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Severe plastic deformation is a widespread method of making high-performance metallic materials.
Single-phase polycrystalline metals undergoing severe plastic deformation develop steady-state textures
that are characteristic of the mode of deformation. By contrast, we show that two-phase, Cu-Nb nano-
laminate composites reach a variety of different steady-state textures under a single mode of deformation.
Using molecular statics simulations and a novel algorithm for crystal rotation analysis, we observe that
the final, steady state texture and interface character in these materials depends on the initial texture
of the composite. This finding suggests that the range of bulk Cu-Nb nano-composite textures that may
be made by severe plastic deformation is larger than previously demonstrated, with multiple plastically-
driven steady states accessible, depending on initial texture. We propose a modification of accumulative
roll bonding with highly textured seed layers as a means of accessing different driven steady states in

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A polycrystalline metal is an ensemble of spatially oriented,
single crystals or “grains”. The distribution of grain orientations,
known as texture, has long been recognized as a key factor gov-
erning the properties of polycrystals [1]. Consequently, consider-
able effort has gone into developing methods for controlling tex-
ture [1-3]. We use atomistic simulations to demonstrate that a
much broader range of texture control is possible in multi-phase
metal composites than in single-phase metal polycrystals [4].

One of the most effective approaches for modifying texture in
metals is through severe plastic deformation (SPD), wherein spec-
imens are forced to undergo extreme changes in shape through
the application of external mechanical forces [5]. As a specimen
is deformed, its texture changes and eventually reaches a steady-
state, which is independent of the initial texture and remains
invariant upon further deformation [5,6,10,14]. A wide variety of
SPD methods are now commonly in use, each one giving rise to
its own characteristic steady-state texture in single phase metals
[4,7]. By contrast, we show that in two-phase metal composites,
even a single mode of SPD gives rise to a variety of steady-state
textures, depending on the initial texture of the composite.
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Our investigation focuses on the response of copper(Cu)-
niobium(Nb) laminate composites to SPD via accumulated roll
bonding (ARB). ARB of Cu-Nb laminates has received considerable
attention, as it yields exceptionally sharp textures corresponding
to very narrow variations in grain orientations [6,8]. Such textures
afford fine-scale control not only over grains, but also over the in-
terfaces between grains. For example, when Cu-Nb composites are
rolled down to layer thicknesses well below 1 micron, interfaces
between adjacent Cu and Nb grains exhibit one predominant crys-
tallographic character [6]. These interfaces impart multiple desir-
able properties to the composite, including resistance to radiation
[10,11,13], high strength [12,15,16], and thermal stability [9].

The interfaces expressed during ARB have been found to vary
with rolling direction and the amount of rolling [16,27]. In a vari-
ant of ARB known as cross rolling, the sample is rotated by 90°
at a layer thickness of 60 nm. This rotation represents a change in
strain path and leads to new steady state textures upon contin-
ued deformation [16]. At fine layer sizes less than 50 nm, twinning
is observed in the Cu layer and leads to new texture components
associated with the ARB Goss orientation relationship [16,43]. We
propose a modification of ARB by incorporating highly textured
seed layers into the composite material. One way of preparing such
seed layers is by using physical vapor deposition (PVD), which re-
sults in a strong texture that is different from that formed during
ARB [15]. This approach may increase the variety of steady-state
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textures accessible in Cu-Nb laminates, expanding the scope for
control of interface character in these materials and, consequently,
of these composites’ ultimate performance.

2. Methods
2.1. Atomistic simulation of plastic deformation

To investigate texture evolution in Cu-Nb composites, we
simulate high-strain plastic deformation via quasistatic loading
and energy minimization of atomistic models. The advantage of
this approach is that it accounts for all non-rate-dependent de-
formation mechanisms, including dislocation glide [18], twinning
[17], and interfacial plasticity [19], at the atomic level, without
making any assumptions on which mechanisms are dominant or
how they interact with material microstructure and applied loads.
Its drawbacks are that it only represents mechanical response in
a relatively small volume; it is restricted to the “athermal limit”
(T=0K), where deformation is triggered by mechanical forces
alone with no contribution from thermal activation [20]; and it
does not capture rate-dependent deformation mechanisms such
as dislocation entanglement. As such, it follows a quasi-static
deformation path, wherein the material always remains in a local
energy minimum within its configuration space, never venturing
uphill to surmount an activation energy barrier. By contrast, at
non-zero temperatures, departures from local energy minima do
occur, leading, on occasion, to the activation of addition structural
re-arrangements that do not take place in the athermal limit.

