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Abstract

Dynamic shear banding under adiabatic conditions in a mesoscale polycrystalline aggregate is
studied using a model of mesoscale dislocation mechanics and experiments. The model involves
a length scale related to hardening induced by excess/polar/geometrically necessary disloca-
tion (GND) density, and utilizes a simple classical crystal plasticity model with isotropic Voce
law hardening. Simulations of statistically representative volume elements of a polycrystal de-
termined from experimental samples are conducted. Studies in 2-d (section) and 3-d capture
the experimentally observed finite-width shear bands and the formation of low-angle subgrain
boundaries even in the absence of heat conduction in the model, as well as size-dependent
strengthening for grain sizes from 1 to 20 um. The 2-d and large-scale 3-d simulations, the
latter involving 1 million finite elements, provide access to the progressive evolution of material
strength, stress state, and temperature in the course of large deformations. GND distributions
accumulate at grain boundaries and form patterned structures within grain interiors, offering
insight into the microstructural changes that precede failure in adiabatic shear bands. Mesh-
converged, delocalized and localized plastic flow to very large deformations without softening is
observed for a significant range of parameters, reflecting a competition between GND hardening
and thermal softening in setting the non-softening steady state in the absence of other ductile
damage mechanisms in the model.

1 Introduction

Adiabatic shear bands are a critical damage and failure mechanism in microstructural metals
subjected to high-strain-rate loading [DBS85), [DB12, [DB15, Wri02]. In applications involving im-
pact, ballistic penetration, high-speed machining, and crash worthiness, deformation occurs rapidly
enough that heat generated by plastic work cannot diffuse away from the deforming region. Un-
der these adiabatic conditions, thermal and recrystallization softening competes with strain and
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strain-rate hardening, resulting in the localization of deformation into narrow bands that often
serve as precursors to fracture. Experiments reveal that these bands have a finite width and are
accompanied by significant microstructural changes, including grain refinement and subgrain for-
mation [DBT5, MLM™21, Der91l HVIT, HVA9IS, MNL™00, MNLX01, MXX'03]. Understanding
the formation and microstructural evolution of these adiabatic shear bands is therefore essential
for predicting material performance under conditions of dynamic loading.

The Split Hopkinson Pressure Bar (SHPB) has long served as the standard experimental
technique for characterizing material response at strain rates of 10? to 10* s~! [RG00]. Stress
wave measurements in the input and output bars provide well-characterized loading conditions,
and make SHPB experiments particularly suitable for studying shear band formation in a con-
trolled and repeatable setting. When combined with the top-hat specimen geometry, which con-
centrates shear deformation within a narrow section of the sample by design, the technique en-
ables localization to occur in a predetermined region. It also produces a nominally shear defor-
mation state that isolates shear band behavior from competing deformation and damage modes
[HKMRIL IMMR6, XGH™05, XBHGIOS, BCX™06b, BHCB07, BRH™10].

However, post-mortem analysis reveals only the final microstructure, not the path that led to
it. The progressive evolution of internal fields, from the onset of plastic instability to the forma-
tion of a mature shear band, remains inaccessible by experiment. Physical theory and simulation
can address this gap by providing access to the full spatiotemporal evolution of these fields, while
boundary conditions informed by experimental measurements enable validation against experimen-
tal observables.

Early observations and understanding of shear bands under adiabatic dynamic conditions are
due to Zener and Holloman [ZH44]. The early theoretical foundations for understanding shear
band formation under dynamic loading were established through linear stability and perturbation
analyses [Bai81l Bai82, BT82, (CDHS84, WF84, [AKSKT|, which identified the competition between
strain-rate hardening, thermal softening, and inertia as the governing factors. In [FMST7], Fres-
sengeas and Molinari developed a modified linear stability approach using relative perturbations
(absolute perturbations normalized by homogeneous solutions), demonstrating better agreement
with nonlinear results. Fully nonlinear numerical simulations extended these insights beyond the
linear regime [WB85, WW&T, Nee89, [SC89, [Fre89]. Shawki and coworkers [Sha94al, [Sha94b] devel-
oped energy-based criteria demonstrating that localization onset is controlled primarily by inertial
forces. Early analytical work by Dodd and Bai [DB85] established that the shear band width is
governed by the thermal length scale introduced through heat conduction, demonstrated later in
computations by [CS95]. In a complementary line of work primarily in the quasi-static setting,
Aifantis and Zbib [Aif87, [ZA88, [ZA89, [ZA92] introduced strain gradients into the flow stress, with
an associated length-scale required on dimensional grounds, and showed, through linear stabil-
ity and nonlinear analyses, that this modification regularizes the localization problem and sets
the shear band width. Comprehensive reviews of these early foundational works can be found
in [Sha94a], [Wri02], and [DB12]. More recent work has suggested a potential role of significant
structural evolution within the material leading to adiabatic shear band formation and maturation
[JMB™19, MBL™17, [LB18, LMBT19, [Cla25al [Cla24. [CTa25b]. Substantial questions remain about
material structural evolution at high deformation rates related to adiabatic shear banding and
experimental observations.

More recent computational efforts have employed crystal plasticity frameworks to capture mi-
crostructural influences on shear band formation [WZT98, TWN02, BCX'06al]. These studies have
shown that shear bands can initiate near triple junctions and propagate across grain boundaries, and
that texture evolution plays a critical role in localization. However, conventional crystal plasticity
theories do not incorporate an intrinsic material length scale and thus cannot capture experimen-



tally observed size-dependent strengthening at the micron scale and below. Various gradient plas-
ticity theories [FHO1) [Gur02, [EBG04, [KT06] have been proposed to address this limitation which
is also expected to affect the prediction of experimentally observed finite width of shear bands.
However, an assessment of such models reveals that fundamental issues remain [MHMI14! [AAA22],
even apart from representing a physically direct association of the gradient effect with the mechan-
ics of dislocation distributions. In the context of shear banding, Kuroda and Needleman [KNI19]
have studied higher-order gradient crystal plasticity in the context of dynamic tensile loading of
planar single crystals, showing that the interaction between an inertia-induced length scale and the
intrinsic material length scale can produce non-monotonic transitions in the localization mode with
specimen size, and that the gradient theory regularizes shear band development.

Mesoscale Field Dislocation Mechanics (MFDM) [ARO6, [Ach11] offers an alternative that in-
corporates an intrinsic length scale through the work-hardening response of the material. That
physical description requires the (magnitude of the) Burgers vector to enter into a coefficient that
mediates the hardening produced due to geometrically necessary dislocations (GNDs), adapting
the works of [MKS&1l, EM84] [AB00] to the setting of MFDM. The theory/model also accounts for
the stress fields of GNDs and their spatiotemporal evolution. MFDM has successfully captured size
effects in constrained shearing [RA06L [PDA11l, [AA20Dbl [AZA20], orientation-dependent behavior in
micropillars [AAA22], and kink band formation in nanometallic laminates [AAA23]. Finite-width
localization, size-dependent strengthening, and dislocation-driven microstructural evolution are de-
sirable attributes for the study of adiabatic shear band formation and structural evolution at the
mesoscale.

In this work, we employ a finite deformation version of Reduced MFDM (RMFDM), first in-
troduced for quasi-static, small deformation analysis in [RPA06] and implemented using the Fast
Fourier Transform in [DBTL20, BTL24, BTL25] for large polycrystalline assemblies. Here, we
extend RMFDM to the finite deformation, dynamic setting, with a reformulation specifically de-
signed for phenomena with finite propagation speeds. A particular feature is the discretization
of the convected derivative of the evolution of elastic distortion in a structure-preserving manner.
While this implementation maintains theoretical equivalence to the version used in [AZA20], it
is numerically distinct. We calibrate the model against SHPB experiments on a quenched and
tempered low-carbon steel and simulate shear band formation in representative volume elements
spanning the shear band region. The simulations capture the experimentally observed finite widths
of shear bands. They also display size-dependent strengthening for grain sizes from 1 to 20 um,
and the formation of low-angle subgrain boundaries, the latter also observed in experiments [HHO0]
and the ones performed in this work.

In the absence of direct experimental evidence of time-dependent evolution at the length and
time scales involved for comparison (as well as the controlled boundary conditions facilitated in
simulation), the simulations provide insight into the progressive evolution of GND density, material
strength, stress state, and temperature within the specific model employed. This work is comple-
mentary to that of [RAY"26], also concerned with the study of dynamic, adiabatic shear banding
modeled at the full macroscopic sample level, without explicit consideration of a polycrystalline
aggregate and associated crystal mechanics.

The rest of this Section contains some notational details and terminology used in this work.
Notation and terminology: Vectors and tensors are represented by boldface lower and upper-case
letters. The action of a second order tensor A on a vector b is denoted by Ab. The inner product
of two vectors is denoted by a - b, while the inner product of two-second order tensors is denoted
by A : B. A rectangular Cartesian coordinate system is invoked for ambient space and all (vector)
tensor components are expressed with respect to the basis of this coordinate system. (-); denotes
the partial derivative of the quantity () w.r.t. the z; coordinate of this coordinate system. e;




denotes the unit vector in the z; direction. The time derivative of a quantity is denoted by ()
Einstein’s summation convection is always implied unless mentioned otherwise. The symbols grad,
div, and curl denote the gradient, divergence, and curl on the current configuration. For a second
order tensor A, vectors v, a, and ¢, a spatially constant vector field b, the operations of div, curl,
and cross-product of a tensor (Xx) with a vector are defined as follows:

(divA) - b=div(ATb), Vb
b (curl A) ¢ = [curl (ATb)} - ¢, YV b,c
c-(Axv)a:[(ATc)xv]‘a, Y a,c.

In rectangular Cartesian coordinates, these are denoted by
(divA), = Aij;, (curlA),; =cipArg;, (A X0),; = eypdrjvk,

where ¢;;, are the components of the third order alternating tensor X.
All strain measures used in discussion of results refer to nominal strain.

Localization: In this work we will identify a region as strain-localized when a context-dependent
measure of deformation in that region exceeds the average of the same measure over the complement
of the region in the domain by a factor of approximately three or more.

Convergence: The term convergence will be used predominantly in the context of convergence
of simulation results w.r.t. mesh refinement. The usage will not be in a strict mathematical sense
utilizing a norm(s), but in an approximate physical sense allowing for deviations deemed reasonable,
given the large magnitudes and high rates of deformation involved.

