
Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

Influence of rolling temperature on the structural evolution and residual
stress generation of nanocrystalline Nickel during nano-rolling process

K. Vijay Reddy, Snehanshu Pal⁎

Department of Metallurgical and Materials Engineering, National Institute of Technology Rourkela, 769008, India

A R T I C L E I N F O

Keywords:
Nano rolling
Nanocrystalline nickel
Residual stress
Virtual diffraction

A B S T R A C T

Although the rolling process is significant on developing the preferred crystallographic orientation in the me-
tallic sheets, its implementation at the nanoscale is uncertain. However, it is believed that the nano-rolling
process can be realized with progressive scientific and technological advancement in material processing.
Presently, we have modeled the rolling process of nanocrystalline Ni specimen using molecular dynamics si-
mulations and investigated the underlying deformation mechanism along with the orientation evolution.
Moreover, we have also analyzed the effect of temperature on the residual stress generation and the grain
rotations. This atomistic model takes both shear and compressive forces into consideration, which makes it
efficient in representing the actual deformation process. It is found that the compressive stress accumulation
majorly occurs at grain boundary whereas tensile stresses are accumulated at triple junctions. At elevated
temperatures, the stresses during the deformation are diminished and gets dispersed due to the thermal vibra-
tions caused by the high temperature deformation. Through this study, we have evidently shown the orientation
change, grain refinement, and formation of sub-grain boundaries during the rolling process. In addition, we have
also characterized the specimens with virtual diffraction analysis, which has shown the preferred orientations to
be (002) and (111) after rolling through the first and second set of rollers respectively.

1. Introduction

Nanocrystalline Nickel (NC Ni) system is known to possess excellent
mechanical and thermo-physical properties [1–6], which makes it a
good candidate for advanced functional and structural applications
[7–9]. With such favorable properties, this metallic system can be uti-
lized in numerous applications such as components for steam gen-
erators, turbines, heat exchangers [10,11], and in electromechanical
devices [12]. For instance, Do and Lund have reported the efficacy of
NC Ni system for undercoating barriers in electrical connectors with
improved corrosion and wear resistance properties [13]. Apart from the
bulk applications, these nanoscale metallic systems have a wide utility
at due to their unique properties, which makes them a potential can-
didate for components in advanced functional applications [14]. Still,
to explicitly use NC Ni in many of these components, the material has to
be manufactured in the form of sheets and foils. Towards this per-
spective, the thin films are most produced by techniques such as elec-
trodeposition [15,16], sputtering [17], and severe plastic deformations
(SPD) [18,19]. However, the grains that are formed using these tech-
niques are usually found to be having random crystallographic or-
ientations [20–22]. It is known that some preferred grain orientations

can substantially influence the structural and mechanical properties of
the nano-scale metallic systems and subsequently define the product
efficiency [23–25]. For this reason, it is necessary to develop a nano-
processing technique that can induce textured grains in the nano-scale
metallic system. But the present technology is inefficient in economic-
ally designing, processing, characterizing, and large-scale manu-
facturing of the textured sheets/foils at the nanoscale level. In general,
the equipment set-up for the deformation of metallic system at na-
noscale can be difficult and costly. Moreover, repetitive experimental
analysis to optimize the process parameters can be sluggish, which
results in the increase of the production cost and thus is not economical.
Though, there are few nano-processing techniques available such as
nano-machining [26–28] and nano-forming [29,30] to tailor and design
application specific nano-scale engineering components; there exists no
such method for producing textured nanocrystalline metallic sheets and
foils.