Following [34], we construct Cu-Nb bicrystal models with di-
mensions that minimize the misfit between the adjacent Cu and
Nb layers, thereby reducing the stresses associated with the im-
position of periodic boundaries. Interatomic bonding is repre-
sented using a Cu-Nb EAM potential as developed in Ref. [42].
As-constructed models are relaxed using the conjugate gradient
method. Both atomic positions as well the box shape are allowed
to change during this initial relaxation, yielding an initially stress-
free composite model. Deformation is performed in constant incre-
ments of 0.1% initial length reduction along the ND. Volume is con-
served during deformation, with expansion along the RD and no
deformation along the TD. After each strain increment, the poten-
tial energy of the system is minimized, leading to rearrangement
of atoms in the system to accommodate the deformation. A con-
jugate gradient minimization is performed in LAMMPS with force
tolerance 10-8 eV/angstrom and a relative energy tolerance 10-8,
900 deformation increments of equal magnitude are applied, giv-
ing a reduction of the initial layer thickness by 90% by the end of
the simulation.

2.2. Analysis of crystal rotation

To characterize deformation-induced lattice rotations quantita-
tively, we use polyhedral template matching (PTM): an algorithm
for determining the instantaneous orientations of the local crys-
tal lattice surrounding individual atoms [22]. An implementation
of this algorithm is freely available in the visualization software
OVITO [23]. We discuss three post-processing steps required to ex-
tract orientation relationships from local atomic orientations given
by PTM: symmetrization of orientations, clustering of local atomic
orientations into grains, and correlation of grain orientations across
interfaces.

Within a grain, orientations from PTM may be artificially
banded. These bands correspond to symmetry-equivalent variants
of an orientation due to the cubic point group symmetry of Cu and
Nb crystals. We convert each local atomic orientation to a unique
orientation by applying cubic symmetry operators and keeping the
orientation that lies in the Rodrigues-Frank fundamental zone.
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Fig. 1. Atomistic simulation of plastic deformation. (a) An example of an as-
constructed model prior to plastic deformation. (b) The model shown in (a) after
severe compression along ND and extension along RD, approximating the strain
state at the mid-point of the rolled specimen. (c) Illustrative stress-strain curves
obtained during deformation simulations.

After symmetrizing local orientations, we identify grain orienta-
tions at each strain step as peaks in a local orientation histogram.
Peak finding is performed for 2-D histograms with two angles: the
angle of the rotation axis of the orientation in stereographic pro-
jection and the scalar component of the orientation quaternion.
This procedure is sufficient to identify all grains in the simulation.
The size of each grain is approximated as the number of perfectly
coordinated atoms contributing to each peak in an adaptively sized
region of monotonic decay around the peak (a typical peak width
is 0.5° x 2°). This procedure yields grain orientations for all peaks
and volume fractions for each orientation. Performing this analysis
at each strain step gives orientation trajectories and the strength
of individual texture components as a function of strain. Crystallo-
graphic directions are plotted along loading axes via stereographic
projection in inverse pole figures.

Steady state orientations are matched across the Cu-Nb inter-
face in each model at high strains. Average positions of grains are
compared across the interface to determine crystallographic char-
acters expressed at the interface.