2 Theory

We present the governing equations for finite deformation MFDM (3) and Reduced MEDM (RMFDM)
(14)-

& = (div(v))a + & — aL? = —curl(a x V + LP) (3a)
W =x+grad f, F¢ = W1
curlx = —« } (3b)
divx =0
div (grad f') —div(axV + L —x —xL) (3¢)
div [T(W)] = po (3d)

& = (div(v))a + & — aLl = —curl(a x V + LP) (4a)
Fe=w! (4b)
W+WL=axV+LP (4c)

div [T(W)] = pv (4d)

Here, W denotes the inverse of the elastic distortion tensor F¢, decomposed in MFDM into an
incompatible part x and a compatible part grad f, where f is the plastic position vector. The tensor
«a represents the dislocation density, v is the material velocity with velocity gradient L = grad v,



and T is the symmetric Cauchy stress. The mass density is denoted by p, and V represents the
dislocation density field. All fields in the MFDM system are understood as space-time running
averages of their counterparts in the underlying FDM theory [AA20a]. The field LP, the plastic
strain rate produced by statistical dislocations (SD), captures the averaged plastic straining rate
arising from dislocations not resolved by the GND/Excess dislocation density, as discussed in
[AA20a), Sec. 3]. The plastic strain rate of the GND density is given by a x V.

The systems —, in principle, are two theoretically equivalent forms of MEDM theory as
discussed in [Achlll App. B]. The alternate forms result from how the evolution of the inverse
elastic distortion W is described. In the context of numerical algorithms, is better suited
for situations where quasi-static balance of linear momentum is a good idealization. Here, the
elastic stress field of a dislocation density distribution is subject to ‘instantaneous propagation’
throughout the domain. Under dynamic balance of linear momentum without ignoring inertia,
this is not true, and is better suited for numerical computation of finite speed of propagation
phenomena. On the other hand, unlike MFDM, it does not allow the calculation of the elastic
distortion field consistent with a prescribed GND tensor field, see above. It is the form
of the MFDM that we adopt in this work, which entails the use of a slightly different algorithm
than the one described in [AZA20]. As noted in the introduction, RMFDM was first employed for
quasi-static, small deformation analysis in [RPAQG]; here we extend its use to the finite deformation
and dynamic settings. Separately, an FFT-based implementation of RMFDM has been applied in
[DBTL20, BTL24, BTL25|] to study large polycrystalline assemblies under quasi-static conditions.

MFDM requires constitutive statements for the stress T', the plastic distortion rate LP, and the
dislocation velocity V. The details of the thermodynamically consistent constitutive formulations
are presented in [AZA20]. To complete the systems of equations, boundary conditions are required
for o, v and initial conditions for o, v, W, and the motion map. The constitutive equations for the
theory are given in Tables below.

2.1 Boundary conditions

e The « evolution equation needs a convective boundary condition of the form (a x V' + LP) x
n = @, where @ is a second order tensor valued function. @ is a function of time and position
on the boundary. It characterizes the flux of dislocations at the surface, defined by outward
unit normal field n, satisfying the constraint &n = 0.

The following boundary conditions are valid for the evolution of a:

— Constrained: This condition applies, @(x,t) = 0 at a point x on the boundary, for all
times. This restricts movement of the dislocations at the external boundary to just be
tangential, along with making sure that no dislocation is exiting the body. This makes
the boundary plastically constrained, and hence referred to as no-slip or rigid boundary
condition.

— Unconstrained: Specification of dislocation flux a(V - n) on the inflow part of the
boundary, along with L? xn simply evaluated at the boundary, can be used as a less
restrictive boundary condition. The quantity (curla x m) is imposed to be zero for all
the calculations in this project.

e Based on the problem of interest, the material velocity boundary conditions are applied.



2.2 Constitutive relations

In the MFDM framework, constitutive relations are required for the stress T', the plastic distortion
rate LP, and the dislocation velocity V. The thermodynamically consistent formulations of these
constitutive relations are detailed in Sec. 3.1 of [AA20b]. The constitutive relation for the Cauchy
stress and mesoscopic core energy density is summarized in Table Additionally, Tables [2] and
outline the constitutive relations for the SD plastic distortion rate, LP, and GND dislocation
velocity, V, respectively. The evolution equation for material strength is provided in Table
building on the work [ABO0O].

The appearance of the thermally-softened strength gy in the expressions for the scalar rates
A%, 4 is of note in relation to the representation of higher plastic straining in regions of higher
temperature, for otherwise equal driving (resolved shear/deviatoric) stresses.

1
2p*

Saint-Venant-Kirchhoff Material ¢(W)=-—FE°:C: E°, T = F¢[C: E|F"

1
Core energy density T(a) = Pt
p

Table 1: Constitutive relations for Cauchy stress and core energy density.
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Table 2: Constitutive relations for plastic strain rate of SDs, L?, for the MFDM variants of J, and Crystal
plasticity.
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Table 3: Constitutive relations for material strength g.
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Table 4: Constitutive relations for dislocation velocity V. a x V' gives the plastic strain rate of GNDs.

The various input material parameters and descriptors entering the constitutive equations in
Tables are as follows: p* is the mass density of the pure, unstretched elastic lattice, C is the
fourth order elastic tensor, u is the shear modulus, m represents the material rate sensitivity, while
4o and 4, denote the reference strain rate and the magnitude of statistical dislocations (SD) slipping
rate on the k™ slip system in the crystal plasticity model, respectively. The number of slip systems
is given by ng, with m*, n* and mlg,nlg representing the slip direction and slip plane normal in
the current and unstretched lattice configurations respectively. The material strength parameters
include the initial, gy, and saturation, gs, while hg characterizes the Stage 2 hardening rate. The
constants kg and n govern the GND related hardening contributions [AB00]. Additionally, b denotes
the Burgers vector magnitude of a full dislocation in the crystalline material. The quantity [ is
a material length related to the gross modeling of mesoscale effects of dislocation core energy.
The length [ controls the refinement of the GND microstructure and does not influence the length
scale effects as shown in [AZA20]. Both k¢ and [ are the only two additional parameters to the
well-accepted model of classical crystal plasticity theory [Asa83, [KBA92, BKA92, [Ana04].

To model thermal softening, we update the material strength law to model the effect of change
in the temperature on the material according to . The updated material strength, gg, is defined
from the current strength, g, as shown in through a simple, commonly used power-law soften-
ing relationship, where 6 and 6y represent the current temperature and a reference (often room)

temperature:
0 P
99 =9 <00> . (5)

The temperature of the body, 6, is updated using idealized balance of energy under adiabatic
conditions according to

0=8T: W Y axV+LP), (6)
K

= — 7

B P (7)

with & the Taylor-Quinney coefficient, p the mass density, and ¢, the specific heat capacity of the
material.
The isotropic elastic moduli are updated as

D 2
p=p |1- —2 and A = (8)

exp(%o)—l 1—2v

where pi is the shear modulus at reference temperature 6y, and Dy is a parameter accounting for
the softening in the elastic moduli.

Classical Jo and Crystal plasticity formulations from MFDM: To produce results corresponding to
the classical plasticity versions of these constitutive models, we simply set [ = 0,kg = 0,V = 0.




This effectively also implies that the a evolution equation (4al) does not have to be solved in such
cases.

3 Algorithm and verification

The numerical algorithm used to solve the system is briefly mentioned here, with more details
to be found in [AZA20].

The weak forms of the governing equations of MFDM at finite deformation used in this paper for
dynamic cases are presented. This is followed by the algorithm summarizing the implementation.

The FEM formulation and computational algorithm outlined here remain general and do not
depend on specific constitutive choices for LP, V' or T. To solve the governing equations, we
employ a numerical scheme based on discrete time increments. Considering a typical step from "
to "+, any quantity (-) evaluated at these time instances is denoted as (-)" and (-)"*!, respectively.
The time increment At” is given by A" = ¢+ — 7,

o Weak form for v

As described in [AZA20)], the finite element mesh is moved to update the geometry using the
material velocity field v. Balance of linear momentum equation is solved on the current
configuration. Given the stresses and material velocity in the domain 2", the velocity at the
next time step, v" 1!, is obtained using the Forward Euler method as follows:

/n p(U;H—l - v?)dvi dV = Atn (/&Qn tiévi dA — /Qn Tijévm dV) .

To improve computational efficiency, the mass matrix is lumped. It is verified that the
lumping process does not significantly impact the accuracy of the results.

o Weak form for o

As discussed in [AZA20], the a transport equation exhibits nonlinear wave type solutions.
An explicit Galerkin-Least-Squares FEM approach is adopted here to solve (cf. [VBAFQ6)
for an algorithm in the small-deformation setting), with diagonal lumping for the ‘mass’ term
explicitly displayed in @ Using L? = L? + Beurla, becomes

tr(L)a + & — aL™ = — curl (a X V+f,p+6curla> .

[ o (g~ ag)av+ R =0 (9)

where,

9 Mg
§= <f” S |&’“|) (10)

k
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Here, L,V and L? are considered known data. The boundaries 02" and 0f2] denote the
inflow and outflow portions of 92", respectively. The term B represents the input dislocation
flux, given by a (V.n) on 92". (27 indicates the interiors of the elements. The gradient of
B is ignored in the Least-Square stabilization due to degrading computational approximation
observed practically. We choose ¢ = 1 for MFDM calculations, unless stated otherwise. The
reasoning is elaborated in [AZA20].

e Updating inverse elastic deformation

The new contribution in this work is the algorithm for the evolution of the inverse elastic
distortion field, (4c|), discretely evolved as follows: W is not directly discretized in time.
Noting that

WAWL=axV+L « WFF'=axV+L? (12)

with F representing the deformation gradient (w.r.t an arbitrarily chosen, but fixed, reference
configuration), WF is discretized in time so that when the right-hand side of vanishes,
W = F~!is recovered in discrete time. The exact update scheme is shown in , where a®
denotes the field a at time b:

Wt+AtFt+At _ WtFt

Y = (ax V + LP)" (F). (13)

3.1 Algorithm

Based on the schemes discussed above, we evolve the coupled system . A robust and efficient
time stepping criterion used for this model is explained in detail in [AZA20]. Briefly, these criteria
are based on plastic relaxation, elastic wave speed in the material and a 0.2% yield strain threshold.
A cut-back algorithm is used to ensure stable and robust evolution of state variables. This carefully
controls the magnitude of plastic strain in each increment. The algorithm used for the simulations
in this work is presented in Table.



Table 5: Algorithm for dynamic MFDM

Given: Material properties, initial conditions, boundary conditions, and applied loading
conditions.