Rolling process has a significant impact on developing the preferred
crystallographic orientation in the finished metallic sheets. Extensive
research efforts have already been put to understand the influence of
rolling process on the structural manipulation and its effect on the
material properties [25,31–34]. For instance, Ye et al. have studied the
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surface properties of pure titanium and found that ultrasonic surface
rolling produces lower coefficient of friction [31]. Similarly, Jinlong
and Hongyun have analyzed the corrosion properties of pure iron and
revealed that finer grain size aids in enhancing the corrosion resistance
property of the material [32]. On the other hand, Suwas and Gurao
have reviewed the impact of rolling process on the development of
texture and its influence on mechanical properties such as strength and
toughness, elastic properties, electrical properties, and wave/acoustic
properties [25]. Even though the rolling process is a well-established
method to deform the bulk nanostructured metallic systems, its reali-
zation at the nanoscale is still uncertain. Nano-rolling has been recently
coined processing technique that deals with rolling of the nano-scaled
metallic systems and transforming them into sheets and then under-
standing the core deformation mechanisms and texture evolution
[35–39]. Although the experimental setup of this process has not been
established yet, but with the progressive scientific and technological
advancement in material processing, it is believed that this futuristic
processing technique: nano-rolling process can be an extended part of
traditional rolling process. In this viewpoint, researchers have already
developed nano-roll forming techniques at nanoscale which are quite
similar to that of the nano-rolling process [40,41]. Currently, the de-
formation mechanism, structural evolution, and texture analysis of the
nano-rolled specimens are investigated using molecular dynamics (MD)
simulation [35–39]. Specifically, MD is an efficient tool for studying
and understanding the underlying physics behind the nano-level de-
formation mechanisms, grain orientation, defect evolution, and phase
transformation under static, dynamic, and impact loading conditions
[42–44]. Moreover, with the usage of discrete and small time-steps,
frame-by-frame analysis of the deformation process can be studies
which can be difficult and expensive using experimental techniques
[45]. With respect to the nano-rolling process, we have developed an
atomistic model taking into consideration both the shear and the
compressive forces that act on the nanocrystalline material during the
deformation process, which make it capable in mimicking the actual
deformation mechanisms. In the present investigation, we have im-
plemented MD simulations to study the influence of rolling temperature
on the deformation behavior of NC Ni during the nano-rolling process.
Moreover, we have also investigated the effect of the reduction percent
on the residual stress generation and the texture evolution of the spe-
cimens. We have also performed various analyses such as polyhedral
template matching (PTM) [46], orientation scatter analysis [47], dis-
location analysis [48], atomic stress analysis [49], and virtual diffrac-
tion analysis [50,51]. The simulation setup of the roller and the spe-
cimen and the results obtained through analyses has been presented in
the subsequent sections.

2. Computational methods

2.1. Preparation of nanocrystalline Ni specimen

A model of single crystal (SC) Ni having dimensions of
(30 × 15 × 20) nm is first separately created and then relaxed by
performing the energy minimization using the conjugate gradient
method [52] with a force and energy tolerance of 10−6 eV/Angstroms
and 10−8 respectively (step 1 of Fig. 1(a)). The SC preparation and the
energy minimization process is carried out using open source LAMMPS
package [52] and the atomic interactions are described through Em-
bedded Atom Method (EAM) interatomic potential developed by Men-
delev et al. [53]. In order to create a nanocrystalline specimen out of
the SC Ni, Voronoi tessellation method is employed using the Atomsk
platform [54]. This method separates the simulation box into domains
to create the representative volume element (RVE) into polygons de-
pending on the distances between the nodes [55]. Hence, in order to
generate the domains, few interconnected nodal points inside the si-
mulation box of SC Ni having distinct spatial positions and random
distribution are introduced (step 2 of Fig. 1(a)). These nodes are also

known as seeds or nucleating nodes and are specified with a set:

= ⋯⋯⋯ ∊g g g g g{ , },m i
n
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This indicates that each and every atom in the space, ∊x n� is as-
sociated with the nearest nucleating node. This phenomenon is sche-
matically demonstrated in the step-2 and step-3 of Fig. 1(a), which
shows the defined contours that, constitutes the future grains to be
formed. Here, the centers of the RVE are placed at ordered bcc super-
lattice sites in the simulation box, which resulted into the generation of
the grains in the form of truncated octahedron shape (when viewed in
2-dimesion, gives the shape of a regular hexagon). After the RVE se-
lection, the orientation of the seed is altered through rotation, such that
the entire orientation of the space, ∊x n� is modified. In this process,
the overlapping atoms in the specimen are deleted by providing a cut-
off value. During the grain rotation, few of the atoms also lie outside of
the simulation box, thus creating voids. To remove such voids, we have
implemented the wrap function from the Atomsk software [54]. The
purpose of the wrap command is to translate the atoms that are outside
of the simulation box by few lattice vectors such that all the atoms end
up in the simulation box. By this way, the voids are filled up and a
periodic specimen is generated. Finally, the misorientations of the do-
mains lead to the formation of the grain boundaries resulting into a
polycrystalline specimen as shown in the final step of Fig. 1(a). During
the entire NC specimen preparation process, periodic boundary condi-
tions have been implemented in all the three directions. We have once
again performed energy minimization of the NC specimen using con-
jugate gradient method [52] followed by equilibration at the specific
rolling temperatures (i.e. 77 K, 300 K, and 900 K) under NPT ensemble.
This process aids in the relaxation of the grain boundaries and the triple
junctions in the specimen before the initiation of the rolling process. A
three-dimensional (3D) atomic snapshot of the specimen along with the
final dimension (30 × 20× 15) nm is illustrated in Fig. 1(b). As the NC
specimen is obtained from the rotation of set of atoms, we have
quantitatively presented the distribution plot of the atomic percentage
that has been rotated to obtain the polycrystalline structure in Fig. 1(c).
The grain rotation analysis is carried out through post-processing of the
specimen in the open source visualization software OVITO [56]. The NC
Ni specimen consists of 16 grains in total and the grain size distribution
is presented in Fig. 1(d). In order to determine the grain diameter, we
have simplified the calculation by assuming the shape of the truncated
octahedron grain as a sphere. After that, the volume of the grains is
determined and the average diameter of the grain is calculated, which is
found to be approximately 9 nm. It is observed that only a few percent
of atoms/grains are low angle rotations (less than 15° rotation) whereas
most of the grains have been rotated greater than or equal to 30°. We
have analyzed through Centro-symmetry parameter (CSP) and dis-
location analysis that the NC Ni specimen generated from the Voronoi
tessellation method has high angle grain boundaries separating the
grains. Fig. 2(a) illustrates shows the CSP snapshot of the specimen and
it is observed the absence of periodic arrangement (or repeating units)
of the GB structure. This indicates that the GBs is high angle boundaries
and cannot be described through the coincidence site lattice (CSL)
theory. On the other hand, the dislocation snapshot shows the absence
of array of misfit dislocations at the interface of any two grains in-
dicating that the misalignment between the grains are large and the
interface is high angle grain boundary (refer Fig. 2(b)).

