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In this paper, molecular dynamics (MD) simulation-based study of deformation behavior of ultrafine-
grained nanocrystalline nickel under asymmetric cyclic loading having stress ratios (R) such as2 0.2,2 0.4
and 2 0.6 for different temperatures, viz. 100, 300 and 500 K, has been performed using embedded atom
method potential. The predicted ratcheting strain by MD simulation for nanocrystalline Ni varies from 15
to 30%. A significant increase in ratcheting strain has been observed with the increase in temperature. It
has been observed that the number of vacancies increases, and the number of clusters decreases with the
increase in temperature. Slight reduction in crystallinity is identified at the middle of the each loading cycle
from the performed cluster analysis. Zigzag pattern of dislocation density has been observed and leads to
the decrease in dislocation density with the increase in temperature. Stress ratio does not show any sig-
nificant effect on the number of vacancies, clusters and dislocation density on structural evolution during
the asymmetric cyclic loading. Slight change in the grain rotation has been observed with the increase in
temperature, and there is almost no change in the final texture evolved. From the post-tensile tests, ultimate
tensile strength that remains same may be due to constant average dislocation density.

Keywords molecular dynamics, nanocrystalline, ratcheting, stress
ratio

1. Introduction

Nanocrystalline (NC) materials have been subject of great
interest in recent years because of their unique mechanical,
electrical, optical and electronic properties (Ref 1, 2). NC
materials usually have less than 100 nm grain size having large
volume fraction of grain boundary compared to coarse-grained
crystalline materials. They are used in structural applications
because of their excellent mechanical properties as the large
volume fraction of grain boundaries hinders the movement of
dislocations (i.e., dislocation pileup is occurred) and back stress
is built up, which is responsible for enhancement of strength
(Ref 3-6). Thus, ultimate tensile strength (UTS) for ultrafine-
grained nanocrystalline is found to exhibit higher strength in
the order of GPa unit. On the other hand, UTS for coarse-

grained polycrystalline materials exhibits lower strength in the
order of MPa unit. This is because coarse-grained polycrys-
talline materials have less volume fraction of grain boundary
compared to NC materials and accordingly back stress because
dislocation pileup is not so high in the case of coarse-grained
polycrystalline materials. In this juncture, it is pertinent to
mention that in the case of monocrystals, UTS is generally very
high as defects are absent in perfect monocrystal specimens.

