 :Fe [dFCTCFeT + FeaTeFeT + FeTedFeT — (FeTeFeT)tr(d FeFe1)). (B.3)
e
Hence, the tangent tensor is expressed as,
1 _
Wit = Sorge Sima Ty + Fio Qi Byl + Fiy T Sioa = F T Frl Spqa By ', (B.4)
with
JoF¢ oT®
S=-— and = —. B.5
OE, Q OE, (B.5)
Since the relative stretch is small in this work,
E, =lnU,~ U, -1, (B.6)
Where U, is the relative stretch tensor. Therefore, dE, ~ dU, and the fourth-order tensor S and Q is expressed by,
oF¢ oTe
S=— and = —. B.7
au, e oy, (B.7)
(1) Calculation of S
The elastic deformation gradient at = can be obtained by,
N
Fe(z) = F(0)FP~!(7) = R,U,Fe(t){l DI A } (B.8)
a=1
Then,
oF® N
d
Sin = —— = RiyimUiymn FEMR 8, — Y Ay, *SE
T 00 U [ @m0 m Py ){ Y Zi > o }]
(B.9)
N N
= RoyiF5 (1) = Ry Fiy(0) Y A1,S = RiginUigmn F® 3, RS -
a=1 a=1
with R* = 4r , and subscript (¢) denotes relative quantities.
2 Calculation of Q
From Eq. (A.8)
oTE N N
ij
Qi = 55— = Dy = D RECE = Y A Tl (B.10)
() kl a=1 a=I
where D = My and J* = %" D is expressed b
oy, ooy, P Y,
Te
(tr)ij 1
Diju = T = 5 Cijmn Lot (B.11)

2 The relative deformation gradient is defined as F,(r) = F(r)F~!(r). Similar to the deformation gradient, the relative deformation gradient tensor also allows
for the polar decomposition, F,(r) = R,(7)U,(r) where R, is relative rotation tensor and U, is relative stretch tensor. The relative strain tensor is then defined as
E,(r) = InU, (7).
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And L is calculated by,

e
L = M =9 [F"._](t)F (0)F, (t)FF~ I(t)]
Y OUy ks WUyl ™ " " i
0
= 50 [ OV W5 0) 3.12)

= Frfli(t)émkénlU(Z)on:j(t) + Frfli(t)U(I)mn(Snk(SplF:j(t)
= FOUq 1, F5(0) + FL (OU gy i F (0.

Furthermore, from Egs. (A.6) and (A.7), J“ is calculated by,

Ca
2 1
@ = = L (CiaomSE  +S¢ ¢
Jx/k[ 0U(z)kl aU(t)kl |:2 ljmn( (tr) mp*0 pn 0 pm (tr)pn):|

(B.13)
1
= 5 [Cijmn[:mpklsgpn + CijmnSgpm[:pnkl] .
Moreover, R* is calculated by,
04y, (T¢) 04y (T°) oTy, . 14
- = =B°0,, . B.
Y Wy T Uy s E19
with
ATy 08 e 077y -
i = 9T = Gra orf  are 20u* S, )
ij ij
Q is therefore expressed by,
N N
Q=D- Y (C"®BIQ- Y 4r,"T". (B.16)
a=1 a=1
Then, rearranging Eq. (B.16), we have,
N -1 N
Q= [1 +2C® B")] [D -y Ayp”.]“], (B.17)
a=1 a=1
N
K=T+)(C"® B, (B.18)
a=1
N
M=D-Y 4 "J" (B.19)
a=1

The computation of the tangent is summarized as follows,

1. U, =R 'F()F (1),

2. ¢ Ijkl lequrile pars’

3. Liju= (t)U(,) ,I,Fe ®H+F,, (t)U(,)mkaj(t),

1

4. Dl/kl zcijmn[:mnkl’

S. ‘7,7/(1 Cumn mpklsop,,+cijmnsgpm['pnkl )

6 B"—‘Myp‘ St 4se

CTi T ore 2( ou"' 011)’

7. Kiji = 60y + Za 1 CEBs (Calculated in reduced form K;;)

8. Myjiy = Dyjyy — Za | Ayp“JI;’k, (Calculated in reduced form M)

9. Qi = ICuman,,k, (Calculated in reduced form Q)
10. Ry = By Quij»

N N

11. Sijk = R(r);kF - R(r)ik Fe Za_ opj = RoyimUiymF, E Za— RZISgp/
12, Wy = de[Fe [s,.mk,TmF;/T +F? ank,FeT +F5 e Sin = Fo Ty B Spqu oy ']

Appendix C. Stress-strain behavior with varying non-Schmid parameters
See Fig. 19.
Appendix D. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.ijplas.2023.103529.
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Fig. 19. Stress-strain behaviors of a bcc single crystal under uniaxial tension and compression with varying w,, w, and w, (strain rate: 10~ s~!, temperature:
77 K). (@) w,, (b) w,, (¢) wy in [001] orientation, (d) w,, () w,, (f) w; in [011] orientation, (g) w,, (h) w,, (i) w; in [111] orientation.
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