2.2. Model setup of the specimen-roller assembly

The NC specimen prepared is then merged with the rollers to create
the specimen-roller setup for the rolling process. The atomic snapshot of
the NC Ni specimen having the dimension of (30 × 15 × 20) nm along
with the two set of rollers is shown in Fig. 3(a). The two set of rigid all-
atom cylindrical rollers are constructed having a face-centered cubic
(fcc) crystal structure. The diameter of the rollers is 14 nm with a total
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length of 20 nm and are positioned in such a way that the separation
distance between them is ~13.8 nm (8% thickness reduction) and
~10.8 nm (20% thickness reduction). Here, we have considered all-
atom rollers instead of rigid rollers (without atoms) to consider the
effect of shear stress that is induced due to the roller-specimen atomic
interactions during the roller rotation. On the other hand, the rigid

rollers (without atoms) can only impart compressive forces on the
specimen as there is no effect of rotation on the specimen. The rollers
are rotated such that the upper roller in both the sets moves in an anti-
clockwise direction whereas the lower rollers move in a clockwise di-
rection. The total number of atoms in the entire set-up (specimen and
the rollers) is ~2 million atoms. We have specified the rolling direction

Fig. 1. (a) Illustration of step-by-step process of preparing nanocrystalline Ni specimen using Voronoi tessellation method, (b) Atomic snapshot of the NC Ni specimen
along with the dimensions, (c) Rotation angle vs. atomic fraction plot showing the distribution of atomic rotation during the preparation of NC specimen through
single crystal Ni, (d) Grain size distribution of the NC Ni specimen.

Fig. 2. (a) Illustration of the centro-symmetry parameter (CSP) snapshot of the initial NC Ni specimen, (b) shows the absence of misfit dislocations at the grain
boundary of the initial specimen.
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(RD) along X-axis, normal direction (TD) along Y-axis, and transverse
direction (ND) along Z-axis. The nano-rolling process of the specimen is
carried out at three different temperatures, i.e. 77 K, 300 K, and 900 K
to investigate the temperature effect on the overall stress generation,
plastic deformation, and grain orientation of the rolled NC specimens.
These three particular temperatures have been chosen in order to
comprehend the deformation behavior at cryogenic condition (77 K),
room temperature condition (300 K), and a high temperature condition
(900 K) for the Ni system. Also, it is to be noted that the same initial NC
Ni specimen is used for all three rolling temperature conditions. After
the model setup, the system is equilibrated at these temperatures under
NVE ensemble (micro-canonical ensemble, where N is the total number
of atoms, V is the volume, and E is the energy) and Nosé-Hoover
thermostat [57]. A 2 fs time step is used for carrying out the entire
nano-rolling simulation. The boundary conditions of the setup are
changed to non-periodic and shrink wrapped along the RD and ND,
whereas periodic boundary conditions are used in the TD. After in-
itiation of the rolling process, we have implemented NVT ensemble
(canonical ensemble, where N is the number of particles, V is the vo-
lume, and T is the temperature). During the nano-rolling deformation,
the specimen is driven forward along the RD by providing a constant
velocity to the specimen. Upon traversing through the rollers, the
thickness of the specimen reduces and consequently the velocity in-
creases. The relation between the specimen velocity and thickness is
mathematically represented as:

=h V w h V w0 0 0 1 1 1 (2)

where, h0, h1 is the initial and final thickness, V0, V1 the initial and final
velocity, w0, w1 the initial and final width respectively. Since, the width
is maintained constant through periodic boundary conditions, Eq. (2)
changes to:

=h
h

V
V

0

1

1

0 (3)

From the Eq. (3), we can relate the velocity change with respect to
the thickness reduction of the specimen. As a representative case, we
have considered the change in the velocity of the specimen during the
traversing through the first set of rollers. Fig. 3(b) shows the distance
vs. time plot during the rolling process and the slope indicates the ve-
locity of the specimen. The initial specimen velocity is found to be 1.7
Åps−1 and the final velocity after traversing out of the first set of rollers
is 1.95 Åps−1 for a thickness reduction of 8 percent. On comparing the
calculated value from Eq. (3) (1.84 Åps−1) with the obtained value

from the MD simulation, we have observed only a small deviation in the
final velocity of the specimen.

2.3. Determination of lattice orientation and stress

In order to identify the lattice orientations and the subsequent grain
rotation during the nano-rolling, we have implemented an algorithm to
determine the local lattice using Polyhedral Template Matching (PTM)
[46]. The reason behind using Polyhedral Template Matching method
over Common Neighbor Analysis (CNA) [58] is that the former method
is better suited in determining the structural evolution during high
strain (plastic) deformations [46]. The analysis of the determination of
the orientation of the rolled specimens is carried out by post-processing
the simulation data using open source visualization software OVITO
[56].

The calculated orientations are stored as quaternion values and the
lattice orientations are visualized (in the form of RGB colors) by using a
python modifier. In general, a quaternion that is signified by q is a set of
scalar and vector elements [q q q q, , ,0 1 2 3] and mathematically re-
presented as [48]:

= + + +q q iq jq kq0 1 2 3 (4)

where, q0 is the scalar term and q q q, ,1 2 3 are the vector terms. Hence,
the mathematical representation of equation (4) can also be given as:

= 〈 〉q s V, (5)

In case of nano-rolling process, the deformation causes the rotation
of the grains for which the quaternion values [q q q q, , ,0 1 2 3] can be
linked with the change in the rotation axis and the angle of rotation
through a unit vector, ξ using the following mathematical expression
[47]:
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where, the angle of rotation (ω) is represented by the scalar term:

( )cos ω
2 and the rotational axis is determined by the vector term:

( )ξ sini
ω
2 . Fig. 4 schematically shows that the axis rotation of the grains

in the specimen can be quantified through the values q q q, ,1 2 3 whereas
the angle of rotation can be quantified through the value ofq0. Here, we

Fig. 3. (a) Atomic snapshot of the NC Ni specimen along with the two set of rollers for the nano-rolling process. The reduction thickness (and percentage) during the
passing of each roller is specified. Here, RD indicates rolling direction, TD indicates transverse direction, and ND indicates normal direction, (b) Plot illustrating the
distance vs. time plot during the rolling of NC Ni specimen through the first set of rollers. The red lines indicate the slope (velocity) before and after the rolling
process.
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have initially considered the NC Ni specimen with an initial grain size
of 9 nm; however, new grains with different lattice orientations are
formed after the nano-rolling process. We have calculated the angle of
rotation (ω) by using the first term of the computed quaternion and
then, the obtained value of ω is used to find the rotational axis (ξi) using
the three vector quaternion terms.

3. Results and discussion

3.1. Structural evolution and stress distribution during cryo-rolling

Fig. 5 illustrates the atomic stress snapshots and the stress dis-
tribution plot during the rolling of specimen through the first set of
rollers (8% thickness reduction) at 77 K temperature. Before the in-
itiation of the nano-rolling process, it is observed that the specimen has
approximately zero stress in the bulk region whereas small quantity of
compressive and tensile stress is present at the grain boundaries (GBs).
Fig. 5(a-d) shows the generation of compressive stress (σyy) along the
normal of the specimen rolling direction, which aids in the reduction of
the thickness of the specimen. From the atomic snapshots, it is clearly

observed that a localized residual compressive stress is accumulated at
the grain boundary (GB) region after the specimen traverses out of the
first set of rollers. Moreover, a tensile residual stress is also found to be
accumulated at the triple junction of the GB indicating high stresses at
the interfacial regions (refer Fig. 5(d)). Accretion of such stresses in the
specimen can likely helps in grain refinement and increasing the me-
chanical behavior of the material [59,60]. Fig. 5(e) shows the stress
distribution plot for the specimen before entering the rollers, during the
process, and the rolled NC specimen. The peak of the stress distribution
is lowest during the process, which indicates that a comparatively
higher intensity of compressive stress is generated. The finding from the
plot is in good agreement with that of the atomic snapshots shown in
Fig. 5(a-d). Upon traversing out of the rollers, the peak of the stress
distribution in the specimen shows a similar value to that of during the
rolling process indicating that the specimen has been plastically de-
formed. Though, after the specimen is out of the rollers, the excessive
compressive stress is relieved and quantitatively the stress value de-
creases. However, the inset of Fig. 5(e) shows the grey shaded region,
which indicates the presence of final compressive residual stress in the
specimen. After passing through the first set of rollers, the specimen

Fig. 4. Schematic illustration of (a) axis of rotation, and (b) angle of rotation represented through the four set of quaternion values during the nano-rolling process.