Deformation of NC materials is mainly controlled by grain
boundary-mediated mechanisms like grain boundary sliding,
grain rotations, grain boundary migration (Ref 7-11). In
structural applications, whenever the materials are subjected
to deformation under static or cyclic loadings due to compres-
sion and tension cycles, there will be continuous accommoda-
tion of plastic strain and it eventually causes the fatigue failure
of material. In this perspective, NC materials may be effective
alternative as they have good fatigue resistance because of their
high volume fraction of grain boundary, which hinders the
movement of crack (Ref 12). Several researchers have reported
that deformation behavior of nanocrystalline metallic system
changes over from dislocation-controlled plasticity to grain
boundary-mediated plasticity like grain boundary sliding and
grain rotation with the decrease in grain size (Ref 13-15). Since
grain boundary network consists of high density of dislocations
in NC regime which is difficult to characterize, several
atomistic simulations are performed to track the structural
evolution of network of grain boundary during the deformation
of NC metals (Ref 16, 17). Hanlon reported that pure NC Ni
fatigue resistance increases because of grain refinement and
hardens during cyclic loading over a range of fatigue conditions
(Ref 18). Along with conventional fatigue, deformation under
asymmetric cyclic loading or ratcheting behavior is also
identified as one of the common ways of material failure and
has also been dominant area of research over past few decades
(Ref 19-24). In the case of ratcheting deformation, if there is
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sufficient high stress to cause yielding, there will be cyclic
accumulation of plastic strain under nonzero mean stress and it
accelerates the process of deformation after each and every
cycle resulting in early failure of component compared to
conventional fatigue (Ref 25, 26). Controlling parameters like
stress ratio, stress amplitudes, temperature, microstructure
influence significantly accumulated strain during asymmetric
cyclic loading (Ref 20, 23, 27). Temperature is one of the key
parameters which influence the process of ratcheting as it
causes the reduction in flow stress resulting in further
deformation when the material is used at high service
temperature (Ref 28). Many experimental studies have been
performed on cyclic behavior of nanocrystalline metallic
system; however, performing fatigue experiments at high
temperatures is very costly and time-consuming. Experiments
give two-dimensional view of microstructure, but grain rotation
and sliding are linked with three-dimensional view and it is
very difficult to track the structural evolution of each grain at
nanoscale (Ref 29). In this regard for a better understanding of
cyclic behavior, molecular dynamics (MD) acts as powerful and
effective tool for providing atomic-level understanding of
structural evolution and underlying deformation mechanism
during ratcheting. Schiøtz has performed molecular dynamics
(MD) simulations on nanocrystalline Cu and reported that
mobility of grain boundaries increases during the cyclic loading
resulting in coarsening of grains (Ref 30). Farkas et al. (Ref 31)
have reported the formation of nanovoids in NC Ni at grain
boundary from two or more dislocations, whenever dislocations
cannot cross the grain boundary during ratcheting. According
to Rupert and Schuh (Ref 32), grain boundaries get relaxed
during cyclic loading for small amounts of plastic deformation
and become stronger by having equilibrium grain boundary
structure or low energy configurations, which results in cyclic
hardening of material. Several MD simulation-based investi-
gations have been performed on fatigue behavior of materials
(Ref 30, 33); however, there are few reports that are related to
asymmetric loading conditions (Ref 28). Moser et al. (Ref 34)
have investigated deformation behavior during cyclic loading
and reported cyclic hardening occurs during the initial stages of
deformation in NC Ni. There is no literature available detailing
the ratcheting behavior of NC metals and its associated atomic-
level underlying mechanism. At this juncture, it is worth
mentioning that the study of atomic-scale deformation mech-
anism is necessary to get thorough understanding of ratcheting
behavior of nanocrystalline metallic system. The aim of this
investigation is to study the structural evolution and underlying
deformation mechanism of ultrafine-grained NC Ni under
asymmetric cyclic loading condition. In this work, ratcheting
deformation simulations have been performed for six cycles to
understand the nature of strain accumulation in ultrafine-
grained nanocrystalline nickel for different stress ratios
(R = � 0.2, � 0.4, � 0.6) at different temperatures, viz. 100,
300, 500 K. In addition, the effect of ratcheting on specimen
stress–strain behavior is investigated by performing simulated
tensile tests before and after ratcheting deformation.

2. Molecular Dynamics Simulation Model

Three-dimensional nanocrystalline (NC) Ni specimen has
been prepared using Voronoi method (Ref 35) in AtomEye
software (Ref 36) and is presented in Fig. 1(a) [colored

according to centrosymmetry parameter (CSP)]. The complete
specimen contains 27 uniform grains (grain size � 5 nm)
having random orientations. A 14 nm 9 14 nm 9 14 nm
simulation box is taken for performing molecular dynamics
(MD) simulation, and the simulation box contains 253,505
atoms. The specimen is equilibrated using the conjugate
gradient algorithm through local energy minimum for 100 ps.
Time step of 2 fs is taken, and periodic boundary conditions are
applied in three directions for performing all the ratcheting
simulations. The specimens are subjected to uniaxial tensile and
uniaxial asymmetric cyclic loading along the Y-direction [010],
and the simulated tests are performed for three different
temperatures, namely 100, 300 and 500 K. The tensile test is
carried out at strain rate of 108 s�1. In this paper, engineering
stress–strain plots are taken for studying the deformation of NC
Ni. Engineering stress is defined as the applied load on test
specimen divided by the initial cross-sectional area of a
specimen, engineering strain is the change in length during
deformation divided by the initial length of a specimen, and
ultimate tensile strength is the maximum tensile stress which
can be withstand by a materials during deformation (Ref 37-
40). All the simulations are performed using NVE ensemble
integrated with velocity Verlet algorithm. Ratcheting simula-
tions have been carried out under various stress ratios (R) (e.g.,
� 0.2, � 0.4 and � 0.6) and temperatures (e.g., 100, 300 and
500 K). Stress ratio (R) is defined as the ratio of the minimum
stress (rmin) to the maximum stress (rmax), and in the present
simulation rmax is chosen as 90% of UTS of pure NC Ni at
respective temperatures during ratcheting. During the simula-
tion, the stress value increased from zero to the maximum stress
(rmax) by having step size as dd1 = rmax/5 in five steps and
decreased to zero in the same way. Similarly, the minimum
stress having step size as dd2 = rmin/5 in five steps and
obtained step size is used to complete the loading cycle. For
each loading cycle, stress is varied in 20 steps and is continued
for 6 cycles. In the present simulation, the maximum stress
(rmax) is fixed, and from stress ratios (R) corresponding values
of the minimum stress (rmin) have been obtained. Here,
Berendsen barostat method (Ref 41) has been applied for
applying stress (in the form of pressure) on specimen. The R
values have been chosen in such a manner that all the
simulation cases comprise positive mean stress conditions.