3. Results
3.1. Simulation of mechanical deformation

Fig. 1 shows an illustrative example of our deformation simu-
lations. The models initially consist of equal thickness Cu and Nb
layers under periodic boundary conditions with interfaces between
them spanning the x-y plane. Because the model is periodic in all
three directions, it actually contains two Cu-Nb interfaces. We ap-
ply compression in the direction normal to the layers (“ND,” par-
allel to the y-axis) while extending them in the rolling direction
(“RD,” parallel to the x-axis) such that the total volume remains
constant. Model dimensions in the transverse direction (“TD,” par-
allel to the z-axis) are held fixed. This mode of deformation—
plane strain compression—mimics the plastic strain in the center
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Table 1
Initial model textures.

Model {N D}

<R D> <T D>

PVD bicrystal 1
PVD bicrystal 2
ARB bicrystal 1
ARB bicrystal 2
random model
PVD seed model 1
PVD seed model 2

Cuf1 1 1}||Nb{1 1 0}

Cuf1 1 1}{|Nb{1 1 0}

Cuf1 1 2}||Nb{1 1 2}

Cuf1 1 2}||Nb{1 1 2}
Approximately random texture
PVD bi 1+random bulk layers
PVD bi 2 +random bulk lyers

Cu<11 0>||[Nb<11 1>
Cu<11 2>||INb<1 1 2>
Cu<11 0>||[Nb<11 1>
Cu<11 1>||Nb<1 1 0>

CU<1 1 2>||[Nb<1 1 2>
Cu<11 0>||[Nb<11 1>
Cu<11 1>||Nb<1 1 0>
Cu<11 0>||[Nb<11 1>

of a sample undergoing rolling. The initial layer thicknesses in our
models range from 12 to 67 nm, depending on the model, and the
corresponding final layer thicknesses after deformation are 2 to
5nm (see Methods for details on atomistic modeling). For each ini-
tial texture, we only consider one initial layer thickness.

The stress-strain curves obtained from the polycrystalline sim-
ulations exhibit an initial stress overshoot to approximately 2.5-
3GPa, depending on the model, followed by rapid convergence
to steady plastic flow at about 2 GPa above a total strain of 0.1.
As illustrated in Fig. 1, in some models, the flow behavior is
perfect plastic while others exhibit a gradual rise in flow stress
corresponding to a hardening rate of ~2.5GPa. To accommodate
the applied deformation, the microstructure and defect content
of the models vary dynamically throughout the simulation (see
Supplementary Movies). The Cu and Nb layers nevertheless co-
deform, remaining continuous and distinct throughout the simula-
tions, with no layer pinch-off and no appreciable elemental mix-
ing. Initially flat interlayer interfaces become increasingly corru-
gated with straining, but continue to span the model parallel to
the x-y plane.

In addition to generating plastic strains, the nucleation and
propagation of crystal defects also gives rise to crystal rotation
[18]. Indeed, these rotations are responsible for texture evolution in
plastically deformed crystals. Moreover, as deformation progresses,
non-uniform crystal rotations caused by location-dependent twin
and dislocation activity may cause multiple distinct grains to rotate
and coalesce into larger grains in the Cu and Nb layers. For exam-
ple, the Cu and Nb layers in the simulation shown in Fig. 1 are
initially polycrystalline. However, at the end of the simulation, one
Cu grain spans the entire sample thickness along the rolling direc-
tion. Meanwhile, several elongated grains dominate the texture of
the Nb layer. Both layers have undergone mechanically driven grain
growth. In addition to grain coalescence, we also observe grain re-
finement in some of our simulations.

3.2. Analysis of texture evolution

We investigate seven atomistic models with differing initial
composite textures (see Table 1). Four of them are bicrystals con-
structed by joining layers of single crystal Cu and Nb, one is
composed of polycrystalline Cu and Nb layers with approximately
equiaxed grains, and two are created by inserting a Cu-Nb bicrystal
between layers of equiaxed polycrystalline Cu and Nb. Investigating
the deformation response of these seven models enables us to ex-
amine the effect of initial texture on the steady-state texture that
evolves under severe straining.