Evolution of the system: Assume that v" !the state at time t" is known:
", a™, V" LP, At", W". To get the state at time step t"*! the following is done:

e Material velocity v" is obtained by solving the balance of linear momentum Eq. (4d))
o,

e "t on 2"F! is obtained by solving weak form of o evolution equation (I1]) on £27.

e The configuration of the body is discretely updated, i.e., "t = " + v" A",

o W"*t! on "+ is obtained by using Eq.

State acceptance criteria: Let PSR = (max(|Feax V|" ) +max(3"*1)). If PSRx At" <
0.002, the state is accepted. At"*! based on the new state, is calculated as discussed in
[AZA20] Table 6 and this algorithm is repeated to get state at increment ¢"*2. If the
condition is not satisfied:

e Go back to the state at time ¢™.

e Use At™"Y = min (%, 0.5At") and repeat the algorithm to obtain a new state at
RS

3.2 Verification

For verification, we have applied a constant velocity in the uniaxial compression test as shown in
Fig.[1l As expected, this constant loading produces an elastic wave first, followed a the plastic wave
- we use the Jo-MFDM plasticity model for this exercise. The domain selected for this simulation
is 10 x 15 uwm?. We calculate the speed of the elastic and plastic waves separately, as discussed
below:

o FElastic wave speed: This speed is calculated based on the displacement profile. Specifically,
we plot the displacement along the vertical line x = 0, as shown by the black line in Fig.
The obtained result is presented in Fig.[2] It is observed that the ratio of the analytical linear
elastic dilatational wave speed and the calculated speed is nearly 1. This verifies that the
simulation is producing the expected elastic wave speed.

10



Figure 1: Schematic showing the boundary condition used for verification. A uniform velocity is applied
at the top surface, where A is the applied strain rate. The displacement profile and the stress deviator are
discussed along the black line. The origin is at the center of the domain.

Figure 2: Displacement along the z = 0 line, plot-
ted at different times to calculate the elastic wave
speed.

Figure 3: Norm of deviatoric stress (¢ ) normalized
by yield stress (go) along the 2 = 0 line.

o Plastic wave speed: We define the plastic wave speed as the rate at which the plastically
yielded material front is moving through the domain as explained in the following. The wave-
front of o/ = ||, the magnitude of the deviatoric stress tensor, is tracked in the simulation
and its speed calculated. This measure serves as an effective indicator of plasticity. The
deviatoric stress normalized by the yield stress is plotted along a vertical line (the black line
in Fig. [1)). Fig. 3| shows smoothed curves to enable clearer analysis. Smoothing is performed
by taking a moving average, over a fixed size, of the original curve.

The elastic wave speed calculated in this case is approximately 1.8 times the linear elastic
dilatation wave speed. This is reasonable because a nonlinear elastic material has a linearized
elastic modulus which depends on elastic strain and typical nonlinear elastic materials be-
come stiffer with increasing compression [ZAWBI5]. Moreover, the plastic wave speed, ap-
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proximately half the elastic wave speed, aligns with experimental findings that plastic wave
speeds in steels typically range between 0.2 and 0.6 times the elastic wave speed [MCOS].

4 Motivating experiments and general considerations for the sim-
ulation studies

SHPB, also known as the Kolsky bar [Kol63], is a well-established experimental technique for char-
acterizing material behavior at high strain rates, typically in the range of 102-10% s~!. A schematic
of the apparatus is shown in Fig. The setup consists of three main components: a striker bar
(not shown in the figure), an incident bar, and a transmission bar, with the specimen sandwiched
between the incident and transmission bars. Upon impact of the striker bar, a compressive stress
wave propagates through the incident bar. At the specimen interface, part of this wave is reflected
back into the incident bar while the remainder is transmitted through the specimen into the trans-
mission bar. Strain gauges mounted on the incident and transmission bars record the incident (¢;),
reflected (€,), and transmitted (e;) strain pulses, from which specimen stress, strain, and strain
rate can be inferred. Details of the experimental protocol and underlying formalism can be found
in [RGOO].

Figure 4: Schematic showing the components of the Split Hopkinson Pressure Bar apparatus: striker bar,
incident bar, specimen, and transmission bar.

Cylindrical specimens (6 mm diameter x 6 mm height) machined from an % in. steel plate
along three orthogonal directions were characterized by loading at several different initial tempera-
tures and strain rates [RAY26]. Tests were conducted at nominal strain rates exceeding 1000 s~
and the measured stress—strain response was used to calibrate our model parameters, as discussed
in Sec. The cylindrical geometry, in combination with uniaxial compression boundary condi-
tions, produces a nominally homogeneous deformation field throughout the specimen. We perform
simulations on a statistically representative volume element (RVE) [BPST26| subjected to bound-
ary conditions derived from the experimental loading, rather than simulating the full macroscale
specimen.

To study adiabatic shear band formation, SHPB experiments were performed using a top-hat
specimen geometry. The top-hat geometry features a reduced section (shown in Fig. which
concentrates deformation into a predetermined shear zone, enabling controlled and reproducible
shear band initiation [MMS86]. This design allows for targeted post-mortem characterization of the
shear band region.

Rather than modeling the entire specimen, we focus on a statistically representative RVEs in
the size range of 10 um - 160 um, which encompasses the range in which adiabatic shear bands are
experimentally observed, as shown in Fig. pk and Fig. [7]

The polycrystalline microstructure used in the simulations here is described in [BPS™26]. Differ-
ent boundary conditions, initial conditions, and geometries are employed to probe distinct aspects
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Figure 5: Top-hat specimen configuration in the SHPB setup: (a) undeformed assembly with deformation
limiters, (b) deformed configuration showing localized shear regions, and (c) Scanning electron micrograph
of a recovered specimen cross-section.

of localization and thermal softening in dynamic shear banding phenomena.

4.1 Experimental observations

Experimental observations provide critical insight into the observed phenomenology of shear band
formation and evolution, and guide the selection of appropriate test problems studied in our simu-
lations.

Localization behavior was observed under dynamic loading (Fig. [7]) conditions. The polycrys-
talline microstructure used for analysis was informed by high-resolution electron backscatter diffrac-
tion (EBSD) measurements of the undeformed material. A ZEIS GEMINI microscope equipped
with Oxford Symmetry S3 EBSD detector was used. An EBSD step size of 15nm. was used to
collect data. Dictionary indexing (DI) was used to index the EBSD patterns.

In this dynamic test configuration, the incident bar strikes the specimen at high impact velocity
(Fig. ), initiating deformation localization in the region highlighted in Fig. . The deformation
localizes into a narrow adiabatic shear band at the hat—brim interface of the specimen. The band
maintains a finite width on the order of 10 — 40 um. and remains sharply defined throughout
deformation.

This finite-width character of the shear band is a key experimental observation that forms one
of the primary questions of our modeling studies.

A particularly noteworthy observation from the EBSD analysis (Fig. [7) is the development
of intragranular substructure within the shear band region, with the grains exhibiting a slender,
elongated morphology approximately parallel to the shear band. The inverse pole figure (IPF)
maps reveal subgrain formation at large deformation. These microstructural features suggest that
dislocation density evolution plays a central role in the process of shear banding.
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Figure 6

Figure 7: Scanning electron micrographs (left) and IPF maps (IPF parallel to the loading direction y) via
EBSD (right) of the top-hat specimen under continuous dynamic loading at displacement increments of (a,b)
AL =0.14 mm, (c,d) AL = 0.25 mum, and (e,f) AL = 0.34 mm. Progressive deformation localization (left)
and grain refinement with subgrain formation (right) are evident.

4.2 A scaling argument to speed up mesoscale simulations

Results from a SHPB test [RAY 26| on a cylindrical specimen are used to determine the boundary
conditions that are applied to an RVE of the steel and the material parameters of the model. A
schematic of the applied boundary conditions is shown in Fig. with details given in Table. [6]

The procedure for determining the velocity boundary conditions on the specimen from experi-
mental data obtained from the test is first outlined. A detailed description of the approach can be
found in [RGOO].

Velocity boundary conditions for SHPB simulations

(a) (b)

Figure 8: (a) Experimental strain gauge readings from the SHPB test, and (b) velocity boundary conditions
derived for the simulations.
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The experimental data available from the SHPB test are the strain gauge readings shown in
Fig. To obtain the velocity boundary conditions for our calibration simulations, one-dimensional
wave analysis is employed. The resulting velocity histories applied at the left and right specimen
boundaries are shown in Fig. In this figure, time zero corresponds to the instant when the
incident wave reaches the left interface. The boundary condition on the right interface is applied
with a time delay equal to the wave transit time through the specimen, calculated using the elastic
wave speed of the material. The velocities at the left (v;) and right (v,) boundaries are computed
from the strain data as:

U = Cp (fz 67”) ) (14)

v = cp (&),
where €;, €., and ¢; are the incident, reflected, and transmitted strain pulses, respectively, and ¢y is
the elastic wave speed in the pressure bars.

This approach ensures that the simulation boundary conditions faithfully represent the loading
history experienced by the specimen during the experiment, capturing the initial stress wave arrival
as well as the subsequent wave reflections within the specimen. In the simulation configuration
(Fig. , the specimen is oriented vertically: the left experimental boundary is mapped to the
top boundary and the right experimental boundary to the bottom boundary. The velocity boundary
conditions v; and v, are accordingly applied.

Dimensional analysis to reduce wall-clock time for mesoscale simulations

As mentioned, we consider RVEs of linear dimension in the ~ 10 —100 pm range. The experimental
specimen has a characteristic dimension of Hey, = 6 mm, and the velocity boundary conditions
shown in Fig. correspond to this full-scale specimen. For the RVE of size Hryg, we make the
assumption of calibrating the behavior of the RVE at the same applied nominal strain rate as the
macroscopic SHPB cylindrical sample for which homogeneous deformation conditions are expected
to set in after a few wave reflections. Hence,

Vexp URVE Hgrve
A= = , = URVE = Uexp ' 77—
H exp HRVE H exp

(15)

where A is the applied strain rate, and vryg and vex, are the velocity differences between the top
and bottom faces of the RVE and the experimental domain, respectively (vezp = v; — v(14))). Thus
the physical problem that is simulated for the Hgryg sized sample for the purposes of calibration
uses the above scaled magnitude for the velocity-time profile shown in Fig. 8bl

The main obstacle when simulating smaller domains and/or the finer meshes (on the scale pm)
is related to wall clock time taken by simulation for an adequate mesh refinement. As the time
stepping is directly proportional to the element size (Courant-Friedrichs-Lewy (CFL) condition) and
inversely proportional to the elastic wave speed, when the element size is reduced by a factor with
elastic wave speed remaining constant, the simulation time increment decreases and the number
of time-steps required for reaching a prescribed strain level at a fixed strain rate, increases by the
same factor.

