
ORIGINAL RESEARCH ARTICLE

Amorphous Intergranular Film Effect on the Texture
and Structural Evolution During Cold-Rolling
of Nanocrystalline Ni–Zr Alloys

K. VIJAY REDDY, TIMOTHY J. RUPERT, and SNEHANSHU PAL

The presence of amorphous intergranular films (AIFs) in nanocrystalline (NC) metals improves
the mechanical properties and thermal stability. However, their influence on the overall
deformation behavior of bulk nanostructured materials during the fabrication process is still
unexplored. Here, we investigate the texture and defect evolution along with the stress
distribution in NC Ni specimens with ordered grain boundaries (GBs), 50 pct AIFs, and 100 pct
AIFs during the cold-rolling process. Results from the orientation analysis and texture plots
reveal that samples with only traditional ordered GBs show stress-induced grain growth,
whereas the presence of AIFs reduces extensive grain rotations and boundary movements.
Findings from the atomic stress analysis also indicate tensile residual stress in specimen with
amorphous films due to the anisotropic grain elongation without significant grain growth.
Further, amorphous films also aid in confinement of dislocations near the surface of the
specimens and annihilation of defects in the center grains, thus generating a harder surface and a
softer core.
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I. INTRODUCTION

Nanocrystalline (NC) metallic systems have demon-
strated superior mechanical strength[1–4] and enhanced
wear resistance.[5–7] These structural improvements are
attributed to the high-volume fraction of the grain
boundaries (GBs), which are present due to the
nanoscale grain size. However, the large GB volume
fraction increases the overall energy of the system, thus
causing a large driving force for grain growth.[8,9] This
energy instability negatively impacts material processing
even at low/room temperature (for example, during
cold-rolling).[10–14] In order to resolve the issues, the GB
character in the NC metallic systems has to be modified
through GB engineering such that the interfaces are
structurally and energetically stable. One such method
of achieving stability of GBs is by solute segregation,
through which certain alloying elements are added to

the GB to alter its structure, energy, and chemistry.[15–18]

Studies have shown that GB segregation could effec-
tively diminish the driving force for grain growth[19] and
can induce strengthening.[20] However, solute segrega-
tion can also have an adverse effect on the cohesive
strength of the GB and can cause embrittlement in
metals. For instance, oxygen segregation in NC Al
stabilizes the grain structure by inhibiting grain growth;
however, it reduces the ductility of the system.[21]

Similarly, Ga addition in the GBs of the NC Al
specimen decreases the boundary cohesion and eventu-
ally leads to embrittlement.[22]

NC metals are also typically brittle compared to their
coarse-grained counterparts, limiting their processing
capability to large plastic deformations.[3] The structural
configuration of the GBs plays an important role in
enhancing the damage tolerance of the NC metallic
system,[23] marking a potential pathway for improving
this common weakness of NC materials. Damage
tolerance can be attained through design and control
of the fundamental characteristics of the GB, such as the
free volume (FV) and the GB energy (GBE). In this
perspective, researchers have introduced amorphous
complexions, or amorphous intergranular films (AIFs),
as interfaces that impart both improved strength and
ductility to the material.[24–27] AIFs are phase-like
complexions that exist at interfaces with excess FV that
aids in the enhancement of atomic diffusion and damage

K. VIJAY REDDY is with the Department of Metallurgical and
Materials Engineering, National Institute of Technology Rourkela,
Rourkela 769008, India. TIMOTHY J. RUPERT is with the
Department of Materials Science and Engineering, University of
California, Irvine, CA 92697, USA. SNEHANSHU PAL is with the
Department of Metallurgical and Materials Engineering, National
Institute of Technology Rourkela and also with Centre for
Nanomaterials, National Institute of Technology Rourkela,
Rourkela 769008, India. Contact e-mail: snehanshu.pal@gmail.com
Manuscript submitted July 6, 2021; accepted: December 9, 2021.

METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-021-06574-1&amp;domain=pdf


tolerances.[28] For instance, the presence of Cu–Zr AIFs
has been shown to retard the growth of cracks by
blunting the crack tip during the tensile and cyclic
loading process in NC Cu metallic systems.[27] More-
over, AIFs are also known as efficient point defect sink
(both vacancies and interstitials) and can potentially aid
in the design of radiation tolerance NC metals.[29]

Although the effect of AIFs has been analyzed to
determine the strength and ductility enhancement,
thermal stability, defect accumulation, and crack prop-
agation, its influence during deformation processing is
still unexplored. This gap is important because many
methods for fabricating bulk nanostructured materials
use severe plastic deformation.