The bicrystal models comprise the sharpest possible class of
initial textures for Cu-Nb laminates. They are chosen to correspond
to the dominant texture components of nano-laminates made by
physical vapor deposition (PVD) [15] and accumulative role bond-
ing (ARB) [6]. In the PVD models, the Cu-Nb interface plane is par-
allel to a {111}-type Cu facet and a {110}-type Nb facet. The orien-
tation relation (OR) is of the Kurdjumov-Sachs type [40,41], mean-
ing that, within the interface plane, a <110>-type Cu direction is

parallel to a <111>-type Nb direction. We consider two PVD mod-
els: one where the <110>¢, and <111>y;, directions are aligned
with the rolling direction (RD) and another where they are aligned
with the transverse direction (TD). The ARB models also assume
the Kurdjumov-Sachs OR, but here the interface planes are parallel
to {112}-type facets in both Cu and Nb. Similar to the PVD case,
we consider two ARB models: one in which <110>¢,, <111>yy is
aligned with RD and in the other with TD. The rotation separating
these ARB models is equivalent to the rotation of the ARB sample
imposed during cross rolling before the final rolling pass.

Models of polycrystalline Cu and Nb with randomly selected
grain orientations are constructed via the Voronoi tessellation
method [21]. These models each contain 18-20 approximately
equiaxed grains, 3-12nm in diameter. The Cu and Nb polycrystals
are joined to create a polycrystalline Cu-Nb composite model. Fi-
nally, we also consider models where the nominally random initial
polycrystalline texture is varied by seeding a highly-textured Cu-
Nb PVD bicrystal at the Cu-Nb interface. The un-deformed model
in Fig. 1 illustrates the grain structure in such a seeded polycrsy-
tal. Note that both Cu-Nb interfaces in the model have a seed layer.
We construct two such seeded models: one for each of the afore-
mentioned PVD bicrystal orientations.

To characterize deformation-induced lattice rotations quantita-
tively, we use polyhedral template matching: an algorithm for de-
termining the instantaneous orientations of the local crystal lattice
surrounding individual atoms [22]. Instantaneous crystallographic
orientations along ND, RD, and TD (as defined in Fig. 1) may then
be represented via inverse pole figures in the standard stereo-
graphic triangle (SST). To reveal the main texture components in
our models, we construct orientation distributions within the SST
by binning the lattice orientations of individual atomic sites (see
Methods for details on rotation analysis). We then visualize the rel-
ative strength of texture components by plotting disks in the SST
with radii proportional the volume fraction of atomic sites with
the corresponding local crystal orientation.

To visualize the dynamic evolution of crystal orientations as a
function of applied strain, we augment the SST with an additional
axis showing the model thickness. For example, Fig. 2(a) shows
the deformation-induced evolution of local lattice orientations of
PVD bicrystal 2 (see Table 1). The bottom of the vertical (thick-
ness) axis corresponds to the initial model texture while the top of
this axis represents the final texture of the model. The figure dis-
plays how orientation fibers along each of the loading directions
wind in orientation space as the composite is plastically deformed.
In this case, it shows that the texture remains sharp throughout
the entire deformation process. The crystallographic orientations
along the transverse direction remain essentially unaltered in both
Cu and Nb layers, with total rotations of less than 1° and 7°, re-
spectively. By contrast, the orientations along ND and RD reverse
in both layers, corresponding to rotations of 20-30° in the SST.

Fig. 2(a) furthermore indicates that the texture in the simula-
tion reaches steady state under continued deformation. To better
illustrate this fact, Fig. 2(b) plots the deformation-induced varia-
tion in the angle between ND and the Cu and Nb crystallographic
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Fig. 2. Analysis of texture evolution in the standard stereographic triangle (SST). (a) Evolution of crystallographic directions along ND, TD, and RD for Cu (green) and Nb
(blue) layers in PVD bicrystal 2 (model 2). (b) Deformation induced variation in the angle between ND and the Cu and Nb crystallographic directions initially normal to
the Cu-Nb interface plane: <111> in Cu and <110> in Nb. Below a layer thickness of ~6 nm, both angles reach a steady state. The dashed ellipses in (a) and (b) indicate
twin-related fibers that emerge at the end of the simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

directions initially normal to the Cu-Nb interface plane: <111> in
Cu and <110> in Nb. For compressive strains up to ~50%, these an-
gles undergo a continuous, monotonic increase. However, at higher
strains, they saturate and remain nearly invariant upon further de-
formation. The final texture in such simulations is a mechanically
driven steady-state of the material. A mechanically driven steady-
state is thermodynamically metastable: at elevated temperature,
the system will evolve toward thermodynamic equilibrium at rates
that depend on the operative kinetic processes.