Fig. 5. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the first set of rollers at
77 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process for the first set of rollers.
Inset indicates the residual stress after the rolling process.
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then moves towards the second set of rollers with a comparatively
higher reduction percent (~20% reduction). Fig. 6 shows the qualita-
tive distribution of the stress through atomic snapshots and the quan-
titative stress distribution plot during the nano-rolling through the
second set of rollers. Similar to the previous case, a localized com-
pressive stress (σyy) is generated near the region of roller-specimen
contact as shown in Fig. 6(a-d). However, after the specimen has passed
through the rollers, both tensile and compressive residual stresses are
observed in the specimen. This is attributed to the higher degree of
deformation that has caused the generation of larger number of dis-
locations to accommodate the plastic strain. We have specifically shown
the tensile-compressive stress field that has been formed due to the edge
dislocation in Fig. 6(d). The dislocation generation and the structural
evolution due to the comparatively higher reduction rate have been
discussed later in this paper. Fig. 6(e) illustrates the quantitative dis-
tribution of the normal stress acting on the NC Ni specimen during the
rolling process through second set of rollers. It is observed that the
amplitude (near zero stress) first decreases during the deformation with
a generation of larger compressive stress and then slightly increases
after the specimen is out of the rollers. Compared to the previous rolling
conditions (lower compression percent), the increase in the atomic
fraction amplitude (at the zero stress) after rolling can be attributed to
the dislocation annihilation and formation of dislocation substructures.

Fig. 7(a) exemplifies the initial grain rotation plot along with the
orientation snapshot and schematic of relation between rotation angle
and quaternion q0. The grains are colored with different combination of
RGB colors depending upon their rotations with respect to the initial SC
Ni specimen. After the deformation through the first set of rollers
during cryo-rolling process (77 K), it is observed that the change in the
atomic fraction with respect to the rotation angle is minimal (refer the
plot in Fig. 7(b)). This indicates that most of the grain orientations are
constant, though small rotations are detected at few regions on the
specimen surface (shaded region in Fig. 7(b)). The atomic stress dis-
tribution snapshot shows that high localized stresses are generated
causing the change in the orientation at those regions. On further re-
duction in the thickness through rolling deformation, it is observed that
the atomic fraction with low angle rotations decreases and conse-
quently high angle rotations increases in the specimen (refer Fig. 7(c)).
Also, the atomic stress distribution σ( xx) shows that the region of high
angle rotation is facilitated by the generation of large positive stress.
The positive stress along the rolling direction denotes shearing of the
specimen surface and indicates that the grain rotation is attributed to
the shear stress during rolling, which is in good agreement with the

literature studies [61,62]. In addition to the grain rotations, new or-
ientations are also formed in the specimen through generation of
smaller/finer grains separated through subgrain boundaries (refer or-
ientation snapshot in Fig. 7(c)). In general, such deformation and grain
rotations assist in the accumulation of the plasticity in the nano-rolled
specimen at low temperatures. Similar mechanism of plastic deforma-
tion through the grain rotation has already been observed in nano-
crystalline systems and is reported in the literature [63]. In order to
elaborately analyze the structural evolution and orientation generation
in the specimen after the cryo-rolling process, we have illustrated the
final specimen surface orientation along with its corresponding dis-
location structure as a representative case in Fig. 8. Subgrain bound-
aries and misfit dislocation (mostly Shockley partial dislocations) are
observed to be formed between slightly different oriented grains.
Moreover, two-dimensional meshes of dislocation structures are formed
indicating the formation of low angle grain boundaries (LAGBs) along
with the high angle grain boundaries (HAGBs). Few sessile dislocations
such as stair-rod and Frank partials are also observed to be formed at
few interfaces.