In the present study, we have used molecular dynam-
ics (MD) simulation to analyze the structural and
texture evolution of a NC Ni specimen with Ni–Zr
AIFs during cold-rolling deformation at 300 K. We
have chosen 300 K temperatures as the operating
temperature to investigate the influence of rolling on
the dislocation behavior, stress distribution, and the
grain orientation evolution of the Ni–Zr specimens in
the presence of AIFs. Literature studies have also shown
that advanced NC Al and Mg systems are also processed
through severe plastic deformation, which is a dominant
method to develop such materials with desired and
precise dimensions.[30,31] In this study, a lower rolling
temperature is used to effectively neglect the influence of
temperature on the deformation behavior and to avoid
dynamic recrystallization process. Cold-rolling of pure
NC metals has already been studied for various systems
using experimental techniques and the structural trans-
formation, defect evolution, and texture has been
analyzed.[11,32,33] However, the effect of AIFs on defor-
mation behavior and the overall texture evolution
during the cold-rolling process is yet to be explored.
Literature studies have shown that MD simulation is an
efficient tool in mimicking the orientation development,
the evolution of defects, and analyzing the stress
distribution during the rolling deformation.[34–38] Here,
we have performed various analyses such as grain
orientation distribution, orientation scatter, stress dis-
tribution, and dislocation analysis to comprehend the
deformation behavior during the rolling process. Over-
all, the findings highlight that AIFs restrict interfacial
movement and grain growth compared to the ordered
GBs. Moreover, the dislocation annihilation due to the
AIF aids in the formation of elongated grains with lower
stress and defects after the rolling process. In the
subsequent sections, we have elaborated on the compu-
tational methodology of the cold-rolling process and
discussed the findings obtained through the analysis.

II. COMPUTATIONAL METHODS

A. Specimen Construction and Specimen-Rollers Model
Setup

First, we have designed a NC Ni specimen having
hexagonal grains (16 grains with an average grain size of

~ 9 nm) with overall dimensions of 30 9 15 9 20 nm
using the Atomsk platform.[39] We have specifically
considered hexagonal-shaped grains to avoid sharp
edges with high-stress concentrations and to maintain a
uniform spatial distribution of the grains within the
specimen. After specimen construction, we have per-
formed energy minimization using the conjugate gra-
dient method to obtain the static stability of the
atoms.[40] To prepare the NC Ni specimen with AIFs,
we have first identified the GB atoms using polyhedral
template matching, PTM[41] and then removed them
from the specimen. Simultaneously, we have created a
Ni64Zr36 metallic glass (MG) specimen having similar
dimensions to that of the NC Ni specimen. After that,
we have merged both the specimens, i.e., NC Ni
without GB atoms, and the Ni–Zr MG specimen and
removed the MG phase from the grain interior, thus
resulting in a specimen with Ni grains and Ni–Zr AIFs
as an interfacial phase or complexion. The thickness of
the AIFs is taken as 1.3 nm, and the simulation process
has been performed using the LAMMPS package.[40]

For a comparative study, we have considered (1) a
pure NC Ni specimen with ordered GBs, (2) a
specimen having 50 pct AIFs and 50 pct ordered
GBs, and (3) a specimen having 100 pct AIFs as
interface structures (refer Figures 1a through c). Before
the initiation of the cold-rolling, we have equilibrated
the specimens by heating them up to 900 K, holding
them at 900 K for 50 ps, and then cooling to 300 K at
a cooling rate of 5 k ps�1 (cooling from 900 K to 300
K in 120 ps). The equilibration process has been
carried out under the NPT ensemble (constant pressure
and temperature), and the temperature is controlled
using the Nosé–Hoover thermostat.[42] The boundary
conditions used are periodic in all three directions
during the equilibration procedure. Once the equilibra-
tion of the specimens is completed, they are merged
with three sets of rigid rollers to generate the speci-
men-roller setup (Figure 1(d)). The diameter of the
rollers is taken as 14 nm, and the rollers span the
simulation cell along the Z-direction. The first roller set
is positioned such that the thickness reduction percent
is 8 pct of the initial specimen, whereas the second and
third roller set has a thickness reduction percent of 20
and 30 pct, respectively. We note that the thickness
reduction for the nth roller set is calculated for the NC
specimen that has traversed through the (n�1)th roller
set. The upper rollers rotate in an anti-clockwise
direction, whereas the lower rollers rotate in the
clockwise direction. After the specimen-roller model
setup is created, the model is again equilibrated at 300
K (cold-rolling condition) under NVE ensemble, and
the temperature is controlled using Nosé–Hoover
thermostat.[42] The X-axis is specified as the rolling
direction (RD), Y-axis as the normal direction (ND),
and the Z-axis as the transverse direction (TD). The
boundary conditions along the RD are changed to
non-periodic and shrink-wrapped during the cold-rol-
ling process, and the time step is considered to be 2 fs
for the entire simulation run.
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B. Evaluation of Lattice Orientation