All the composite models we investigated reach such driven
steady states, with final textures that depend on initial texture.
Our rotation analysis characterizes these steady states as well as
the complex transition path connecting initial and final textures in
each layer. In some models, the driven steady state consists of mul-
tiple twin-related fibers, which correspond to different points in
the SST. For example, in Fig. 2(b), twinning initiates in the Cu layer
when strains exceed 75% (corresponding to a layer thickness below
3 nm), stabilizing a new orientation with RD along (001). The rota-
tion analysis in Fig. 2(a) and (b) visualizes twinning as the splitting
of orientation trajectories at high strains. In the present investiga-
tion, all fibers that we know to be twin-related are considered part
of the same steady-state texture. These twinned texture compo-
nents in fact correspond to the well-known ARB Goss orientation
relationship associated with twinning in ARB nano-composites at
fine layer sizes less than 30 nm [16].

Fig. 3 compares texture evolution along the TD direction in two
models with polycrystalline Cu and Nb layers: one with nominally
random layer textures (model 5) and the other with an interfacial
seed layer (model 6). The only difference in initial texture between
these models is the seed layer in model 6, marked by a white
star in Fig. 3. Both models initially have a much wider distribu-
tion of crystal orientations than the bicrystal model analyzed in
Fig. 2. However, the TD trajectories in both models exhibit a clear
tendency for the range of lattice orientations to decrease with
deformation, consistent with grain coalescence and the eventual
emergence of dominant, steady-state textures.

Closer comparison of the orientation trajectories in Fig. 3 pro-
vides direct evidence that seed layers redirect textural evolution

of the overall composite towards a different steady-state than that
of the un-seeded models. In particular, the TD trajectory of the Cu
layer in the seeded model pulls away from the trajectory of the
Cu layer in the randomly textured model for layer thicknesses be-
low 15nm. For the same range of layer thicknesses surveyed in
the PVD bicrystal 2 (10-4 nm), the rotations in PVD seed model 2
have already saturated. Ultimately, the textures of the Cu layers in
both the seeded and un-seeded models are dominated by individ-
ual components, but the components are different in each model
type. By contrast, in the Nb layers, multiple steady state orienta-
tions are present in both models.

3.3. Basins of attraction for deformation-induced textures

We have performed texture evolution analyses for all the mod-
els investigated in this study. Steady state Cu and Nb orientations
for each model are detailed in Supplementary Table S4 and plotted
along the loading direction in Fig. 4. The plastically driven steady
state orientations in the PVD bicrystals (models 1 and 2) and
corresponding seeded polycrystals (models 6 and 7) are largely
similar. Both PVD bicrystal 2 and its seeded counterpart have
major texture components with the ARB Goss OR—Cu{110}<001>
|| Nb {112}<110>—and minor texture components with the regular
ARB OR—Cu{112}<111> || Nb {112}<110>. The regular ARB OR
gives way to the ARB Goss OR at large strains with heavy twinning
in the Cu layer. This behavior is consistent with experimental ob-
servations of the ARB Goss OR at layer thicknesses less than 30 nm
[16]. PVD bicrystal 1 and its seeded counterpart share major tex-
ture components with Cu {110}<112> || Nb {111}(<110>—<112>),
where the arrow indicates that texture along the RD in Nb is
dominated by orientations distributed between <110> and <112>.
The orientation trajectory connecting these directions is called
the y-fiber in classical literature on single crystal rolling textures
[4,26], so we denote this group of ORs as ARB-y. PVD bicrystal
2 has additional minor texture components with variation in the
Nb interface plane Cu{110}<112> || Nb ({001}—{112})<110>. We
label these components as the ARB-a OR.
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Fig. 3. Texture evolution in models with polycrystalline layers. (a) Cu layer texture in the TD. (b) Nb layer texture in the TD. (c) Atomistic models with an interfacial seed
layer (left) and without one (right). In both (a) and (b), the black disks correspond to the unseeded model, also shown in black in (c). The green disks in (a) and the blue
disks in (b) correspond to the seeded model in (c), with Cu and Nb layers colored green and blue, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