In this study, ratcheting strain has been calculated as:

Ratcheting strain% ¼ Yhi þ Yloð Þ � L

2L

� �
� 100 ðEq 1Þ

where Yhi and Ylo are the elongated crystal coordinates in the
positive and negative y-direction, respectively, and L is the
initial length of the crystal in the y-direction.

All the atomistic calculations are executed using a large-
scale atomic/molecular massively parallel simulator
(LAMMPS) (Ref 42) with EAM FS (embedded atom model
Finnis–Sinclair) potential developed by Mendelev et al. (Ref
43) applicable for Ni systems. As per the Finnis/Sinclair model,
the total energy E of the crystal is expressed as follows:

E ¼ 1

2

X
i;j;i 6¼j

/ijðrijÞ þ
X
i

FiðqiÞ ðEq 2Þ

where /ij represents the paired energy between atoms i and j
separated by a distance rij and Fi is the embedding energy
associated with embedding an atom i into a local site with an
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electron density qi. The electron density is calculated using the
following equation:

qi ¼
X
j;j 6¼ i

fjðri jÞ ðEq 3Þ

where fjðri jÞ is the electron density at the site of atom i arising
from atom j at a distance of ri j and the generalized elemental
potentials are written as follows:

/ðrÞ ¼ A exp½�aðr=re � 1Þ�
1þ ðr=re � kÞ20

� B exp½�bðr=re � 1Þ�
1þ ðr=re � kÞ20

ðEq 4Þ

where re is the equilibrium spacing between the nearest
neighbors. A, B, a and b are the adjustable parameters, whereas
k and k are two additional parameters for the cutoff. The
electron density function is expressed as:

f ðrÞ ¼ fe exp½�bðr=re � 1Þ
1þ ðr=re � kÞ20

ðEq 5Þ

Potential energy versus time graph along with atomic
snapshots is shown in Fig. 1(b). This plot is calculated using
the conjugate gradient algorithm to minimize the potential
energy. The conjugate gradient algorithm (CGA) is one of the
significant methods to look for a local minimum. CGA is not
only specific for atomistic simulations; function V(r) can be
used for any N-dimensional function f(x) which is a well-
defined gradient. In the case of atomistic simulations, there are
significant features that can be employed to optimize the
algorithm at the possible expense of generalization. It is
observed from Fig. 1(b) that potential energy is sharply
decreased, and after few ps, it becomes constant with the
increasing simulation time.

Dislocation density (Ref 44, 45) is taken as the sum of all
dislocation lengths per unit volume of the specimen, i.e.,

Dislocation density ¼ sum of all dislocation length

volume of the specimen
ðEq 6Þ

Wigner–Seitz defect analysis (Ref 46, 47) is used to count
vacancies at different stages of simulated uniaxial ratcheting

cycle. This analysis tool effectively identifies point defects
using Wigner–Seitz cell method. The Wigner–Seitz cell method
actually checks the defective state of the crystal structure with
respect to the reference state, which is a perfect crystal lattice.
Wigner–Seitz defect analysis identifies the position of the
displaced atom by comparing with perfect crystal structure
taken as a reference. In this method, if some sites are found to
be occupied by zero atoms, the identified defect is vacancy. On
the other hand, if some sites are found to be occupied by more
than one atom, the detected defect is interstitials.