For identifying any alterations in the orientation of
the grains, we have implemented a Python-based anal-
ysis algorithm in accordance with PTM-identification of
crystal orientation that determines the alteration in the
local lattice orientation during the rolling process.[41]

The orientation analysis process is implemented in the
OVITO package.[43] In order to store the information of
the calculated lattice orientation, we have used the
quaternion (q) values, which is a set of vector and scalar
elements [q0; q1; q2; q3].

[44. The first term q0 is the scalar
term and the next three terms, q1; q2; q3 represent the
vector terms. During the cold-rolling process, the
compressive/shear deformation leads to the change in
orientation through grain rotation and the information,
which is stored in the matrix [q0; q1; q2; q3] can be
associated with the alteration of the angle of rotation
and the rotation axis through a unit vector, n:[44] The
rotation angle (x) is signified by the scalar term of the
quaternion, q0, which is represented as cos x

2

� �
and

rotational axis (ni) is signified by the vector terms,
q1; q2; q3, and is represented through sin x

2

� �
. In the

current investigation, we have determined the change in
the lattice orientation (through the angle of rotation,x)
of the grains by using the first term,q0 of the computed
quaternion matrix. After that, the calculated value of x
is implemented to obtain the rotational axis (ni) using

the vector terms, q1; q2; q3. A similar methodology for
determining the alteration in grain orientations during
the rolling process has been implemented in various
literature studies.[14,34]

III. RESULTS AND DISCUSSION

Figure 2 shows the distribution of grain orientation
angle along with the orientation snapshot for the
unrolled and the rolled specimens (with and without
AIFs). The unrolled NC Ni specimen shows a uniform
distribution ranging from ~ 20 to 60 deg. The initial
orientation angle between the grains has been predefined
during the preparation of the NC specimen. Upon
cold-rolling of the specimen with ordered GBs, it is
found that the grain orientation angle distribution
changes non-uniformly with two larger peaks near the
~ 40 to 45 deg range and a smaller peak near the ~ 60
deg (as shown in Figure 2). It is observed that the gray
region (~ 40 to 45-deg range) constitutes almost 30 pct
of the atomic fraction. This distribution is attributed to
stress-induced grain growth during rolling in few grains
(colored with red, green, and purple, based on quater-
nion value), leading to a bimodal-like grain distribution
(refer to the inset of the rolled specimen with ordered
GBs in Figure 2). Experimental findings have also
shown similar orientation angle distribution trends