We use Dimensional Analysis [Bar96] to overcome the above bottleneck. This approach is
fundamentally based on the idea that physics does not depend on the physical units used to describe
any chosen natural phenomena. Relevant observables of the modeling and simulation setup can be
written as a function of dimensionless ratios as shown in (example shown for the true stress

Jt)i

ot _ (E Y o Ve

b
gO 9707 f7A7 H(fA)7E7f7 K, kU) 9 (16)
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where oy is the true stress, gg is the initial yield strength, E is the elastic modulus, Ay is the reference
plastic strain rate, A is the applied strain rate, H is the length of the domain, V, = \/FE/p is the
elastic wave speed, p is the mass density, b is the magnitude of the Burgers vector, f, x, kg are non-
dimensional parameters representing the scaling factor by which the applied strain rate is increased,
the Taylor-Quinney coefficient @, and the GND hardening coefficient (Table. |3), respectively.

The main idea is to reach the same strain in a smaller number of steps and if we can increase
the amount of strain in each step, keeping the same time stepping, we can resolve the issue. This
idea translates to increasing the applied strain rate by a factor f (i.e., A — fA), while ideally
maintaining the ratios in in which A appears fixed. Thus, we increase the reference plastic
strain rate, 4g, by the same factor f. The other ratio, V}QH representing the ratio of an elastic
strain-rate defined by an elastic wave speed and specimen geometry to the applied strain rate, is
assumed to have no significant effect on the results pertaining to plasticity effects, within the strain
rate range of interest. This assumption is verified a-posteriori. As shown in Fig.[9] the assumption
holds within the given strain range. Here, both A and 4 have been increased by the same factor.
The factor used for our simulations is f = 150 to balance the computational gain with making sure
that the differences in stress-strain response between the f =1 and f = 150 profiles in Fig. [J] are
minimal.

Using this approach, the simulation time for a given problem was reduced to nearly 1/10"* when
A was increased by a factor of 25. Initially, the simulation for the given domain was estimated to
take around 120 hours (based on extrapolation) using 128 cores. After applying the dimensional
analysis approach, the same strain was achieved in just 12 hours by scaling A and 4y appropriately.
Using more cores results in a speedup. For the same problem, if 128 cores take 12 hours, the task
can be completed in approximately 8 hours with 256 cores, without any further attention paid to
code efficiencies.

Figure 9: Comparison of stress-strain curve for different values of applied strain rate but keeping the non-
dimensional ratio, %%7 fixed. Different values of f are shown in legend.

Calibration for 2-d simulations: The experimental stress-strain response shown in Fig. [10]is used to
define the initial yield stress, go, and the Stage II hardening rate hg of the material model. Elastic
properties are obtained from independent material characterization tests.
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Figure 10: Stress-strain response from the SHPB experiment compared with the simulation.

(a) (b)

Figure 11: 10 < H < 160 (um). (a) Boundary conditions for compression and (b) boundary conditions
used for simulating a shear band. Details of these boundary conditions are listed in Tables @ and

Table 6: Boundary conditions for Compression.

Boundary Type Condition

Top Traction and velocity ¢, =0, v, =y
Bottom Traction and velocity t, =0, v, = v,
Left and Right Traction-free t=0

vy: y-component of velocity; v;, vr: prescribed velocities at the top and bottom boundaries from SHPB
data; t;: traction component in the x-direction; ¢: traction vector. Note: the simulations do not include
the unloading phase of the SHPB data.
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Table 7: Boundary conditions applied for shear band studies in 2-d.

Boundary Type Condition

Top Prescribed velocity v, = v1 = AH/2, uniform v, via MPC
Bottom Prescribed velocity v, = v1 = —AH/2, uniform v, via MPC
Left and Right Periodic BC Velocity periodicity in « and y

vz, Uy: components of the velocity vector; A: applied strain rate; H: height of the RVE; MPC: multi-point
constraint enforcing uniform vertical displacement. The loading is applied as a step in time, with the
velocity equal to zero at ¢ = 0 and held constant for all subsequent times.

5 Results and Discussion

We present and discuss results of various 2-d and 3-d simulations that were performed to under-
stand the behavior of the model. Behavior under boundary and initial conditions that would induce
both nominally homogeneous and heterogeneous deformation in quasi-static motions of a homoge-
neous material are employed in our dynamic simulations. Comparisons with predictions of classical
plasticity theory are provided where appropriate. Details of the evolution of the microstructural
state of the material are also shown.

We take as an estimate of the initial statistical dislocation density, ps (see [AA20al, Eqn. 5] for
the definition of the statistical density ps at any time), as

2
- 90
pS = —_— . 17
<nub) )
5.1 Model setup and material parameters: 2-d simulations

The RMFDM model requires initial conditions for four field variables: velocity (v), GND density
(av), inverse elastic distortion (W), and the motion map (x). The velocity field is initialized to zero
throughout the domain, except at the boundaries where loading is applied. The GND density is ini-
tialized to zero. The initial inverse elastic distortion W is set to the transpose of the rotation field
that characterizes the polycrystalline microstructure, thereby encoding the crystallographic orien-
tation of each grain. In principle, such an (strain-free) inverse elastic distortion field corresponds
to a localized GND distribution at the grain boundaries through its curl field. We intentionally do
not include this contribution in the initialization of « - thus, all subsequent GND accumulation at
grain boundaries is an (physically realistic) outcome of our framework.

The polycrystal microstructure used is shown in Fig. In this 2-d setting, a synthetic mi-
crostructure is constructed, with crystallographic orientations arbitrarily assigned to each grairﬂ,
and uniform within it. In the 2-d setting, the orientation of each grain is characterized by a single
rotation angle. The grain shapes and sizes are obtained from a cross-sectional plane through the
center of the full 3-d polycrystal described below.

Boundary conditions are imposed on both v and «. For the velocity, periodic boundary condi-
tions, as shown in Fig. are applied on the lateral (side) faces in both directions (Table [7). On

!The synthetic orientation distribution is generated by arbitrarily assigning the in-plane rotation angle for each
2-d grain to be the first angle of its corresponding experimentally determined orientation field.
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(deg.)

Figure 12: Rotation angle field in the undeformed configuration. Different colorbar scales are used to
highlight the grains.

the top and bottom faces, a prescribed shear velocity is applied in the horizontal direction, while
in the vertical direction, multi-point constraints (MPCs) are used to enforce uniform displacement
of the boundary nodes. This constraint ensures that the top and bottom surfaces remain planar
throughout the deformation. For the GND density, unconstrained boundary condition (as described

in Sec. is imposed.

The simulation settings and material parameters are listed in Table. [8]
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Model Parameter Value | Description
Ao (571) 0.001 | Reference plastic strain rate (Table.H
m 0.03 | Rate sensitivity exponent (Table.
go (GPa) 0.450 | Initial yield strength (Tablc.
gs (GPa) 0.450 | Saturation yield strength (Table. w
ho (GPa) 0 Stage 2 hardening rate (Table. w
Classical Crystal E (GPa) 200 | Young’s modulus
Plasticity
v 0.30 | Poisson’s ratio
p (kg/m?) 7830 | Mass density
b (A) 4.05 | Burgers vector magnitude (Table.
n % Taylor relationship constant for macroscopic strength vs. dislocation density (Table.H
ko 0.5 Constant in coefficient defining GND hardening (Tablo.H
MFDM (additional)
1 (um) 0.1732 | Constant in coefficient defining core energy density (Table.H
0y (K) 293 | Reference temperature
Thermal Parameters | P 0.38 | Exponent in thermal softening law
(Classical plasticity)
K 0.55 | Taylor-Quinney coefficient
Cp, (J/Kg .K) | 490 | Specific heat capacity
Dy % Parameter related to elastic moduli softening @

Table 8: Material parameters used for 2-d simulations, unless mentioned otherwise. ky has been varied for

the size-effect investigation.

Table 9: Computational details for the 2-d MFDM simulations.

2-d
Domain size 80 x 80 pm?
Elements 25 x 104
Strain reached 1.80
Slip systems 3

Nominal strain rate 4 x 103 g1

Cores 512

Wall-clock time 8 hrs

Planar slip systems are required for 2-d simulations. However, most, if not all, crystal structures
(including BCC Iron) lack planes containing multiple slip systems. To approximately accommo-
date this feature within a 2-d ansatz, we used a least squares projection of the two predominant
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deformation slip systems onto a single analysis plane (as shown in Fig. [13| (a)).

(a) (b)

Figure 13: (a) Schematic showing the slip systems considered and the corresponding analysis plane. (b)
Crystallographic view of the slip systems and the analysis plane.

The analysis plane is defined by the normal, n, determined by solving the following optimization,

F(z)=(n;-2)%+ (m1-2)?+ (ng-2)* + (my - 2)?

n = argmin F'(z)
z,|z|=1

where my;, n; are, respectively, the slip direction and the normal to the slip plane for the i** slip
system.

The two projected slip systems capture the dominant deformation modes of the crystal within
the analysis plane. A third slip system is then introduced along the remaining in-plane direction
to ensure a reasonable level of plasticity.

5.2 Modeling adiabatic shear bands

We analyze shear band formation using two models — Classical Crystal Plasticity (CCP) and
MFDM. A key feature of MFDM is its explicit treatment of GND density evolution via the Nye
tensor, which naturally incorporates an intrinsic material length scale and GND-induced hardening
— factors of some significance in the shear localization problem. The two models are compared
with respect to convergence of results upon mesh refinement and the predicted shear band width
against experimental observations, keeping in mind that the deformation of an RVE is studied
under boundary conditions suited more for inducing nominally homogeneous deformation (in a
homogeneous material under quasi-static conditions).

The stress-strain curve is obtained by computing the engineering shear strain from the relative
lateral displacement between the top and bottom boundaries and the shear stress from the z-

21



(a) (b)

Figure 14: Stress-strain curve for (a) Classical crystal plasticity (CCP) and (b) MFDM for mesh refinements
of 1002, 2002, 5002 elements.