Centrosymmetry parameter (CSP) analysis is used to
analyze the atomic strain evolution during the uniaxial cyclic
loading. The CSP (Ref 48) can be defined as follows:

CSP ¼
X
i¼1;6

Ri þ RiþN=2

�� ��2 ðEq 7Þ

where Ri and Ri+N/2 are the vectors or bonds from the central
atom to the six pairs of opposite nearest neighbors in the FCC
lattice. The CSP value is zero for perfect FCC lattice under the
homogeneous elastic deformation, where each atom is sur-
rounded with a pair of equal and opposite bonds with nearest
neighbors, and it increases toward positive values with the
increase in defects where the surrounded bonds change its
direction and/or length.

The radial distribution function (RDF) analysis is an
effective tool for determining the local structure of the
specimen. RDF (g(r)) is actually the probability of finding a
neighbor atom at a distance r away from a central atom, which
is expressed by the following relation (Ref 49):

gðrÞ ¼ V

N2

XN
i¼1

nðrÞ
4pr2Dr

* +
ðEq 8Þ

where V denotes the total volume of the system, N is the
number of atoms and n(r) is the number of particles found at a
distance between r and r + Dr. Common neighbor analysis
(CAN) is obtained by the decomposition of the RDF plots,
whereas to determine the CNA, decomposed RDF function is
expressed by the following equation (Ref 50):

Fig. 1 (a) Three-dimensional snapshots of NC Ni specimen and (b) plot of potential energy with respect to time
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gðrÞ ¼
X
jkl

gjklðrÞ ðEq 9Þ

Atomic configuration snapshots capturing CSP analysis,
RDF, cluster analysis, Wigner–Seitz defect analysis and
dislocation extraction have been performed using OVITO
(Ref 51). Grain tracking algorithm (GTA) is the post-processing
method which is used to convert the positions of the atoms in
the simulation into structural measurements (Ref 29, 30, 52). In
the present simulation, grain tracking algorithm (GTA) is used
track the orientation of grains using CSP and atomic positions
as required inputs. CSP gives information about the local
distortion using the position of atoms which is used to
differentiate between crystalline atoms from GB (Ref 53).
GTA tracks orientation of each crystal at each atomic position
by considering neighboring atoms using FCC as reference. By
using misorientation angle as low angle grain boundary fixed,
algorithm tracks local orientation at each atomic position within
grain. From this, by calculating the average of all local
orientations within grain the orientation of grain can be found
and grain structure can be visualized. The orientation of each
grain and the overall specimen texture are visualized with pole
figures and inverse pole figures.

The main characterization of grain boundary motion param-
eters in MD simulation consists of the calculation of local
properties of each atom, such as energy, stress or local lattice
distortion, and qualitative observations, such as the migration
of a certain grain boundary, GB sliding or the rotation of a
specific grain (Ref 53). However, grain rotation in nanocrys-
talline specimen during deformation process occurs as the
mechanism of the energy reduction in the system (Ref 29).

3. Results and Discussion

Molecular dynamics (MD) simulations of uniaxial ratchet-
ing at various temperatures (e.g., 100, 300 and 500 K) and
equivalent stress values (equal percentage of ultimate tensile
strength of corresponding temperature) have been performed
for NC Ni specimen in this study. Firstly, therefore MD
simulations have been carried out to evaluate stress–strain
behavior of the NC Ni at various temperatures (100, 300 and
500 K) and to select the maximum loading conditions for
ratcheting and the obtained stress–strain curves are presented in
Fig. 2(a). The tensile strength of pure NC Ni increases
maximum up to 3.5, 2.98, 2.35 GPa at different temperatures,
viz. 100, 300, 500 K, respectively. The magnitude of ultimate
tensile strength is found to be decreased with the increasing
temperature. This is owing to occurrence of flow softening of
NC Ni at high temperature. This indicates mechanical proper-
ties of NC Ni are temperature sensitive, which necessitates the
study of ratcheting behavior of this system for different
temperatures. The uniaxial ratcheting simulation has been
performed here taking the maximum tensile load (rmax) is equal
to 90% of the ultimate tensile strength (UTS) value of the NC
Ni at the corresponding temperature. The minimum stress
(rmin) values applied as a compressive load are varied as per the
chosen stress ratios (e.g., � 0.2, � 0.4 and � 0.6) for
ratcheting simulation. The combinations of the adopted rmax

and rmin values for each simulation are listed in Table 1. A
comparative analysis of MD simulation and real experimental

true stress–true strain curves of NC Ni specimen at room
temperature is shown in Fig. 2(b). From both experimental (Ref
54) and simulation methods in nanoscale, the variation in
results is less.