3.2. Stress analysis and orientation evolution during room temperature
rolling

In this section, we have studied the deformation behavior, stress
distribution and the texturing of the NC Ni specimen during the rolling
process at 300 K temperature. Fig. 9(a-d) shows the atomic snapshots of
the normal stress distribution in the specimen during the deformation
through the first set of rollers. Similar to the cryo-rolling, the region of
roller-specimen interaction generates a high compressive stress (nega-
tive stress) that aids in the reduction of the specimen thickness. How-
ever, it is observed that few localized regions having tensile stress
(positive stress) are present near the grain boundary junctions upon
traversing out of the rollers as shown in Fig. 9(d). Quantitative analysis
through atomic fraction vs. stress plot also shows that the final spe-
cimen (after rolling through the first set of rollers) has a positive re-
sidual stress due to the stress accumulation at triple junctions. The
finding from the stress analysis is in good agreement with that of the
experimental studies of cold-rolling process [64,65]. After the initial
rolling, the specimen is passed through the second set of rollers, which
has a thickness reduction percent of 20% (higher strain). Fig. 10 de-
monstrates the atomic stress snapshots along with its quantitative dis-
tribution during the deformation process. It is observed that the stress
generation during the rolling is similar to that of the previous case

Fig. 6. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the second set of rollers
at 77 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process. Inset indicates the
residual stress after the rolling process.
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(refer Fig. 6); however, a larger region in the specimen show the
compressive-tensile stress field that is a characteristic feature for the
presence of dislocations (perfect or partial dislocations, refer
Fig. 10(d)). Moreover, the deformation has also caused the distortion of
the grain boundaries in the specimen resulting in the change of the
grain shape. Quantitative analysis also shows the presence of a small
tensile residual stress in the specimen whereas the compressive stress
has been reduced, which indicates that the elevated temperature
(300 K) has aided in the stress relaxation (refer Fig. 10(e)). Such stress
relaxation phenomenon is generally not observed during the cold
rolling process and needs additional annealing of the specimen but
here, due to the nanoscale structure and close proximity between the
surfaces, defect annihilation is prominent leading to relaxation.

In order to analyze the grain orientation scatter in the NC Ni spe-
cimen during the deformation through the first and second set of
rollers, we have plotted the rotation angle vs. atomic fraction graphs
along with the stress and orientation snapshots obtained through the
quaternion analysis (refer Fig. 11). The orientations are denoted
through the various combinations of RGB colors depending on the grain

rotations with respect to the initial configuration. It is observed that the
change in the grain rotations after the first rolling condition is minimal
as the thickness reduction percent is lower. Nevertheless, it is found
that few localized regions at the surface of the specimen show gen-
eration of new orientations along with the creation of finer grains.
Studies have shown that the surface atoms have lesser constraints than
the interior atoms and hence the rotation is more favorable [66].
Moreover, there is generation of few twin boundaries in the specimen to
accommodate the plastic strain (refer Fig. 11(b)). Upon increasing the
thickness reduction percent, an increase in the high angle atomic ro-
tation is observed at the expense of reduction in the low angle rotations.
On the other hand, the atomic stress snapshot shows large patches of
positive stress indicating the shearing on the surface of the specimen
(refer Fig. 11(c)). Overall, the previous results and the current stress
snapshot indicate that the residual negative stress (compression) is re-
leased after the entire nano-rolling process at 300 K. The corresponding
orientation snapshot reveals distortions of original hexagonal grains
and formation of smaller grains with new orientations. Also, the grain
near the high positive stress region has shown complete change in the

Fig. 7. (a) Initial grain rotation distribution along with the schematic of relation between rotation angle and quaternionq0 and the orientation of the initial NC Ni
specimen, (b) atomic rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the first set of rollers at 77 K, (c) atomic
rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the second set of rollers at 77 K.

Fig. 8. Atomic snapshot illustrating the surface of the cryo-rolled specimen after the rolling through the second set of rollers along with the dislocation structures that
are generated during the deformation process.
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RGB color signifying high angle grain rotation (refer Fig. 11(c)).

3.3. Stress analysis and texture evolution during hot rolling

Fig. 12(a-d) illustrates the atomic snapshots of the normal stress
distribution (generated due to the rollers) in the specimen at different
time intervals of nano-rolling process (through first set of rollers). Also,
a quantitative stress distribution is presented through stress vs. atomic
fraction plot to determine the development of residual stress after the
rolling process (refer Fig. 12(e)). As observed in the previous cases, a
compressive stress (σyy) is generated at the roller-specimen interaction
region (refer Fig. 12(a-c)). Apart from this, the overall specimen shows
small stresses in the grain interior that can be attributed to the thermal
vibrations caused by the high temperature deformation. Also, due to the
elevated temperature, the atomic stress is found to be dispersed in the
specimen indicating a homogenous distribution of stress. This can be
correlated with the low amplitude (zero stress) in the stress distribution
plot at the initial stages of rolling (refer Fig. 12(e)) as compared with
the previous cases of low temperature rolling. Once the specimen tra-
verses into the rollers (at t = 60 ps), it is observed that the central
region of the specimen does not experience much compressive stress
due to the rollers. Hence, the decrease in the amplitude in the plot is

also slightly less when compared to the low temperature deformation.
After the specimen comes out of the rollers, the atomic snapshot shows
formation of tensile-compressive stress fields indicating the formation
of dislocations in the specimen. However, quantitatively, the overall
residual stress due to the high temperature nano-rolling process is low
as indicated in the inset of Fig. 12(e).