In contrast to the seeded models, the polycrystalline model
without a seed layer does not have a single, predominant fi-
nal texture component. It has three steady state texture compo-
nents that fall near ARB Goss, ARB-y, and ARB-« orientation re-
lationships. These texture components are similar to the driven
steady states of the seeded models. The strengthened ARB Goss
and ARB-y texture of the seeded models compared to the un-
seeded model demonstrates the influence of the seed layers during
textural evolution. The ARB bicrystal models reach driven steady
states corresponding to the ARB Goss OR for model 4 and a
Cu({112}—{110})(<110>—<112>) || Nb {111}<112> OR for model
3. The Cu orientation of model 3 is characterized by high index
crystallographic directions, but is close to the classical S texture
component Cu {123}<634>.

The steady state Cu-Nb ORs detailed above define textures and
orientation relations that may be accessed by varying initial tex-
ture. Moreover, because the interface planes in all of our mod-
els remain approximately parallel to the x-y plane, this data also
provides the full, five-dimensional crystallographic character of the
Cu-Nb interfaces, capturing both the relative rotation between the
Cu and Nb crystals (three degrees of freedom) and the interface in-
clination (two degrees of freedom). The interface crystallographic
characters (ICCs) may be represented as basins of attraction in a
five dimensional space. Two basins have sharply defined ORs—ARB

and ARB Goss—while the other two represent ranges of ORs along
the o and y fibers.

We have developed a representation of the connectivity of
basins of attraction in 5-D space as shown in Fig. 5. Visualizing
basins of attraction is challenging because of the high dimension-
ality of ICC space and lack of a well-defined distance between ar-
bitrary points in this space. These challenges are mitigated by us-
ing the recently defined octonion metric [24] to calculate distances
between ICCs and by approximating the high dimensional connec-
tivity of ICCs via dimensionality reduction [25]. Full details of this
method are given in the Supplementary Information. It is found
that 3 dimensions are sufficient to capture 80% of the variance in
the ICC data. Although they capture information about variation in
all five degrees of freedom, these dimensions may be loosely inter-
preted as tilt/twist angles [44].

Basins of attraction corresponding to steady state ICCs are plot-
ted as squares in the reduced space and are colored by depth, the
dimension that explains the third most variance in the high di-
mensional distance data. The steady state ICC data obtained from
our simulations is augmented by several bicrysal ICCs (plotted as
circles) culled from the experimental and crystal plasticity studies
of Beyerlein et al. [6]. Lines are drawn schematically to indicate the
evolution of ICCs during rolling for each model. Two main trajecto-
ries are observed in our simulations. PVD bicrystal 2 and PVD seed
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Fig. 4. Plastically driven steady state textures. (a) Driven steady states in Cu across all models along ND, TD, and RD (b) Driven steady states in Nb across all models.

model 2 both pass through the ARB and ARB Goss basins, while
ARB model 1 and PVD seed model 1 pass through the ARB-« and y
basins. ARB bicrystal 2 moves from the ARB basin to the ARB Goss
basin. The randomly textured model (not shown in Fig. 5) has tra-
jectories that visit the ARB Goss, ARB-« and y basins. Each model
also has minor texture components (< 10% volume fraction) that
are not tabulated or shown in Fig. 5.
The forces that attract textures to a limited number of distinct
basins are an active area of current research. One factor is inter-
face energy. During rolling, new Cu-Nb interface area is created, in-
curring an energetic cost proportional to the excess energy of the
interface. Low Cu-Nb interface formation energy is therefore ex-
pected to play a stabilizing role for steady-state textures under se-
vere rolling [8]. To assess the role of interface energy in our simu-
lations, we constructed bicrystal models with the steady-state ORs
given in Fig. 5a and interface planes along the x-y plane. We then
computed the energies of these interfaces and tabulated them in
the Supplementary Table S5. We find that the steady-state inter-
faces in our models have energies in the range 1-1.2]/m?, i.e., sub-
stantially larger than interface energies in the initial PVD and ARB
models of 0.55 and 0.90]/m?, respectively. The relatively high in-
terface energies in the plastically driven states we examined imply