Representative applied loading (stress) cycles for different
temperatures (e.g., 100, 300 and 500 K) at specific R = � 0.6
and corresponding resulted strain cycles are shown in Fig. 2(c)
and (d), respectively. Local fluctuation in strain plots during
asymmetric cyclic loading is observed, but overall trend of
strain curve is at par with the applied loading cycles.
Accumulation of ratcheting strain is known to occur for such
types of cases during asymmetric stress-controlled cyclic
loading with nonzero mean stress.

Figure 3(a) shows the true stress–true strain curves for NC
Ni at various temperatures. It is observed that the yield stress,
ultimate tensile strength and flow stress decreased with the
increasing temperature. It indicates that softening phenomenon
is happened during deformation. It can be seen that a saw tooth
shape nature of true stress–strain curves for NC Ni is observed
under tensile deformation after the yield stress and it is found to
be more at 100 K than 300 and 500 K temperatures. This type
of observation is happened in stress–strain curves due to the
phenomena of dislocation nucleation and movement, formation
of dislocation junctions and dislocation annihilation (Ref 55).
Figure 3(b) shows the dislocation density versus true strain
plots at various temperatures under uniaxial tensile deformation
condition. It is found that curve of dislocation density versus
true strain is shifted toward upward with the decreasing
temperature under uniaxial tensile test. It is due to the softening
phenomenon which increases with the increasing temperature.
In the plots of dislocation density, zigzag lines are observed
during tensile deformation. It indicates the dislocation nucle-
ation and annihilation during deformation of NC Ni. Fig-
ure 3(c) shows the inverse pole figures for NC Ni under
uniaxial tensile deformation at three different temperatures. The
stereographic projections along Z-direction to show the evolu-
tion of the orientations of overall random texture distribution of
all grains during uniaxial tensile deformation are investigated
here. Inverse pole figures are assisted to evaluate the grain
rotation during deformation. It is observed from inverse pole
figures that grain rotations during uniaxial tensile deformation
increased with the increasing testing temperature. Figure 3(d)
shows the pole figures� distribution of grain orientation {111}
type pole for three different temperatures at the 40% of true
strains under tensile deformation condition. The overall random
texture distribution of pole figure in the specimens at different
temperatures is investigated during uniaxial tensile deforma-
tions. It can be seen from Fig. 3(d) that the total number of
poles projected at 300 K temperature is observed to be more
compared to 100 and 500 K temperatures.

To show the ratcheting strain is a function of temperature,
uniaxial ratcheting simulations have been performed at three
different temperatures, viz. 100, 300 and 500 K. The variation
in ratcheting strain with the number of cycles at different
temperatures at specific stress ratios is presented in Fig. 4(a),
(b) and (c). It has been observed that with the increase in
temperature there is a significant increase in ratcheting strain as
the increase in temperature takes the advantage of having lower
flow stress required for the further deformation which indicates
that materials exhibit softening behavior at high temperature. It
can be inferred from the above discussion that ratcheting strain
strongly depends on temperature. Figure 4(d), (e) and (f) shows
the relationship between the ratcheting strains with the number
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of cycles at different stress ratios during the asymmetric cyclic
loading. Ratcheting strain increases abruptly for the first two
cycles of loading and becomes steady with minor fluctuations
for remaining cycles of loading at different temperatures. It is
observed from Fig. 4 that ratcheting strain predicted by MD
simulation for NC Ni varies from 15 to 30%. It has also been
observed that with the increase in magnitude of stress ratio (R),
the minimum stress (rmin) in amplitude increases resulting in
greater allowable strain in the material (refer to Fig. 4d, e and
f). Accumulative ratcheting strain decreased with the increasing

compressive stress within a cycle. Earlier investigation per-
formed by Kang et al. (Ref 27) showed that strain accumulation
in sample versus the number of cycles takes place in 3 stages:
initial sharp increase in accumulation of strain, maintains steady
state and finally the increase in strain leads to failure of sample
which is analogous to creep curves. However, in the present
simulation only two stages are appeared as the simulation is
carried only up to 6 cycles and is not carried out till failure of
the specimen.