Fig. 1—(a through c) Atomic centro-symmetry parameter (CSP) snapshot of the specimen with ordered GBs, 50 pct AIF, and 100 pct AIF,
respectively, (d) Atomic orientation snapshot along with the orientation plot of the initial unrolled NC Ni specimen, and (e) NC specimen along
with the three set of rollers for the nano-rolling process. The reduction percentage during the passing of each roller is specified. Here, RD
indicates rolling direction, TD indicates transverse direction, and ND indicates the normal direction.
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during the recrystallization process after Ni specimen
rolling.[45] However, the inclusion of 50 pct AIF as
interface in the NC specimen substantially reduces the
intensity of larger peaks compared with the distribution
of rolled specimens with ordered GBs. In this case,
plastic strain is mostly absorbed or accumulated by the
AIFs and the deformation is partially controlled by the
formation of twins. Hence, we can observe a slight
increase in the atomic fraction at 60 deg lattice orien-
tation when compared to the unrolled specimen in
Figure 2. The non-uniformity in the distribution is still
evident when we compare it to the initial unrolled
specimen as the grains without AIF as the interface can
still grow in size (refer to the inset of the rolled specimen
with 50 pct AIF in Figure 2). For the rolled specimen
with 100 pct AIF, it is seen that the grain orientation
angle distribution is uniform along with lowered peak
intensity. Moreover, the grain growth is restricted due to
the presence of AIF. However, their shapes have been
distorted and elongated along the RD, as it can be
roughly assessed by the orientation snapshot (inset).
Apart from the distortion and grain elongation, speci-
men with 100 pct AIF undergoes plastic deformation
through the formation of defects such as twins and
stacking faults (SFs). The presence of twins and defects
inside the elongated grains leads to a different orienta-
tion due to which, the overall distribution of the lattice
orientation of the specimen becomes uniform with lower
peak intensity. However, most of the grains retain their
orientation without grain growth or grain refinement in
case of 100 pct AIF even after the rolling process as
shown through the atomic snapshot (inset in Figure 2).
Detailed quantitative analysis on the change in the
orientation angle of grains in the presence of AIF is
presented in the subsequent sections.

We have analyzed the structural development and the
texture evolution of the NC Ni specimen with ordered
GBs after each roller pass and presented it in Figure 3.
The initial texture shows concentrated and distinguished
spots for each of the 16 grains representing their
orientation along the RD and TD (refer Figure 3(a)).
Upon passing through the first set of rollers, the
compressive deformation causes the formation of SFs
and distortion in the grain structure in a few of the
grains without drastic alteration in their orientation.
The formation of SFs induces imperfections inside the
perfect lattice of the grain and disturbs the alignment of
the atomic planes. This process leads to dissemination/
spreading in the texture plot indicating a slight distor-
tion in the orientation of the grains (refer Figure 3(b)).
After the specimen traverses through the second set of
rollers (~ 20 pct thickness reduction), the severe plastic
deformation is accommodated through SFs, twins, and
low-angle GBs (LAGBs). These structural modifications
have also resulted in the grain refinement process near
the surface regions observed in the atomic snapshot in
Figure 3(c). Simultaneously, the texture also shows an
RD-splitting, i.e., the orientation’s shift toward the end
along the RD, although few spots have retained their
initial positions. This corresponds to the centrally
located grains (colored in red, green, and violet based
on quaternion value) that do not undergo drastic
orientation alteration. On further cold-rolling the spec-
imen (~ 30 pct thickness reduction on the specimen
rolled through the second roller set), these grains are
found to be enlarged as shown in the orientation
snapshot (refer Figure 3(d)).
On the other hand, we have also analyzed the

structural and texture evolution of the NC Ni specimen
with 100 pct AIF after each roller pass in Figure 4. It is

Fig. 2—Grain orientation angle distribution for the unrolled and the rolled specimens (with ordered GBs, 50 pct AIF, and 100 pct AIF), (inset)
shows the atomic snapshots colored with respect to the atomic orientations (Color figure online).
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to be noted that we have removed the atomic orienta-
tions of the AIF atoms in the texture plot to reduce the
noise, as the prime motive is to understand the evolution
of grain orientation in the presence of AIFs. Similar to
the previous case, we have observed concentrated and
distinguished spots representing the orientation for each
of the grains before cold-rolling (refer to Figure 4(a)).
Upon passing through the first set of rollers, we observe
a slight dispersion in the texture plot (indicated through
arrow) due to the formation of SFs in the upper region
of the specimen; however, the hexagonal grain structure
is intact due to the presence of AIFs (refer Figure 4(b)).
On further deformation, it is seen that the plastic
deformation is accrued through twinning and grain
segmentation as the presence of AIF does not allow
interfacial movement or grain growth. Even though we
observe RD-splitting, a higher number of grains have
retained their initial orientation, as depicted through the
texture plot in Figures 4(c) and (d). Whereas, few other
grains (spots on the texture plot) have shown a
minimum shift from their original position, indicating
a minimal grain rotation (refer to Figure 4(d)). For a