(a) (b)

Figure 15: The (shear) Fi2 component of the deformation gradient using the Classical crystal plasticity
formulation for (a) a coarse mesh (2002 elements) at an applied strain of 0.3 and (b) a fine mesh (5002
elements) at an applied strain of 0.08. The simulation on the fine mesh could not progress further.
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(a) (b)

Figure 16: The (shear) Fj5 component of the deformation gradient at an applied strain of 0.3 using the
MFDM formulation for (a) a coarse mesh (200% elements) and (b) a fine mesh (500% elements).

component of the reaction force on the top boundary.

Au
==
H7
Tg
T=—=
S7

where I' is the engineering shear strain, Aw is the relative lateral displacement between the top
and bottom boundaries, H is the height of the domain, 7 is the shear stress, r; is the x-component
of the reaction force on the top boundary, and S is the area of the top boundary.

We first examine the convergence of the stress-strain response in Fig. [14| under progressive mesh
refinement, with mesh densities of 100, 200, and 500 elements per direction. The oscillations seen
in Fig. are the result of elastic wave interactions with the boundary when signficant portions
of the domain have undergone elastic unloading, observed here primarily due to the (small) size of
the domain. The size involved also prevents a direct comparison of the stress-strain response with
that of an experiment.

As shown in Fig. the stress-strain curve for the CCP case diverges with refinement, and the
simulation eventually fails due to the localization of shear in a narrow band (Fig. . In contrast,
the stress-strain behavior in Fig. obtained using the MFDM approach remains nearly identical
for all mesh sizes as shown.

The non-convergence in the stress-strain response of CCP (Fig. is also observed in the
deformation fields in the domain (Fig. . MFDM produces a significantly more homogeneous
deformation field in comparison (Fig. with no localization (as defined in Sec. , and the
field remains approximately consistent across both mesh resolutions. The field produced by CCP
localizes into a narrow band across the domain, accompanied by increased strain concentration
within the band with refinement (Fig. : the maximum value of I inside the band increases
from approximately 0.88 on the 200? mesh to approximately 1.20 for the finer mesh, a roughly
32% increase in strain. This difference arises because classical crystal plasticity lacks an intrinsic
material length scaleﬂ As shown in [Nee8§|, the strain within the band will keep increasing with
refinement, even though with rate-dependence and inertia, the band width can attain a converged

2The ratio of the grain size to the domain size introduces a non-dimensional parameter related to lenght scales,
but this is not sufficient to influence the non-convergence of the strain field.
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value. MFDM, however, has an intrinsic length scale through the Burgers’ vector involved in
defining the GND hardening term (Table. [3]) resulting in mesh-independent fields.

5.3 Size effect

(a) (b) (c)

Figure 17: Stress-strain curves for varying domain sizes using (a) classical crystal plasticity (CCP), (b)
MFDM, and (¢) MFDM with higher ko value. The average grain size is ~ one-tenth of the domain size
mentioned in the plots.

Next, we briefly present results that demonstrate the size effect captured at this length scale.
Experiments have established that metallic materials exhibit a pronounced size-dependent strength-
ening response: as specimen dimensions decrease, the material becomes harder, providing greater
resistance to plastic flow [NT91, BACT00]. To explore this effect in the present context, we perform
a series of simulations in which the domain size is scaled from 10 to 160 pm in a self-similar manner,
maintaining a constant ratio of grain size to domain size of approximately 1/10.

Classical crystal plasticity predicts size-independent behavior and thus cannot capture experi-
mentally observed phenomena, as shown in Fig. MFDM, by incorporating the Burgers vector as
an intrinsic length scale, and accounting for the contributions of GNDs and their effect in harden-
ing, enables the prediction of size-dependent mechanical response. This effect is more pronounced
as we increase the material parameter, ko; an example for the same is shown in the Fig. This
observation aligns with the understanding that, accounting more for GND hardening results in
more pronounced size effects. Size effects have been simulated in different problems using MFDM.
Here, we have shown it in the context of shear banding. As alluded to earlier, in all stress-strain
traces shown in Fig. the small plateaus are the result of elastic waves from the interior impinging
on the top surface where the reaction force is calculated.

Additionally, Fig. m shows that as the domain size increases (with grain size maintained at
one-tenth of the domain size), the size effect diminishes and eventually saturates. This behavior is
consistent with experimental observations, where size effects become negligible in the limit of large
grain sizes [NT91].

5.4 Microstructure evolution

We present results characterizing the possible microstructure evolution in the steel microstructure,
with the aim of studying the dynamic behavior and failure mechanisms within the shear band.
Adiabatic shear bands are often precursors to fracture in high-strain-rate applications such as
ballistic impact, machining, crashworthiness. Understanding microstructure evolution spatially can
help identify early signatures of localization before catastrophic failure, enabling better predictive
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models for structural integrity. The state variables used to describe this evolution are GND density
(pg), material strength (gg), the magnitude of the stress deviator (¢’), and temperature (¢). Fields
are shown at overall strain levels of 0, 0.15, and 0.30, corresponding to the stress-strain response
in Fig. We will discuss these results.

GND evolution
The GND density is calculated using the measure

o el
g b’

where b is the magnitude of the Burgers vector. Fig. [18] shows the spatial distribution of the GND
density on a logarithmic scale. As shown in Fig. (a) and mentioned earlier, the simulation begins
with zero initial GND density throughout the polycrystal, i.e., no pre-existing GNDs are assumed
within the grains or at the grain boundaries. Of course, the initial statistical dislocation density in
the material is non-vanishing and is given, for the 2-d simulations, by

ps A~ 1.995 x 10 m 2.

As deformation proceeds, GND density accumulates near grain boundaries. This occurs because
incompatibility in the SD plastic strain rate, LP, acts as a source for the evolution equation for
GND density . MFDM theory imposes a jump condition on plastic strain rate (o x V' + LP)
at interfaces where it may be discontinuous [Ach07, PDAT1]. This jump condition depends on all
5 grain boundary parameters and naturally produces a greater degree of blocking of plastic flow
at interfaces with higher misorientation [PDA11]. With continued shearing, this leads to greater
GND accumulation within grains near grain boundaries, and patterned structures emerge within
grain interiors.

log(pg/ps)

(a) (b) (c)

Figure 18: Evolution of GND density plotted on a logarithmic scale (log(p,/ps)) at applied strains of a)
0.0 b) 0.15 and c) 0.30.

Evolution of material strength

Fig. shows the evolution of material strength in the simulation. Initially, the strength field
is uniform across the domain and remains so until the onset of plastic deformation as expected.
Recall that, based on the macroscopic experimental results, Figs. and we do not consider
any hardening due to the SDs, i.e., hy = 0, Table [2] MFDM captures hardening arising from GND
accumulation, which serves as the sole source of spatial variation in strength. As the simulation
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proceeds, grain boundaries become progressively harder relative to grain interiors, consistent with
the higher GND densities generated at these interfaces Fig.

The physical implication of this grain boundary hardening is that it creates a mechanical het-
erogeneity where boundaries act as barriers to dislocation motion, impeding plastic flow across
grains. Nevertheless, this spatially localized hardening in concert with thermal softening produces
no net hardening in the stress-strain response of the RVE (see Fig. , and ) for domain sizes
40 pm. and above.

g6/90

(a) (b) (c)

Figure 19: Evolution of material strength (gg/go) plotted at applied strains of a) 0.0 b) 0.15 and ¢) 0.30,
where gq is the initial yield strength.

Evolution of stress deviator

Subsequently, we present the microstructural evolution in terms of stress deviator, normalized by
the material strength, as shown in Fig. 20] Since plasticity is driven by resolved shear stress,
which is directly related to the stress deviator, studying its evolution reveals which grains are more
favorably oriented for slip and may act as potential failure sites. This also helps us understand
differences in plastic strain rate within and across grains. Preferential plastic activity in certain
grains reduces the local deviatoric stress due to stress relaxation from plastic deformation (when
unconstrained by other kinematic constraints arising from grain boundaries or external boundary
conditions).

(a) (b) (c)

Figure 20: Evolution of stress deviator plotted at applied strains of a) 0.0 b) 0.15 and ¢) 0.30.
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Evolution of temperature

Fig. [21] shows the evolution of the temperature field at applied shear strains of 0.0, 0.15, and 0.30.
At the onset of deformation (Fig. , the temperature is uniformly distributed at the initial value
of 290 K across the undeformed domain. At 0.15 applied shear strain (Fig. , the domain has
undergone some shearing and the temperature field begins to exhibit heterogeneity, with localized
regions of elevated temperature emerging in band-like patterns oriented roughly in the direction
of shearing. By 0.30 applied strain (Fig. , these bands have intensified significantly, with peak
temperatures reaching approximately 410 K. The temperature field at this stage displays a clear
banded morphology, with zones of elevated temperature separated by regions that remain closer
to the initial temperature. This spatially heterogeneous increase of temperature is a hallmark
of adiabatic shear band formation: under the high strain rates considered here, conditions are
effectively adiabatic, and the heat generated by plastic dissipation remains confined to the regions
of intense shearing. The resulting local thermal softening further concentrates deformation into
these bands, producing the characteristic feedback loop between plastic work, temperature rise,
and strain localization that contributes adiabatic shear band development.

0/60

(a) (b) (c)

Figure 21: Evolution of normalized temperature (6/60y) plotted at applied strains of a) 0.0 b) 0.15 and ¢)
0.30, where 6y = 293 K is the reference temperature.

Subgrain dislocation microstructure formation

Finally, we examine the formation of subgrain structures. Fig.[18|reveals localized bands of elevated
GND density, suggesting the emergence of intragranular dislocation substructures. To investigate

Figure 22: Rotation angle field in the deformed configuration at an applied strain of 0.3. Grains analyzed
for misorientation within the grain are marked.
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(a)

(b)

(deg.)

Figure 23: Spatial distribution of the lattice orientation angle in degrees for grain 1 (marked in the Fig. .
(a) The initial undeformed configuration showing a uniform orientation. (b) The deformed configuration at
an applied strain of 0.3 exhibiting significant lattice rotation and geometric distortion. The overlaid black
lines indicate locations of subgrain boundaries, indicating formation of substructure within the grain.

Table 10: Subgrain boundary statistics for selected grains.