Fig. 2 (a) Engineering tensile stress–strain curves at various temperatures, (b) a comparative study of MD simulation and real experimental true
stress–true strain curves of nanocrystalline Ni specimen at room temperature. [Experimental result is taken from the literature (Budrovic et al.
(Ref 53))], (c) stress vs. time plots for different temperatures at stress ratio (R) = � 0.6 and (d) strain vs. time plots for different temperatures at
stress ratio (R) = � 0.6

Table 1 Input parameters of NC Ni for the asymmetric cyclic loading simulations

R

Temperature

100 K 300 K 500 K

UTS (GPa) rmax (GPa) rmin (GPa) UTS (GPa) rmax (GPa) rmin (GPa) UTS (GPa) rmax (GPa) rmin (GPa)

� 0.2 3.5 � 3.15 0.63 2.98 � 2.68 0.54 2.35 � 2.11 0.42
� 0.4 3.5 � 3.15 1.26 2.98 � 2.68 1.07 2.35 � 2.11 0.84
� 0.6 3.5 � 3.15 1.89 2.98 � 2.68 1.61 2.35 � 2.11 1.27
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Atomic strain snapshots of NC Ni having grain size � 5 nm
after different cycles of ratcheting at 500 K and � 0.6 stress
ratio are presented in Fig. 5. It is observed that with the
increase in ratcheting cycle, shear strains increased at the initial
stage of ratcheting cycle. After first cycle of ratcheting strain,
shear strains are found to be remained almost unchanged with
the increasing number of loading cycles. Shear strains are found
to be mainly localized at the grain boundaries (GBs). It is
because of the local stress concentrations, which are generated
mainly at GBs compared to grains (refer to Fig. 5). It is found
from Fig. 4 and 5 that ratcheting strain and shear strains both
are almost remained unaltered from the first cycle to the sixth
cycle with the increasing number of asymmetrical cycles. It can
be said that shear strains supported the behavior of ratcheting
strain curves. Figure 6 depicts the atomic strain snapshots of
NC Ni after completed the sixth ratcheting cycle at three
different temperatures (100, 300 and 500 K) and R = � 0.6
stress ratio. It is observed from Fig. 6 that shear strains
increased with the increasing temperature under asymmetrical
cyclic loading condition. It is found from Fig. 4 and 6 that

ratcheting strain and shear strain both increased with the
increasing temperature during the deformation process under
asymmetric cyclic loading.

Cluster analysis has been performed taking the cutoff radius
as 2.48 Å to study the structural evolution by considering the
local atomic configurations during asymmetric cyclic loading.
The number of clusters with respect to the number of loading
cycles for different temperatures at specific stress ratios is
plotted in Fig. 7(a), (b) and (c). The number of clusters
decreases with the increasing deformation temperature, which
indicates that formation of amorphous structure is started
during asymmetric cyclic loading. It can be observed that the
number of clusters rises sharply at every first half cycle during
the tensile loading and decreases during the compressive
loading and the same trend is repeated up to six cycles. The
increase in the number of clusters implies reduction in
crystallinity, and the same is happened due to the formation
of amorphous structure. Figure 7(d), (e) and (f) shows that
stress ratio does not show any significant effect on the number
of clusters during ratcheting. In fact, there is hardly any effect

Fig. 3 (a) True tensile stress–strain curves at various temperatures, (b) dislocation density vs. true strain plots for different temperatures under
tensile test, (c) inverse pole stereographic projections along Z-direction show the evolution of the orientations of overall random texture
distribution of all grains for different temperatures during tensile deformation test and (d) pole figures represent overall random texture
distribution of grain orientation {111} type pole in the specimens at different temperatures taken at 40% of true strains under tensile
deformations condition
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of change in stress ratio on structural evolution in ultrafine-
grained NC Ni during ratcheting.