better understanding, we have compared the extent of
grain rotation in the specimens with ordered GBs and
100 pct AIFs by calculating the difference in the grain
orientation for the initial (unrolled) and final (after
rolling) conditions (refer Figure 5). Also, we have set a
cut-off angle to 5 deg for the minimum change in
orientation angle because angles lower than 5 deg are in
general responsible for the formation of sub-GBs.[46] By
considering a 5 deg as cut-off (i.e., orientation angle
difference), we can assume that the grain rotation after
the rolling process is minimal and no new GBs (either
LAGBs or HAGBs) have been formed. It can be
observed that most of the grains in the specimen with
ordered GBs deviate from the initial orientation to a
larger extent, having a change in orientation angle
difference greater than 10 deg (refer Figure 5(a)). As
previously discussed, the morphology of the grains in
the specimen with ordered GBs undergoes drastic
alterations during the rolling process as both grain
growth and grain refinement are observed. Hence, we
have used error bars to indicate the variation in the
change in orientation due to the refinement of grains. It

Fig. 3—Orientation plot along with the atomic snapshot for the (a) initial unrolled specimen with ordered GBs and the rolled specimens after
traversing (b) roller set-1, (c) roller set-2, and (d) roller set-3. Here, LAGB indicates low-angle grain boundaries; dotted boxes show that the
orientation of the spots did not alter after the rolling process.

Fig. 4—Orientation plot along with the atomic snapshot for the: (a) initial unrolled specimen with 100 pct AIF and the rolled specimens with
AIF after traversing (b) roller set-1, (c) roller set-2, and (d) roller set-3. Here, SB and TB indicate SFs and twin boundaries, respectively; dotted
boxes show that the orientation of the spots did not alter after the rolling process.
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can be seen that few grains, mainly on the surface
region, have shown more significant variation in the
change in orientation angle due to the segmentation/
refinement of grains (refer Figure 5(a)). On the other
hand, specimen with 100 pct AIFs show minimal
alteration in the change in orientation angle as most of
the grains are below the cut-off angle (refer Figure 5(b)).
Moreover, the near-surface grains (G-3, 5, 7, and 9) with
higher change in orientation do not show large error
bars as the refinement of grains is caused primarily due
to the generation of twins. The analysis clearly indicates
that the specimen with AIFs can restrict the grain
rotation or texture in the specimen. Such anisotropic
nature in the NC grains can enhance the mechanical
properties without much alteration in the texture.[47] For
better visualization, we have provided the surface profile
of the rolled specimens (both ordered GBs and 100 pct
AIFs) in the Supplementary Material.

Figure 6(a) shows the atomic stress distribution along
RD for the specimen with ordered GBs after traversing
through each roller set. It is to be noted that the stress

distribution in each grain is not uniform and there are
localized tension and compressive regions along the
specimen thickness and transverse section. This is the
reason due to which we have shown the atomic stress
distribution with respect to the atomic fraction, and not
with respect to the specimen region. It is observed that
cold-rolling through the first set of rollers induces
compressive residual stress to most of the atoms, as
the peak shifts slightly toward the compressive stress
zone. The atomic stress snapshot (inset) also indicates
negative stress regions in the specimen along with very
few positive stress regions. Furthermore, the average
stress along the RD for both the GB network and the
grain interior is negative, as observed in Figure 6(b).
After passing through the second set of rollers, we
observe a sharp decrease in the peak value and a
simultaneous increase in the higher compressive stress
values, which indicates an increase in the residual
compressive stress in the specimen. This can be validated
through the atomic snapshot (inset) that shows high
concentrated negative stress regions in the specimen.

Fig. 6—(a) Atomic fraction vs. stress plot showing the distribution of stress for the specimen with ordered GBs after passing through each roller
set, and (b) plot showing the average stress along the RD after passing through each roller set.

Fig. 5—Plot illustrating the difference in the orientation angle for the unrolled and the final rolled specimens: (a) with ordered GBs, and (b) with
100 pct AIF. Green dotted line indicates the cut-off for change in orientation angle that is considered significant (Color figure online).
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However, it is found that the rise in the average
compressive stress in the grain interior of the specimen
after rolling through the second roller set is minimal
(refer to Figure 6(b)). In contrast, the GB network
shows a larger average compressive stress value after
passing through the second and third set of rollers,
which might be responsible for the grain fragmentation
and formation of sub-GBs. The finding is consistent
with experimental studies, where surface rolling tech-
niques are implemented to cause the formation of
nanostructured grains.[48] In the case of the specimen
with 100 pct AIF, we have found similar stress distri-
bution after passing through the first set of rollers;
however, a small spike at higher stress values (both
positive and negative stress) is observed (refer
Figure 7(a)). But, contrary to the previous case, we
have found that the average stress in the grain interior is