that steady state ORs are not only selected to minimize interface
energy. Indeed, we see no evidence that low interface energy plays
a role in the selection of mechanically driven steady states in these
simulations.

We also analyze our modeling results in light of the plastic sta-
bility parameter developed by Beyerlein et al. to represent the ca-
pacity of bilayers to reorient under applied strain [G]. They calcu-
lated this parameter using crystal plasticity finite element (CPFE)
simulations for a wide range of interfaces and reported the result-
ing values in Ref. [6]. A parameter value of unity indicates per-
fect plastic stability while zero implies rapid crystal reorientation
during deformation. The interfaces found in our simulations have

plastic stability parameters that range from 0.779 to 0.999, as tab-
ulated in Supplementary Table S1. This outcome is consistent with
the stability of the steady states observed in our study. However,
Beyerlein et al. also predicted high plastic stability parameters for
several interfaces that were not found in our models [6]. It re-
mains to be seen whether some of them may be accessible from
initial textures that were not surveyed in the present study. Sup-
plementary Figures S1a and b correlate interface energies and plas-

tic stability parameters to the basins of attraction identified in our
simulations.
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(a) OR {N D} (RD) (T'D)
ARB Goss Cu{110} || Nb{112} Cu(001) || Nb(110) Cu(110) || Nb(111)
ARB Cuf{l112} || Nb{112} Cu(l111) || Nb(110) Cu(110) || Nb(111)
ARB-a  Cu{110} || Nb{0O1}—{112} Cu(112) || Nb({110) Cu(111) || Nb(110)—(111)
ARB-y Cu{110} || Nb{111} Cu(112) || Nb(110)—(112) Cu(l11) || Nb(112)—(110)
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Fig. 5. Steady state interface crystallographic characters (ICCs). (a) Two major ICCs are ARB and ARB Goss. Other ICCs (ARB-o, ARB-y) comprise a range of orientation
relationships. (b) steady state ICCs upon deformation are tabulated for each model along with area fractions. (c) Steady state ICCs in our simulations are plotted as squares
and represent basins of attraction for ICC evolution. Other points (circles) are bicrystal ICCs surveyed in CPFE simulations [6]. Axes and the color of plotted points correspond
to reduced representation of 5-D crystallographic data along three directions that explain most variance in pairwise distance data (third dimension illustrated as depth in
the colorbar). Colored lines schematically show ICC evolution during rolling. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

4. Discussion

Our results demonstrate the importance of initial texture in
determining the steady state texture and interface character dur-
ing severe plastic deformation of Cu-Nb nano-laminates. The high
strain interface characters observed in our atomistic simulations
are consistent with existing experimental results. The ARB OR is
the predominant interface character observed during ARB experi-
ments for layer thicknesses above 30 nm [6,8]. Upon further defor-
mation from 30 to 10 nm, the ARB Goss OR develops along twinned
regions of the Cu layer [16]. These two ORs are the major driven
steady states in four of the seven atomistic models tested in this
work: ARB bicrystal 1 maintains the ARB OR over 90% of the inter-
face, while ARB bicrystal 2, PVD bicrystal 2, and PVD seed model
2 all have interfaces with a majority ARB Goss OR associated with
twinning in the Cu layer. PVD bicrystal 2 and seed model 2 pass
through the ARB OR at intermediate layer thickness before reori-
entation to the ARB Goss OR.