Misorientation distribution
Grain | # Subgrain boundaries
0-2° | 2-5° | 5-11° | >11°
1 13 2 3 6 2
2 8 1 3 3 1
3 9 2 5 2 0
4 6 1 3 2 0
5 8 2 3 2 1
6 6 1 3 2 0

28



further, we examine a single grain under deformation and find that the spatial distribution of
these GND bands closely aligns with the lattice orientation heterogeneity shown in Fig. The
lattice orientation, initially uniform within the grain, develops significant spatial variation over the
course of the simulation. These emergent low-angle features resemble the Incidental Dislocation
Boundaries (IDBs) observed experimentally by Hughes and Hansen [HHO0] in cold-rolled Nickel
in a quasistatic setting. To characterize the misorientation associated with these boundaries, we
analyze a selected set of grains (labeled 1 - 6 in Fig , with the quantitative results summarized
in Table. Additionally, Fig. highlights specific interfaces within a representative grain,
defined by their misorientation angle and boundary normal, demonstrating substructure formation
throughout the grain interior. The formation of such intragranular substructures is a pervasive
feature observed throughout the entire polycrystalline domain.

The substructure evolution observed in our simulations is also consistent with the early stages
of rotational dynamic recrystallization, a mechanism first identified and extensively characterized
by Meyers and coworkers [AMVC94] in their seminal studies of high-strain-rate deformation. They
observed via TEM that shock-loaded copper deformed at strain rates of ~ 10* s~! developed elon-
gated dislocation cells (~ 0.1 um width) that progressively broke down into equiaxed sub-grains
and ultimately transformed into recrystallized grains with high-angle boundaries. Subsequently
they demonstrated that this microstructural pathway, proceeding from dislocation tangles to elon-
gated cells to sub-grains to recrystallized micrograins, operates across a range of materials including
tantalum [NML797] and titanium [MCMKO95]. The misorientations and GND localization patterns
observed in our simulations appear to align with this well-established precursor stage. Experimen-
tal observations also reveal that, at early stages of deformation, the shear band microstructure
is dominated by elongated blocks containing a well-defined low-angle boundary substructure with
characteristic length scales on the order of ~ 200-300 nm., which progressively evolves into an
equiaxed nanograin structure with increasing deformation, as shown in Fig. Experimental ob-
servations also reveal the evolution of elongated grain structures, as shown in Fig. [7] The grain
structures predicted by our simulations appear to be qualitatively consistent with these experimen-
tal observations.

5.5 3-d simulations

Table 11: Computational details for the 3-d MFDM simulations.

3-d
Domain size 40 x 40 x 40 pm?
Elements 1 x 106
Strain reached 0.40
Slip systems 48
Nominal strain rate 4 x 103 571
Cores 1024
Wall-clock time 15 hrs
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We demonstrate the capability of the computational framework to simulate 3-d polycrystalline
domains under dynamic loading. The computational domain is a cubic representative volume ele-
ment. The simulation parameters are presented in Table. The polycrystalline microstructure
is generated using a procedure developed and described in [SLCT25, BPS™26|, producing a sta-
tistically representative grain structure with orientations assigned to capture the crystallographic
texture of the material. Fig. shows the polycrystalline microstructure used in the 3-d simula-
tions, with grains colored by crystallographic orientation.

In 3-d, 48 slip systems are used to characterize the BCC crystal. The slip systems used are:

e 24 {123} planes with one < 111 > direction.

e 12 {112} planes with one < 111 > direction.

e 6 {110} planes with two < 111 > directions.

Boundary conditions for the velocity, shown in Fig. 25b| (and mentioned in are specified as
follows: periodic boundary conditions are applied on the lateral faces in the x and y directions to
approximate an infinite medium. The front and back faces (z-normal) are traction-free in the z-y
plane, and motion in the z-direction is constrained on these faces. On the top and bottom faces,
prescribed shear velocities are applied in the horizontal direction, while multi-point constraints
(MPCs) enforce uniform vertical displacement to maintain planarity. The initial GND density is
set to zero throughout the domain, and the applied nominal strain rate is 4000 s~

To make these large-scale 3-d simulations computationally tractable, we employ the dimensional
analysis approach described in Sec. By simultaneously scaling the applied strain rate and
reference plastic strain rate by the same factor while keeping their ratio fixed, we achieve the same
mechanical response in fewer time steps without altering the underlying physics. This reduced the
wall-clock time by approximately an order of magnitude, enabling simulations that would otherwise
require several days to be completed in a few of hours. The exact number of cores used along with
the time for the simulation is mentioned in Table. [9 and Table. 11l

Figure 24: Stress-strain response from the SHPB experiment and 3-d simulation. The relatively darker
portions in the simulation curve arise from the adaptive time-step cutback algorithm. This technique reduces
the time-step size when the plastic strain increment exceeds a prescribed threshold, thus resulting in more
dense data output.

Calibration for 3-d simulations: As in the 2-d case, we calibrate the model against the experimental
stress-strain curve from a dynamic compression test on a cylindrical specimen performed using
the SHPB, with boundary conditions as described in Sec. [£.2] Zero traction is imposed on the
boundaries where there is no velocity boundary condition, to approximate homogeneous uniaxial
compression conditions (Fig. and Table. . Since the 3-d model includes all 48 BCC slip
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systems rather than the reduced set used in 2-d, the material parameters required recalibration;
the resulting stress-strain curve is shown in Fig.

The classical hardening modulus hg is again set to 0 and the initial strength is taken as gy =
0.40GPa GPa. The estimate of the initial statistical density for the 3-d simulations is then given
by

ps = (go/nub)? ~ 1.576 x 10'° m ™2,

(a) (b)

Figure 25: Boundary conditions for the 3-d simulations. (a) Uniaxial compression used for calibration (b)
Shearing with periodic boundary conditions on lateral faces used for simulating a shear band. Details of
these boundary conditions on lateral faces are listed in Table. [I12| and Table.

Table 12: Boundary conditions applied for the 3-d calibration.

Boundary Type Condition

Top Velocity and traction v, =wv;,t,=0,7, =0
Bottom Velocity and traction vy, =wv,, t; =0,t, =0
Front and Back Traction-free t=0

Left and Right Traction-free t=0

vy: y-component of velocity; v, v.: prescribed velocities at the left and right boundaries from SHPB
data; t., t,: traction components in the x- and z-directions; t: traction vector.

The CCP and MFDM approaches are studied next in 3-d simulations of adiabatic shear banding.
The comparison is carried out along two lines: first, we examine the average stress-strain response
obtained from both models and its sensitivity to mesh refinement; second, we analyze the spatial
field distributions to investigate the nature of strain localization and the ability of each model
to predict the experimentally observed finite width of adiabatic shear bands. We then examine
microstructure evolution through the GND density, and material strength. Without access to so-
phisticated tools for inferring localized 2-d field concentrations in 3-d regions of the simulated body,
we attempt to provide some rationalization for the potential formation of 2-d subgrain boundaries
within the 3-d shear band region in the simulations.
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Table 13: Boundary conditions applied to simulate a shear band in 3-d.

Boundary Type Condition

Top Prescribed velocity v, = vi = AH/2, uniform v, via MPC, t, =0
Bottom Prescribed velocity v, = vi = —AH/2, uniform v, via MPC, t, =0
Left and Right Periodic BC Velocity periodicity in « and y, t, =0

Front and Back Periodic BC Velocity periodicity in « and y, v, =0

Vg, Uy, Uz: components of the velocity vector; A: applied strain rate; H: height of the RVE; t.: traction
component in the z-direction; MPC: multi-point constraint enforcing uniform vertical displacement across
the boundary. The loading is applied as a step in time, with the velocity equal to zero at t = 0 and held
constant for all subsequent times.

Stress strain response of 3-d sample

Before examining the localization patterns, we first verify mesh convergence of the stress-strain
response under progressive mesh refinement, with mesh densities of 25, 50, and 100 elements per
direction. As shown in Fig. the MFDM stress-strain curves remain nearly unchanged across
these mesh densities, confirming mesh-independent behavior in 3-d. In contrast, the CCP formula-
tion exhibits continued non-convergence with refinement, with the response changing as the mesh
is refined, as shown in Fig.

Figure presents the shear component Fjo of the deformation gradient for both CCP and
MFDM in the 3-d domain. Consistent with the 2-d results, CCP exhibits pronounced strain local-
ization into narrow bands, while MFDM produces a more distributed deformation field throughout
the domain. The 3-d simulations confirm that the mesh-independent behavior observed in 2-d
extends to three dimensions, further demonstrating the capability of the MFDM framework for
capturing finite shear band widths.

The 3-d simulations also reproduce the size-dependent strengthening behavior discussed in the
2-d setting (Sec. . Figure shows results from a series of 3-d simulations in which the
domain is self-similarly scaled from 10 to 160 pm, maintaining a constant grain-to-domain size
ratio of approximately 1/10. As in 2-d, CCP predicts an identical stress-strain response regardless
of domain size, while MFDM captures a clear “smaller is stronger” trend arising from the GND
density contribution to hardening. The size effect again diminishes with increasing domain size and
saturates as the size of the grains increases. This is consistent with both the 2-d predictions and
experimental observations [NT91, BAC™T00).

Microstructure evolution

The evolution of GND density in the 3-d simulations, shown in Fig. follows trends qualitatively
similar to those observed in 2-d. Starting from a dislocation-free initial state, GND density accumu-
lates progressively at grain boundaries due to the intergranular plastic strain rate jump condition
imposed across interfaces, while patterned structures emerge within grain interiors (Fig. . Two
notable distinctions arise in the 3-d case: first, the magnitude of the GND density is significantly
higher due to the possible activation of all 48 slip systems; second, the subgrain structures that
form exhibit a fully three-dimensional character.
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(a) (b) (c)

Figure 26: 3-d simulation results: stress-strain response for (a) CCP and (b) MFDM on meshes of
253,503, 100% elements and (c) size-dependent strengthening predicted by MFDM for self-similarly scaled
domains.

Fio

() (b) (c)

Figure 27: a) 3-d polycrystalline microstructure generated as |[SLCT25, [BPST26|, with grains colored by
crystallographic orientation. Field plots of the shear component Fj5 are shown at an applied strain of 0.3
for b) Classical crystal plasticity and ¢) MFDM.

The material strength field, shown in Fig. is initially uniform and develops spatial hetero-
geneity as deformation proceeds, with grain boundaries hardening relative to grain interiors.

Fig. shows the corresponding temperature evolution for the 3-d simulation. The overall
progression is qualitatively similar to the 2-d case, with a uniform initial temperature field (Fig.[31a))
giving way to thermal bands at 0.15 (Fig. and 0.30(Fig. applied shear strain. Peak
temperatures again reach approximately 410 K, and hot spots with temperatures exceeding the
surrounding band are visible on the surface.