positive (tensile stress), whereas the AIF region shows a
negative (compressive) stress, as shown in Figure 7(b).
As the specimen traverses along the second and third set
of rollers, the increase in the magnitude of the com-
pressive stress in the AIF is minimal when compared
with the specimen with ordered GBs, which can be
attributed to uniform distribution of stress (and inhibi-
tion of stress localization) along the AIF network during
the rolling. Moreover, the average positive stress (tensile
stress) along the RD increases in the grain interior due
to the anisotropic grain elongation without significant
grain growth.
Figure 8(a) illustrates the dislocation density distri-

bution along the ND of the specimens (for ordered GBs,
50 pct AIFs, and 100 pct AIFs) after the cold-rolling
process. It is seen that the specimen with ordered GBs
shows the highest and uniform dislocation density

Fig. 8—(a) Plot illustrating the dislocation density distribution along the ND (y-axis) of the specimen for the three specimen (i.e., ordered GBs,
50 pct AIF, and 100 pct AIF), and (b) plot showing the variation in the twin boundary fraction after passing through each roller set for the
three specimens (i.e., ordered GBs, 50 pct AIF, and 100 pct AIF).

Fig. 7—(a) Atomic fraction vs. stress plot showing the distribution of stress for the specimen with 100 pct AIF after passing through each roller
set, (inset) atomic snapshot of the rolled specimens colored by their local atomic stress along the RD (x-axis) and (b) plot showing the average
stress along the RD after passing through each roller set.
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throughout the thickness of the specimen. The specimen
with 50 pct AIFs also shows similar dislocation density
distribution near the surface regions; in contrast, the
central region has a lower density when compared to the
specimen with ordered GB (refer Figure 8(a)). This
indicates that the presence of AIF absorbs the stress and
reduces the prospect of dislocation nucleation. The
phenomenon is clearly observed in the specimen with
100 pct AIF, where the overall dislocation density is the
lowest (refer Figure 8(a)). Moreover, a comparatively
higher dislocation density is accumulated near the
surface region, which is deformed to a greater extent.
The reason behind higher plastic deformation at the
surface of the specimen is due to its close proximity to
the rollers. The rollers induce both compressive and
shear forces on the specimen during the rolling process.
And as the specimen surface is nearest to the rollers, the
magnitude of shear force is more at the surface as
compared to the center of the specimen. Hence, a
comparatively higher plastic deformation occurs at the
surface when compared to the center of the specimen.[49]

In case of ordered GBs, it is observed that the
dislocation density is same along the depth for most of
the region (1.5 to 1.7 9 1016 m�2) except near the
surfaces where it increases gradually to a maximum
value. On comparison with that of the specimen with
AIFs (50 and 100 pct AIF), there is an abrupt decrease
in the dislocation density in the interior grains indicating
that a few grains in the specimen have almost no
dislocations (also shown through dislocation snapshots
in Figure 9). Such a non-uniform dislocation density
distribution due to AIF can impart stress-induced
strength at the surface and a softer core at the central
region of the specimen. Figure 8(b) shows the variation
of the twin boundary fraction in the specimens (for

ordered GBs, 50 pct AIF, and 100 pct AIF) after each
roller set. It is found that the TB fraction rises with an
increase in the roller set till the second set, after which
there is a slight reduction in the twin fraction for the
three specimens (refer to Figure 8(b)). We have also
illustrated the atomic snapshot of the dislocation density
in the ordered GBs and 100 pct AIFs specimens in
Figures 9(a through c) and (d through f), respectively.
The partial dislocations are distributed throughout the
grains in the specimen with ordered GBs. And as
discussed previously, the dislocation density is also
evidently higher due to the higher number of dislocation
tangles and loops (refer Figures 9(a through c)). On the
other hand, 100 pct AIFs have confined the dislocations
mostly to the grains near the surface of the specimen
(refer Figure 9(d through f)). Moreover, few of the
dislocation loops that are evolved in the interior grains
are annihilated by propagating toward the AIF region.
Specifically considering the dislocation storage, the
presence of AIF aids in the annihilation of the disloca-
tions as the amorphous region has a higher FV and can
accommodate the defects (such as dislocations).[25] Due
to this phenomenon, the dislocation storage is lower
after the deformation, but this does not necessarily
mean that fewer dislocations have moved through the
system and provided plastic strain accommodation.
Efficient absorption of dislocations can delay crack
nucleation at GBs.[25] On the other hand, the dislocation
density in specimen with ordered GBs is high during the
rolling process and leads to the formation of dislocation
tangles and loops, which are primarily sessile in nature,
leading to work hardening. While work hardening is
helpful in delaying necking, most NC metals fail in a
very brittle fashion due to premature crack nucleation
and growth. Hence, it can be said that the presence of