In cross-rolled ARB, the sample is rotated by 90deg. at a layer
thickness of 60nm before a final rolling pass. The ARB-o OR has
been observed in cross rolled ARB composites with layer thickness
20nm with a predominant Nb{001}<110> orientation [16]. Inter-

estingly, ARB-« is the major driven steady state in PVD seed model
1. Three pairs of models in this work can be viewed as cross rolled
variants with interchanged TD and RD. Each has a distinct steady
state texture, demonstrating that a change in strain path may also
be viewed as an alteration of initial texture that directs texture
evolution into a different basin of attraction.

One basin of attraction found in our models, ARB-y, has not
previously been observed in experiments. Crystal plasticity simula-
tions have shown that the ARB-y OR with a Nb {111}<110> end
member is a plastically stable, driven steady state [6]. Our simula-
tions show that the ARB-y OR dominates the texture of both PVD
bicrystal 1 and the randomly textured model at high strains. As
a hitherto unobserved, yet plastically stable OR, ARB-y represents
a potential new class of ARB composites that may be experimen-
tally obtainable by modifying initial composite texture [16]. Such
plastically stable ORs may be obtained by seeding Cu-Nb nano-
composites with highly textured bilayers. The effect of these seed
layers is shown as the attraction of diverse initial ICCs to distinct
steady state ICCs in Fig. 5.

Our work suggests that seed layers play an important role in
governing behavior in bulk polycrystalline layers during defor-
mation. Both PVD seed models show extensive grain coalescence
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during deformation and have different steady state textures. Seed
crystals evidently pull grains in the layer interiors towards a plasti-
cally stable state that depends on seed layer texture. Such a biasing
effect of the seed layer is consistent with the concept of an inter-
face affected zone (IAZ) proposed by Mara et al. [28,38]. The IAZ is
a region directly surrounding a heterophase interface which allows
for selective local texturing due to interface mediated plasticity.
Experimentally, the IAZ has typically been examined in systems
with grain sizes much larger than those in our simulations (100 nm
compared to 3-12 nm). Nevertheless, as layers are rolled down to
sub-micron dimensions, IAZs from neighboring interfaces begin
to overlap, dominating texture evolution in the entire layer. CPFE
simulations that include an IAZ show that the IAZ tends to reduce
the number plastically stable interfaces compared to interfaces
with no IAZ [29-31]. Thus, it appears plausible that the emergence
of distinct basins of attraction during rolling may be the outcome
of a down-selection of plastically stable textures induced by IAZs.

In addition to the influence of initial textures on steady-state
textures, our simulations also reveal a wealth of SPD-related phe-
nomena, such as deformation-induced grain refinement and coa-
lescence, grain boundary migration, and interfacial plasticity. Ex-
periments on ultra-fine grained nanocrystalline metals also exhibit
deformation mechanisms mediated by a combination of crystal
and grain boundary plasticity [19,32,35,39]. Deformation-induced
grain coalescence has been observed in ultra-fine grained Pd and
Ni [33,36,37]. In these experiments, just as in our simulations,
stacking faults are seen to cut and erode grain boundaries during
mechanical coarsening. The interplay between plasticity of ultra-
fine grain structures and heterophase interfaces during SPD is
largely unexplored territory. Our work suggests that a combination
of atomistic simulations and quantitative crystal orientation analy-
sis is an effective approach to advancing fundamental understand-
ing of such processes.

There are several aspects of the microstructure of composites
that are not captured in this work due to the limited model size.
For example, the columnar grain structure of real PVD films is not
included in our models. In ARB experiments, composites start off at
millimeter thickness and the grain structure is refined to the nano-
scale. Our simulations start with idealized nano-crystalline struc-
tures that do not include preexisting bulk defects or statistically
stored interface defects. The small initial layer sizes in our sim-
ulations also preclude the observation of plastic flow instabilities
such as shear banding and kinking. Nevertheless, we have shown
that large scale molecular statics calculations of accumulative roll
bonding of Cu-Nb nanocomposites can identify a variety of mech-
anisms that contribute to steady state textures that are consistent
with experiments and crystal plasticity simulations.
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