Fig. 13 shows the stress snapshots along with the distribution plot
during the rolling process of the NC specimen through the second set of
rollers at 900 K temperature. Due to the large reduction percent, a
larger compressive stress is generated at the roller-specimen interac-
tion, though a tensile residual stress is formed when the specimen
moves out of the rollers. This leads to the decrease in the atomic frac-
tion at zero stress region and uniform increase at both tensile and
compressive stress region as shown in Fig. 13(e) at 150 ps. Upon
completion of the deformation process, a tensile residual stress is ob-
served in the specimen, which is contrary to the low temperature de-
formation process. This can be attributed to the large grain distortions
(through orientation change) that have occurred to accommodate the
plastic strain during deformation, (which will be discussed in Fig. 15).
Similar to the previous case, it has been observed that the specimen
undergoes stress relaxation during the traversing in between the two
rollers. It is already discussed that the stress relaxation process occurs

Fig. 9. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the first set of rollers at
300 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process. Inset indicates the residual
stress after the rolling process.

Fig. 10. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the second set of
rollers at 300 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process. Inset indicates
the tensile residual stress after the rolling process.
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due to the nanoscale size of the specimen and close proximity between
the surfaces, which causes defect annihilation (refer Fig. 10). Apart
from the nano-scale size of the specimen, the traversing time between
the two set of rollers is also important in the relaxation as it is a time-
dependent decrease of stress in the specimen under constant strain.
Fig. 14 quantitatively shows the stress relaxation of the NC Ni specimen
before entering the second set of rollers during high temperature rolling
process (900 K taken as a representative case). Fig. 14(a) illustrates the
stress distribution of the atoms at different time period and it is ob-
served that the fraction of atoms having zero stress value increases as
the specimen moves towards the second set of rollers (~the total travel
time in between the two set of rollers is 10 ps). Moreover, the maximum

induced stress in the specimen also decreases with respect to time
during the relaxation process (refer Fig. 14(b)). The increase at 110 ps
indicate that the specimen has entered the second set of rollers (refer
Fig. 13) due to which the maximum stress rises once again. The de-
crease of stress can be attributed to the fact that dislocation annihilation
at elevated operating temperature is high. In this view, we have ana-
lyzed the variation of dislocation density and observed a continuous
decrease with respect to traversing time (refer Fig. 14(c)). The trend of
the plot indicates that the stress relaxation is due to the annihilation of
the partial dislocations in the specimen. We have provided supple-
mentary videos (Video V1 and V2) showing the nano-rolling process of
NC Ni at 77 K and 900 K respectively.

Fig. 11. (a) Initial grain rotation distribution along with the schematic of relation between rotation angle and quaternionq0 and the orientation of the initial NC Ni
specimen, (b) atomic rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the first set of rollers at 300 K, (c) atomic
rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the second set of rollers at 300 K.

Fig. 12. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the first set of rollers at
900 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process. Inset indicates the
compressive residual stress after the rolling process.
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Fig. 13. (a-d) Atomic snapshots illustrating the normal stress distribution (σyy) in the specimen during the rolling deformation process through the second set of
rollers at 300 K, (e) Atomic fraction vs. stress plot showing the quantitatively the distribution of stress at initial, during and after the rolling process. Inset indicates
the tensile residual stress after the rolling process.