Fig. 9—Atomic snapshots illustrating the dislocation evolution during rolling process in NC Ni specimens with (a through c) ordered GBs and
(d through f) 100 pct AIFs. The atoms have been omitted to observe the dislocation evolution and propagation efficiently.
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AIF would actually improve the ductility of the spec-
imen, for which there is now experimental evidence.[50]

Moreover, under extreme deformation conditions, twin-
ning is the mode of plastic deformation that aids in
accumulating the strain in the specimen. Of the three
specimens, the 100 pct AIF shows the lowest TB fraction
at all three roller sets, whereas the ordered GBs show the
highest TB fraction.

IV. CONCLUSIONS

In the present MD simulation-based study, we have
performed the cold-rolling process on NC Ni specimens
with different interfacial structures. We have considered
an ordered GB network, an interface network with 50
pct AIFs, and a network with 100 pct AIFs. We have
analyzed the effect of AIFs on the structural and texture
evolution occurring in the specimens during the
cold-rolling process. Based on the findings, we have
drawn the following conclusions:

1. Grain orientation angle analysis has revealed that
the distribution of the rolled specimen with ordered
GBs changes non-uniformly with two larger peaks,
which attributes to the stress-induced grain growth.
However, the intensity of larger peaks reduces
substantially with the inclusion of 50 pct AIF as
the interface. For the rolled specimen with 100 pct
AIF, the orientation angle distribution is uniform,
and grain growth is limited.

2. The orientation analysis has shown that the severe
plastic deformation in specimen with ordered GBs
results in the RD-splitting, although few grains have
retained their original orientation. In the case of the
specimen with 100 pct AIFs, we find that the
interface does not allow boundary movement or
grain growth, and a higher number of grains have
retained their initial orientation. Quantitative anal-
ysis has also shown that the specimen with AIFs can
restrict the grain rotation or texture in the specimen.

3. Atomic stress distribution reveals that the rolled
specimen with ordered GBs has an overall com-
pressive residual stress. It is found that the average
compressive stress in the grain interior is minimal,
whereas the GB network shows higher compressive
stress after cold-rolling, which might be responsible
for the GB migration and subsequent grain growth.
In the case of the rolled specimen with 100 pct AIFs,
the rise in the compressive stress is lower than the
specimen with ordered GBs due to uniform distri-
bution of stress. Moreover, average positive stress
in the grain interior is observed due to the
anisotropic grain elongation without significant
grain growth.

4. Dislocation analysis shows that the specimen with
ordered GBs has the highest and uniform disloca-
tion density, whereas the specimen with AIFs has a
lower dislocation density due to dislocation annihi-
lation at the interface. Moreover, it is found that a
large number of dislocations are confined near the

surface region in the specimens with AIF, which can
aid in stress-induced strength at the surface and a
softer core at the center.

5. In case of twinning, out of the three specimens, the
100 pct AIF sample shows the least fraction of the
twins after passing through all three roller sets
whereas the ordered GBs show the highest TB
fraction.

Overall, it is found that the plastic deformation
during the rolling of the specimen with ordered GBs
occur through stress-induced grain growth (change in
the grain sizes) and alteration in the grain orientations.
On the other hand, the presence of AIFs aids in the
plastic strain accumulation. Moreover, additional strain
accretion in the specimen with AIFs occurs through a
secondary mode of plastic deformation, i.e., twinning
mechanism. We believe that the present work can
provide useful insights into the atomistic deformation
mechanism of the NC materials with AIF during severe
plastic deformation/material processing.
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