Subgrain dislocation microstructure formation

Analogous to the 2-d case, substructure formation is observed within individual grains in the 3-d
polycrystal simulation as well. Unlike the planar substructure seen in 2-d, however, the substructure
in 3-d is non-planar in nature, manifesting as 3-d subgrain formation within the grain interior. To
illustrate this, we isolate a single grain from the polycrystal, which, as marked in Fig. 32a] begins
the simulation with a nominally uniform crystallographic orientation. Following deformation, the
GND density distribution within this grain is presented in Fig. 32D revealing the emergence of
GND in the grain interior. This can be treated as a signature of subgrain formation. A zoomed
view is provided in Fig. for additional clarity. Importantly, this substructure formation is not
isolated to a single grain but is observed throughout the polycrystal domain, with the subgrain
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Figure 28: Evolution of GND density plotted on a logarithmic scale (log(py/ps)) at applied shear strains
of a) 0.0 b) 0.15 and c¢) 0.30.

log(pg/ps)

(a) (b) (c)

Figure 29: GND density distribution on interior cross-sectional planes of the 3-d domain at applied shear
strain of 0.30: (a) z =0, (b) y =0, and (c) z = 0 plane.

90/90

(a) (b) (c)

Figure 30: Evolution of normalized material strength (gs/go) plotted at applied shear strains of a) 0.0 b)
0.15 and c) 0.30, where go = 0.40 GPa is the initial yield strength.
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(a) (b) (c)

Figure 31: Evolution of normalized temperature (6/6p) plotted at applied shear strains of a) 0.0 b) 0.15
and c¢) 0.30, where 0y = 293 K is the reference temperature.

log(pg/ps)

(a) (b)

Figure 32: (a) Rotation angle field on three cross-sections of the 3-d polycrystal showing the initial grain
structure. The grain selected for discussion in Fig. [33|is marked. (b) GND density distribution within the
isolated grain at an applied strain of 0.3, pointing to a potential non-planar subgrain substructure within
the grain.

structure becoming more pronounced with increasing deformation.

5.6 Non-localization under boundary and initial conditions corresponding to
nominally homogeneous deformation

The experimental observations (Fig. [7]) corresponding to macroscopic top-hat experiments reveal
that localized bands of deformation fall within a size range of 10um — 40um under dynamic load-
ing conditions. We extend MFDM simulations on the selected RVE (Fig. of size 80 um? to
significantly higher strains compared to the discussion in Sec. to investigate whether further
localization or stress softening emerges beyond the initially observed response. A convergence study
is performed using differently meshed domains, and the results remain converged to a fair degree
considering the large overall strains involved, as shown in Fig. [34a] The local shear strain reaches
values as high as 3.00 at an applied/average nominal engineering shear strain of 1.50. Even at these
higher strains, no further localization develops, as shown in Fig. nor does any softening appear
in the stress-strain response. Contrast in Fjo is visible across the domain and is likely influenced
by the presence of a relatively large grain (homogeneous material) in the microstructure. The
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(a) (b)

Figure 33: Zoomed view of (a) the rotation angle field and (b) the GND density distribution within an
isolated grain from the polycrystalline assembly marked in Fig. at an applied strain of 0.3.

temperature, GND density, and material strength profiles at 1.50 applied shear strain are shown in
Fig. 35

Under the controlled boundary conditions for nominally homogeneous deformation (for a ho-
mogeneous material under quasi-static loading) as used in this study, it is not clear whether soft-
ening observed in macroscopic experiments should be expected here in the absence of ductile dam-
age mechanism in the model; note the reductions in material strength observed within the band
(Fig. , which can possibly serve as sites for ductile damage nucleation. For the domain size
and material properties considered, our model, which does not incorporate any damage mechanism,
predicts no softening.

We have been able to produce cases in which MFDM exhibits softening in the polycrystal stress-
strain response by increasing the value of the Taylor—-Quinney factor (k) or reducing the value of
the GND hardening parameter (kg). For certain values of the x and/or kg, softening is observed;
however, mesh convergence of the solution was not observed for the meshes considered, although the
performance was much improved in comparison to the corresponding classical plasticity simulations.
This suggests that there may exist a range of the parameters x and ko where softening with mesh
convergence may be observed; the discussion at the end of the following paragraph illustrates
another facet of this issue, even without any material parameter adjustment. Such matters are left
for future study.

We note here that the dynamic nature of the loading induces a higher stress at the center of
the domain where the stress waves from the top and bottom boundaries meet, leading to spatially
heterogeneous yielding. However, as is observed, this heterogeneity is not sufficient to induce a
persistent shear band with progressive loading in MFDM, in contrast to CCP. This trend persists
even for the Jo-MFDM model of plasticity as shown in Fig. [36| where the polycrystalline aggregate
is treated as an effectively homogeneous material (with no corresponding initialization of a grain
microstructure). In this latter scenario, a distinct sequence of bands emerge in the shear component
Fio of the deformation gradient. At 0.15 applied shear strain (Fig. , F5 concentrates into a
narrow band at the center of the domain, which persists as the dominant feature. As loading
continues to 0.60 applied strain (Fig. , this central band remains intact while slip-band-like
structures begin to emerge on either side of it, spreading outward from the center. By 0.90 strain
(Fig. , these structures homogenize over the domain, with contrast of high strain to average
strain remaining approximately uniform with progress of loading. This trend towards greater
homogeneity in deformation is accompanied with a gradual, mesh-converged, softening response

36



as shown in Fig. in contrast to the corresponding non-convergence of the classical plasticity
response for the same problem shown in Fig. The gradual softening in the Jo-MFDM simulation
arises due to the spatially-extended thermal softening following from delocalized plastic straining
and the lesser degree of hardening due to reduced GND accumulation because of the absence of
grain boundaries, as compared to the MFDM response accounting for the grain microstructure. It
is worth noting that this relative decrease in GND accumulation in Jo-MFDM occurs even though
the model equations contain the same GND hardening term and enforce a common jump condition
at surfaces of discontinuity in the total plastic strain rate, o x V' + LP, were they to exist.

Taken together, these results attest to the strong stabilizing and homogenizing effects of the
GND hardening in MFDM, and the kinematically fundamental nature of GND accumulation in the
theory, rooted in a conservation law for Burgers vector content.

(a) (b)

Figure 34: Extended MFDM simulation results. (a) Normalized stress-strain response (7/go vs. I") for
three mesh resolutions (1002, 2002, and 400%), demonstrating converged behavior up to 1.70 applied strain
with no observed softening. (b) Fiy field at 1.50 strain, showing no further localization.

6/60 log(pg/ps) ge/90

(a) (b)

Figure 35: (a) Temperature, (b) GND density field, and (¢) material strength (GPa) shown at 1.50 applied
strain.

5.7 Localization under boundary conditions corresponding to nominally homo-
geneous deformation with a spatial perturbation in the initial yield stress

For the boundary conditions and initial conditions considered so far, MFDM does not produce
further localization or softening. We now probe the response of MFDM under a different set of
initial conditions and, in one case, also of geometry.

A common approach in physical experiments and related modeling for studying localization
is to utilize a perturbation in the initial conditions or in the geometry of the domain to induce
heterogeneity |[CDHS84, DC92] (e.g., shear band studies in a torsional Kolsky bar experiment).
Following this approach, we prescribe a reduced initial yield strength in a horizontal layer near
the center of the domain, as shown in Fig. All other aspects of the simulation, including the

37



Fi2 Fio

(a) (b) (c)
Figure 36: Evolution of the shear component Fis of the deformation gradient for J, model at (a) 0.15, (b)

0.60, and (c) 0.90 applied shear strain, showing the stages in which a central band forms and persists, before
spreading outward into slip-band-like structures. The color bars for the sub-figures span different ranges.

(a) (b)

Figure 37: Stress-strain curves for (a) classical Js plasticity, and (b) Jo-MFDM, for three mesh resolutions
of 1002, 2002, 4002 elements.
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applied strain rate and the slip system configuration, remain as described in Sec. [5.1] Simulations
are performed using both MFDM and classical crystal plasticity (CCP). For a case shown in Fig|39c
the geometry and initial grain microstructure are self-similarly scaled to a domain size of (40um)?.

We observe that the CCP results do not converge with mesh refinement, whereas MEDM yields
a mesh-converged response, as shown in Fig.

More importantly, for this type of spatial perturbation in the initial yield stress, localization is
observed in MFDM as shown in Figs. (a,b,c), in contrast to the considerations of Sec.

We explore some features of this localization w.r.t. the length scales present in the problem.
Dimensional analysis suggests that the normalized shear band width W};/b can depend on the
following ratios related to length-scales (along with other non-dimensional numbers of the model):

Wy b b W,

b_f<H’ 5, b)
where H is the domain size, S, is the average grain size, W), is the perturbation layer width, and b
is the Burgers vector.

We first examine the effect of the ratio related to the perturbation width by varying W, /b while
holding b/H and b/S, fixed. In Figs. (a) and (b), the predicted band is narrower than the
imposed perturbation layer: a W, = 10 pum perturbation in an 80 pm domain produces a band of
approximately 7.5 pm, while reducing the perturbation to W, = 6 um in the same domain yields
a band of approximately 5 pm.

We next vary b/S, (and correspondingly b/H, by self-similar scaling of grain microstructure)
while holding W),/b fixed. The expectation that the increase in this raio with b fixed should result
in stronger and more stable response is borne out in the simulations. Comparing the results of
Fig. and Fig. corresponding to the average grain size being halved with W, = 10 um kept
fixed, the predicted band width in Fig. is 7.5 pm whereas in Fig. the band width is 6.8 pm
respectively, i.e., essentially unchanged. However, we note that as b/.S, increases for W), fixed, the
strain contrast between the band and its surroundings is reduced, as visible in Fig. [39c| compared
to Fig. 39(a,b).

MFDM does not produce any softening in the stress-strain response in these simulations as
well; instead, a stable flow stress is maintained. The temperature in the domain does rise to values
as high as approximately 650 K, as shown in Fig. [38¢. However, a competition between GND
hardening and thermal softening results in a stable flow response for the material properties and
boundary conditions considered here.

5.8 Structural softening and localization — Jo,-MFDM

For the simulations presented in this Section, we employ the Jo-MFDM constitutive model (Sec.
within the MFDM framework. A polycrystalline microstructure is not initialized in the full domain,
as sufficient information to do so is unavailable; however, the computational cost would remain
comparable even if such information were available.

Here we demonstrate the ability of MFDM to capture localization into a finite-width band ac-
companied by softening in the structural response for a geometry and boundary conditions favoring
heterogeneous deformation. The simulation is motivated by the idea of the macroscopic top-hat
compression test for concentrating deformation. We use a tensile loading to avoid problems with
contact, since our main concern here is to explore a point of principle about the model. We also
consider a relatively larger domain than the RVEs previously selected (Sec. .