Variation in vacancies with respect to the number of cycles
for different stress ratios and different temperatures during the
asymmetric cyclic loading is shown in Fig. 8 (a), (b) and (c). It
has been observed that with the increase in temperature the
curves shifted upwards. As we know that concentration of
vacancies strongly depends on temperature, and with the
increase in temperature equilibrium concentration of vacancies
increases during ratcheting test. It is observed that the number
of vacancies during compressive part of loading cycle becomes
stationary at 100 and 300 K deformation temperatures. It is
because both applied compressive stress and deformation

temperatures are low (i.e., 100 and 300 K). While at higher
deformation temperature (i.e., 500 K) for same compressive
stress, the variation in the number of vacancies is exhibited
(refer to Fig. 8a, b, and c). Figure 7(d), (e) and (f) shows that
the number of vacancies rises to sharp peak at each midpoint of
every half cycle during the tensile loading which induces strain
in the specimen and during relaxation vacancies comes to their
equilibrium concentration followed by compression cycle and
the number of vacancies almost remains constant. It has been
observed that stress ratio does not show any considerable
impact on vacancy concentration, indicating that there is no
effect of variation in stress ratio on structural evolution in
ultrafine-grained NC Ni specimen at various temperatures, viz.

Fig. 4 Ratcheting strain vs. number of cycles for various temperatures for specific stress ratios such as (a) R = � 0.2, (b) R = � 0.4 and (c)
R = � 0.6 and various stress ratios (R) for specific temperatures such as (d) 100 K, (e) 300 K, (f) 500 K

Fig. 5 Atomic configuration snapshots of NC Ni during ratcheting cycle such as (a) initial sample, (b) after the completion of the first cycle
and (c) after the completion of the sixth cycle at R = � 0.6 and T = 500 K
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100, 300, 500 K, for different stress ratios (R) such as � 0.2,
� 0.4 and � 0.6, respectively. During the ratcheting deforma-
tion process, after each and every cycle the vacancy concen-
tration increases slightly which implies accumulation of plastic
strain in the material.

Variation in dislocation density with the number of cycles
has been determined for different temperatures at specific
stress ratio as illustrated in Fig. 9(a), (b) and (c). It is worth
being noting that the effect of variation in temperature shows
significant influence on the dislocation density after six cycles
of asymmetric loading as dislocations are responsible for
deformation. With the increase in the temperature, the
dislocation density curves are shifted downwards, which
indicates that mass diffusion of atoms increases the movement
of all kinds of defects and accordingly helps in annihilation of
dislocations having opposite sign. Figure 9(d), (e) and (f)
shows that with the increase in the stress ratio there is no
considerable impact on change in dislocation density during

the asymmetric cyclic loading. It has been observed that
variation in dislocation density versus the number of cycles
shows zigzag pattern indicating strain hardening and work
softening, but the average dislocation density remains almost
constant during asymmetric cyclic loading. For stress ratios
R = � 0.2, � 0.4 and � 0.6, with the increase in the
temperature the fluctuations of dislocation density gradually
decrease and may be attributed to dynamic recovery during
the ratcheting.

Figure 10(a), (b) and (c) shows the inverse pole figure at
different temperatures with grains labeled for the number of
cycles. It is known that inverse pole figures give information
about the orientation of grains in specimen with respect to
reference of crystallographic directions. In this study, all the
grains have been tracked using GTA and track changes to their
orientation as function of the number of cycles at three different
temperatures. It has been observed that with the increase in
temperature there is a slight change in the grain rotation

Fig. 6 Atomic configuration snapshots of NC Ni after the completion of the sixth cycle for (a) 100 K, (b) 300 K and (c) 500 K temperature at
R = � 0.6

Fig. 7 Number of clusters vs. number of cycles for various temperatures, at stress ratio of (a) R = � 0.2, (b) R = � 0.4, (c) R = � 0.6 and
various stress ratios (R), at temperature of (d) 100 K, (e) 300 K and (f) 500 K
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because of increased diffusion at such high temperature and the
same can be identified by displacement of each point during
asymmetric cyclic loading at 300 and 500 K. It has been
observed that rotation of the some of the grains is likely to be
limited which may be due to dependence on compatibility with
surrounding atoms and its orientation is strongly dependent on

temperature (Ref 56). It may be well related with the
experimental findings that grain rotation changes at elevated
temperatures by changing the atomic positions at the grain
boundaries and reported that grain rotation depends on the net
force acting on the grain and diffusion along the grain
boundaries (Ref 48, 57, 58).