Fig. 14. (a) Plot shows the distribution of stress with respect to atomic fraction after rolling through the first set of rollers (100 ps), during the traversing towards the
second set of rollers (105 ps), and the initial traversing of the specimen into the second set of rollers. Inset shows the variation in the atomic fraction at zero stress. (b)
Plot shows the variation of maximum stress during the traversing of the specimen, whereas (c) shows the variation in the dislocation density for the same time period.
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The atomic snapshots for the stress distribution and texture evolu-
tion during rolling through both set of rollers at 900 K temperature is
depicted in Fig. 15. Also, rotation angle vs. atomic fraction plots are
illustrated to determine the orientation change of the Ni atoms during
the rolling process. It is observed that the magnitude of change in the
rotation angles for the first set of rollers is comparatively higher than
the lower temperature deformation. This indicates that the requirement
of the stress magnitude is not high because of the elevated temperature,
which assists in the smooth grain rotations. Moreover, the stress dis-
tribution (σxx) shows an overall compression (negative stress value) of
the surface with small regions having positive stresses (refer Fig. 15(b)).
This has caused slight distortions of the grains in the specimen with the
formation of twin boundaries as shown in the orientation snapshot in
Fig. 15(b). With increase in the reduction percent under larger strain,
there is a sharp decrease in the atomic fraction with low angle rotations
along with increase in the atomic fraction having 45°-degree rotation
and few higher degree rotations as shown in the plot of Fig. 15(c). This
finding indicates that the grain rotation has occurred along a single
direction resulting in anisotropic orientation distribution. The stress
distribution also shows a shift from the negative distribution towards a
positive stress distribution in the specimen signifying that specimen has
undergone stress relaxation after traversing out of the rollers. More-
over, it is found that rolling through the second set of rollers (high
strain deformation) has also caused grain refinement at the surface and
is shown in the orientation snapshot in Fig. 15(c). Similar type of de-
formation behavior and texture evolution is already observed during
the experimental studies of rolling process and has been reported in
literature [67].

3.4. Characterization of the rolled specimens through virtual diffraction
analysis

Fig. 16 shows the XRD plots for the unrolled and rolled (first and
second set of rollers) NC Ni specimens at different operating tempera-
tures. It is observed that the initial diffraction patterns show small

peaks for (111) and (311) planes along with a larger peak for the
(200) plane. Upon rolling through the first set of rollers, the peak in-
tensities of (111) and (200) planes is found to be increased at all the
temperatures. Specifically, the amplitude of the (200) peak increases
with the increase in the rolling temperature as shown in Fig. 16. The
growing intensity of these diffraction with increase in temperature
signifies that the preferred orientation of the grains become (200) upon
rolling through the first set of rollers. Similar type of diffraction pat-
terns has been observed during the experimental evaluation of crys-
talline materials at increasing temperatures [68]. With increase in the
thickness reduction percent through second set of rollers, it is observed
that the peak intensity of the (200) planes decreases drastically. At the
same time, the diffraction peak intensity of the (111) plane further
increases indicating that this plane becomes the preferred orientation.
However, as the rolling temperature is increased, the amplitude di-
minishes and a splitting peak is formed at 900 K as shown in Fig. 16(c).
It can be attributed to the high compressive deformation employed on
the specimen that results in the change in the interlaminar spacing (or
change in the orientation).

4. Conclusions

We have employed molecular dynamics (MD) simulations to model
and analyze the nanoscale rolling deformation behavior in NC Ni spe-
cimen and study the effect of temperature on the structural evolution
and overall grain orientation. Based on the obtained results through the
various analysis that we have performed, the following conclusions can
be drawn:

• At low temperatures, atomic stress distribution snapshots show lo-
calized residual compressive stress accumulation at the grain
boundary and tensile residual stress at triple junctions after the
specimen traverses through the first set of rollers. With increase in
the thickness reduction, large dislocations are generated to accom-
modate the plastic strain leading to formation of tensile-compressive

Fig. 15. (a) Initial grain rotation distribution along with the schematic of relation between rotation angle and quaternionq0 and the orientation of the initial NC Ni
specimen, (b) atomic rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the first set of rollers at 900 K, (c) atomic
rotation plot along with the stress distribution σ( xx) and the orientation of the NC Ni specimen during the second set of rollers at 900 K.
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stress field.

• Atomic rotation analysis shows that low temperature rolling
through first set of rollers have minimal change in the rotation angle
with small orientation change. However, rolling through the second
set of rollers show formation of new grain orientations along with
the generation of finer grains, which are separated through sub-
grain boundaries.

• At elevated temperatures, the interior of the specimen shows gen-
eration of the smaller and dispersed stresses attributed to the
thermal vibrations caused by the high temperature deformation.
However, at larger reduction percent, a tensile residual stress is
generated after rolling because of the larger grain rotations and
distortions, which is contrary to the low temperature deformation
process.

• It has been found through atomic rotation analysis that magnitude
of change in the rotation angle is higher at similar compressive
stress due to high temperature. The atomic fraction with low angle
rotation decreases and atomic fraction having 45° degree rotation
increases indicating anisotropic orientation distribution. Moreover,
orientation analysis has shown that the high compressive deforma-
tion has caused the grain refinement at the surface of the specimen
after the rolling process.

• Virtual diffraction analysis shows an enhanced intensity of the
(200) peak during the rolling through the first set of rollers in-
dicating that the preferred orientation change. During the rolling
through the second set of rollers, preferred orientations changes to
(111) planes. The change in orientation is attributed to large
compressive stress applied, which causes in the alteration of the
interlaminar spacing and consequently change in the grain or-
ientation.
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