The specimen geometry consists of two rectangular blocks connected through a narrow section,
as shown in Fig. The left block has dimensions 200 x 200 gm? and the upper-right block
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(a) (b) (c)

Figure 38: (a) Normalized stress-strain response (7/go vs. I') for MFDM and classical crystal plasticity
(CCP) at two mesh resolutions (1002 and 200%); CCP results exhibit mesh dependence, whereas MFDM
remains converged. (b) Initial yield strength (go) distribution showing the reduced-strength perturbation
layer near the center of the domain. (c¢) Temperature field at an applied strain of 0.3, showing localization
of deformation into a well-defined band within the MFDM framework.

(a) (b) (c)

Figure 39: F), field for different perturbation layer widths and domain sizes. (a) Perturbation layer width
of 10 um in an 80 pwm domain, resulting in a shear band width of approximately 7.5 ym. (b) Perturbation
layer width of 6 pm in an 80 pm domain, resulting in a shear band width of approximately 5 pum. (c)
Perturbation layer width of 10 pum in a 40 wm domain with a shear band width of 6.8 um. Fields in (a) and
(b) are shown at an applied shear strain of ~ 0.8, while (c) is shown at an applied shear strain of ~ 1.1.
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Figure 40: Specimen geometry and boundary conditions. Rollers on the bottom boundary constrain v, = 0;
rollers on the right boundary constrain v,, = 0. The top boundary of the upper-right block is pulled upward
with prescribed velocity v, = v(t). All other boundaries are traction-free.

(a) (b)

Figure 41: Force-displacement curve shown for (a) the softening regime and (b) beyond initial softening.
The coarse mesh has approximately 50k elements and the fine mesh approximately 200k elements. Here, F’
is the reaction force on the top-right boundary, and S and gg are the cross-sectional area and initial yield
strength, respectively. The oscillations arise from elastic wave reflections due to the small domain size and
the specific boundary conditions employed.

200 x 200 um?. The two blocks are offset vertically by 50 wm and overlap horizontally over a
20 wm wide strip, creating a narrow neck of 20 x 50 um? where localization is forced in order to
accommodate the loading. The total specimen width is 380 um and the overall height is 350 pum.

The boundary conditions (shown in Fig. are chosen to promote localization through the
connector region. On the bottom boundary of the left block the vertical velocity is constrained to
vanish (v, = 0) while leaving the horizontal direction free. On the right boundary of the upper-
right block, the horizontal velocity is constrained to vanish (v, = 0) while leaving the vertical
direction free. The top boundary of the right block is subjected to a prescribed velocity in the
y-direction with a rough applied strain rate of 4 x 10% s~!, pulling the right block upward relative
to the vertically constrained left block. All remaining boundaries are traction-free. This loading
configuration produces a state of combined tension and shear in the narrow connector, promoting
strain localization in the predetermined region.

The reaction force, normalized by the product of the cross-sectional area (S) and the initial
yield strength (go), is plotted against the displacement of the top boundary of the right block in
Fig. A clear softening response is observed in the force-displacement curve. Furthermore, this
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softening behavior is shown to be converged across two levels of mesh refinement, with the coarser
mesh containing approximately 50k elements and the finer mesh approximately 200k elements.

Mesh convergence and band width

To assess whether MFDM produces mesh-convergent localization, we perform a series of simulations
with progressively refined meshes while keeping all other parameters fixed. The deformation is
characterized in terms of the norm of the logarithmic strain tensor |ln V|, where V' is the left
stretch tensor obtained from the left polar decomposition of the deformation gradient ¥ = VR,
defined with respect to the initial configuration at ¢ = 0.

Figure 42| shows the spatial distribution of |In V| in the deformed configuration for the two
mesh refinements. In both cases, deformation localizes into a band within the narrow connector.
The key observation is that both the width of the localized band and the magnitude of |In V|
within the band remain approximately unchanged across mesh resolutions. This demonstrates that
MFDM provides mesh-convergent predictions of localization, including the a finite width of the
deformation band.

The converged band width is approximately 15 um, governed by the interplay between the
intrinsic length scale of MFDM (through the Burgers vector and the GND hardening coefficient
ko), the applied loading, and thermal softening. Thus, MFDM naturally produces a finite-width
localized band when the domain is sufficiently large, and predicts softening in the structural response
when the geometry and loading conditions permit it.

[In V|

(a) Coarse mesh (~ 50k elements) (b) Fine mesh (~ 200k elements)
Figure 42: Spatial distribution of |In V| in the deformed configuration for two successively refined meshes,

with the element size halved between refinements. The width (approx. ~ 15um) and intensity of the localized
band remain essentially unchanged, demonstrating mesh convergence of the localized solution.

6 Conclusion

Adiabatic shear bands involve complex microstructural changes that are difficult to resolve experi-
mentally at the mesoscopic length scale. Informed by Split Hopkinson Pressure Bar experiments for
dynamic shear banding, we studied the phenomenon through theory and simulation. A dimensional
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analysis was employed to make our mesoscale simulations computationally tractable, especially the
large-scale 3-d simulations presented in this work.

Finite width of adiabatic shear bands, consistent with experimental observations, were obtained
as part of our results. In the absence of heat conduction, the effect of thermal softening was balanced
by GND hardening in our simulations, suggesting a mechanism for the finite widths of the bands.
Dislocation substructure formation was also observed, with similarity to experimental observations
reported in the literature. A comparison between classical crystal plasticity (CCP) and MFDM
demonstrated the well-known mesh-dependent strain localization in CCP into increasingly narrow
bands upon refinement. MFDM yielded mesh-convergent fields and stress-strain response across
all mesh resolutions tested, in both 2-d and 3-d.

Size-dependent strengthening was observed for grain sizes ranging from 1 to 20 um, with the
effect saturating as the size was increased. Low-angle subgrain boundaries formed within grain
interiors, with misorientations consistent with Incidental Dislocation Boundaries observed in de-
formed metals. These boundaries correlated spatially with GND density patterns, confirming that
dislocation accumulation drives microstructural refinement during shear band formation.

The response of the MFDM theory/model was probed under different combinations of boundary
conditions, initial conditions, and geometry to assess when localization and softening emerge. Under
boundary conditions corresponding to nominally homogeneous deformation (for a homogeneous
material deforming quasi-statically), MFDM predicts no further localization or softening even when
the simulation was extended to shear strains as high as 300% (locally), as the competition between
GND hardening and thermal softening sustained a stable flow response in the absence of a damage
mechanism. A boundary condition-induced stress heterogeneity was not found to be sufficient to
form a persistent shear band in MFDM.

When a spatial perturbation in the initial yield stress was introduced, MFDM yielded a mesh-
converged localized band whereas classical crystal plasticity did not. Within the material parameter
range probed, mesh convergent strain localization with softening was not obtained in MFDM with
thermal softening (in the absence of other ductile damage mechanisms in the model).

For a top-hat-inspired geometry simulated with Jo-MFDM, the model captured finite-width
localization of approximately 15 um together with a clear, mesh-convergent softening response
in the force—displacement curve. These results demonstrate that MFDM produces finite-width
bands and structural softening when the geometry and loading conditions permit heterogeneous
deformation, while remaining stable under nominally homogeneous loading conditions, without
recourse to ad-hoc/physically dubious regularization mechanisms.

These results provide a mechanistic picture of microstructure evolution within adiabatic shear
bands, from GND accumulation and strength heterogeneity to subgrain boundary formation, and
establish a framework for further investigation of shear localization in polycrystalline metals.

With regard to advancing theory and simulation tools for the study of plasticity, our concern here
has mainly been the study of plasticity problems on smaller scales where (R)MFDM has been vali-
dated against experiments relating to size effects and patterning. The approach has been quite suc-
cessful in addressing a broad array of problems in modern plasticity theory, including size-dependent
strengthening and the “smaller is stronger” trend observed in micron and sub-micron scale experi-
ments (thin films, micropillar compression), orientation-dependent mechanical response in confined
thin films, spontaneous dislocation patterning and microstructure emergence without introducing
non-convexity in the energy, kink band formation in Cu-Nb nanometallic laminates enabled by natu-
ral jump /interface conditions, slip transmission constraints at grain boundaries, directionality of the
sharp yield point and Liiders-type behavior in strain-aged steels, intermittent plasticity associated
with dislocation transport, grain size effects on work hardening in polycrystals, and particle size and
interlacing effects on the mechanical response of metal-matrix composites [AA20b, [AA20al, [AZA20),
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AAA22, [AAA23, [RAQE, [Ach07, PRADIO, MBAI(, FABTI, [PARTI, [PDATI] [DAST6, FBET09,
TVCT07, TBFB10, RWF11l, [TVFB08, DTBEF15, VBE09, DBTL20, BTL20, IGBG™20|. This study
is the first application of the MFDM framework to the modeling of shear banding phenomena.

Together with the above list of validations, this work establishes MFDM as a framework that
passes critical experimental tests of theory posed in the research community for modeling mesoscale
plasticity and associated length-scale dependent phenomena. At the level of constitutive specifica-
tion, it does so with a minimalistic adjustment beyond a basic, and well-accepted, model of classical
plasticity.

However, it is to be recognized, as we do, that the mechanisms of strengthening and softening
reflected in the constitutive statements we have utilized (Table [3| Eqns. (f)), and (3)) are at
best rudimentary vis-a-vis capturing the averaged mesoscale behavior of dislocation interactions
and energy dissipation, and the softening of elastic moduli at high (and low) temperatures. In the
absence of serious, ground-up theoretical understanding of such (very challenging) coarse-graining
issues as they pertain to strongly nonlinear, time-dependent thermomechanical plastic response,
we have let simplicity guide our constitutive choices for engineering purposes and qualitative un-
derstanding, with obvious room for improvement from the research community interested in such
matters (but hopefully not through the use of more and more complicated ad-hoc kinematic and
empirical constitutive assumptions).

Finally, our framework for 3-d, finite deformation, dynamic simulations of statistically repre-
sentative RVE with a state-of-the-art model for mesoscale response of polycrystalline aggregates
sets the stage for computationally efficient, large-scale statistical data collection of the detailed
(thermo)mechanical response of metallic materials to inform coarser scale models, e.g. a principled
way of including a grain size effect in the macroscopic response of polycrystalline materials valid
for a wide range of grain sizes.
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