Fig. 8 Number of vacancies vs. number of cycles for various temperatures, at stress ratio of (a) R = � 0.2, (b) R = � 0.4, (c) R = � 0.6 and
various stress ratios (R), at temperature of (d) 100 K, (e) 300 K and (f) 500 K

Fig. 9 Dislocation density vs. number of cycles for various temperatures, at stress ratio of (a) R = � 0.2, (b) R = � 0.4, (c) R = � 0.6 and
various stress ratios (R), at temperature of (d) 100 K, (e) 300 K and (f) 500 K

4926—Volume 28(8) August 2019 Journal of Materials Engineering and Performance



Figure 11 shows that pole figure distributions for {100},
{110} and {111} at temperatures, viz. 100, 300 and 500 K. It
has been observed that the number of poles projected at three
different temperatures remains almost same, and it can be
inferred from the above that there is no significant change in the
final texture evolved during the ratcheting.

After ratcheting, certain amount of plastic strain accommo-
dated may damage the material. In order to understand the
effect of ratcheting, post-tensile tests have been carried out for
different stress ratios such as R = � 0.2, � 0.4 and � 0.6 at
three different temperatures, viz. 100, 300 and 500 K, respec-
tively. To analyze the mechanical response, engineering stress–
strain curves are plotted in Fig. 12(a), (b) and (c). It has been

observed that with the increase in temperature at specific stress
ratio the curves shifted downwards which implies that the
sample has lower strength at high temperature. On the other
hand, variation in stress ratio on stress–strain curves at
particular temperature is plotted in Fig. 12(d), (e) and (f). It
can be clearly noticed that stress ratio hardly shows any effect
after ratcheting during the deformation. It can be inferred from
the above that obtained stress–strain curves are more temper-
ature sensitive compared to stress ratio during the deformation.
Figure 12(g) shows ultimate tensile strength (UTS) versus
temperature at different stress ratios after ratcheting which
clearly indicates that UTS remains same. It may be due to no
change in average dislocation density.

Fig. 10 Z-direction inverse pole stereographic projections show the evolution of the orientations of overall random texture distribution of all
grains at each temperature after the completion of cycle 6

Fig. 11 Pole figure represents of overall random texture distribution in the specimens at three different temperatures, viz. 100, 300 and 500 K,
taken after the completion of cycle 6

Journal of Materials Engineering and Performance Volume 28(8) August 2019—4927



4. Conclusions

Ratcheting behavior of NC Ni is studied at different
temperatures, viz. 100, 300 and 500 K, for different stress
ratios such as R = � 0.2, � 0.4 and � 0.6 using molecular
dynamics simulation. The significant increase in ratcheting
strain has been observed with the increase in test temperature.
Slight reduction in crystallinity has been observed at every first
half loading cycle from the performed cluster analysis. With the
increase in temperature, the number of vacancies increases, the
number of clusters decreases, zigzag pattern of dislocation
density has been observed while NC Ni specimen is subjected
to asymmetric cyclic loading condition. Stress ratio does not
show any significant impact on structural evolution during
ratcheting deformation process. It can be inferred that temper-
ature is more influential factor than stress ratio on structural
evolution in ultrafine-grained NC Ni. Slight change in grain
rotation has been observed with the increase in temperature,

and from the pole figures there is no significant change in the
final texture evolved at different temperatures during ratcheting
test. UTS remains same for NC Ni specimen before and after
simulated ratcheting deformation process, which may be due to
repetitive strain hardening and work softening phenomenon as
evident from dislocation density plots. This work will be
helpful to conceptualize the ratcheting of pure NC Ni, and
collection of this work can be extended to study the effect of
controlling parameters in multicomponent alloy nanocrystalline
metallic system and its underlying deformation mechanism
along with structural changes under asymmetric cyclic loading
condition.
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