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ics study on defect evolution
during the plastic deformation of nickel-based
superalloy GH4169 single crystal under different
rolling temperatures

Fang Yu, a Jiachun Li*a and Xun Luob

Nickel-based superalloy GH4169 is widely used as an important material in the aviation field. The rolling

forming process can improve its surface quality and performance. Therefore, conducting an extensive

investigation into the microscopic plastic deformation defect evolution process of nickel-based single

crystal alloys during the rolling process is crucial. This study can offer valuable insights for optimizing rolling

parameters. In this paper, a nickel-based superalloy GH4169 single crystal alloy was rolled at different

temperatures from the atomic scale using the molecular dynamics (MD) method. The crystal plastic

deformation law, dislocation evolution and defect atomic phase transition under different temperature

rolling were studied. The results show that the dislocation density of nickel-based single crystal alloys

increases as the temperature increases. When the temperature continues to increase, it is accompanied by

an increase in vacancy clusters. When the rolling temperature is below 500 K, the atomic phase transition

of the subsurface defects of the workpiece is mainly a Close-Packed Hexagonal (HCP) structure; when the

temperature continues to increase, the amorphous structure begins to increase, and when the temperature

reaches 900 K, the amorphous structure increases significantly. This calculation result is expected to

provide a theoretical reference for the optimization of rolling parameters in actual production.
1. Introduction

Nickel-based superalloy GH4169 is widely used in important
industrial elds as a main part, such as heat transfer tubes,
integral impellers, and blades in aerospace and nuclear power
plant manufacturing.1 The excellent properties of nickel-based
alloys are enhanced by specially designed precision forming
processes, and stress damage also occurs during processing and
forming, for example, cutting can improve surface quality, and
cutting hardening will increase material brittleness and stress
damage to subsurface,2,3 which adversely affects the perfor-
mance of the workpiece. To eliminate the inuence of cutting
on material damage, the surface rolling process is usually
carried out aer the cutting process is completed to improve the
surface quality and strength of the workpiece. To improve the
surface strength of nickel-based alloy bolts, the rolling process
is widely used in aviation fastener processing.

The research on the microscopic evolution process of the
rolling plastic deformation of nickel-based single crystal alloy
can not only deeply understand the rolling process to improve
ou University, Guiyang, 550025, China.

thwest Petroleum University, Chengdu,

6888
the surface quality and strengthening mechanism but also
provide theoretical references for the optimization of rolling
process parameters. At present, there are great technical diffi-
culties in observing the evolution process of the micro-plastic
deformation of nickel-based single crystal alloys in macro-
rolling experiments, such as observing the evolution process
of dislocations and defect atoms. However, the microscopic
deformation evolution process of materials can be well simu-
lated by applying the MD method. To study and predict the
processing deformation behaviour of materials at the nano-
scale, MD simulation has proven to be a very powerful compu-
tational method.4,5 MD has been widely used to analyze
nanometric machining.6–9 For example, Wang et al.10 revealed
the unique deformation mechanism of dislocation interaction
in the conned volume of nanocrystals by molecular MD.
Madec et al.11 studied the role of collinear interaction in
dislocation-induced hardening using the MD method and
found that the interaction between two dislocations with
collinear Burgers vector in the intersecting slip plane is the
strongest of all reactions so far.

Owing to the high cost of nickel-based alloys, the rolling
process uses plastic deformation of materials rather than mate-
rial removal to achieve the purpose of forming.12 Therefore, the
rolling process has special economic value for nickel-based alloy
processing.13,14 Similarly, the rolling process can improve the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rolling model diagram.

Table 1 Rolling parameters

Variable name Variable value

Dimensions of the workpiece specimen 86 nm × 26 nm × 26 nm
(X, Y and Z-direction)

Number of Ni atoms in the specimen 120 924
Number of Fe atoms in the specimen 69 763
Number of Cr atoms in the specimen 41 857
Diamond of the roller radius 3 nm
Number of carbon atoms in the diamond 19 961
Rolling speed 45 m s−1

Diamond of the roller self-rotation speed 40 m s−1

Rolling deep 2 nm
Rolling surface (0 1 0)
Rolling direction [−1 0 0]
Rolling distance 18 nm
Timestep 1 fs
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View Article Online
corrosion resistance and fatigue life of the machined surface
while improving the surface quality and strength of the nickel-
based alloy.15 At present, the research on the rolling process is
mainly to optimize the rolling parameters (i.e., rolling speed,
rolling force, rolling depth and rolling times).16 For example,
Banh et al.12 designed and manufactured a new ball grinding tool
for improving the surface quality and hardness of the machined
surface and determined the optimal ball rolling conditions.
Saalfeld et al.17 conducted deep rolling research on steel SAE 1045
and found that the residual stress relaxation behavior under deep
rolling material conditions is strongly affected by the cyclic yield
strength of each material state, so it is related to cyclic plastic
deformation. Rodŕıguez et al.18 conducted a complete experiment
and analysis of deep rolling, and they conrmed that it can not
only improve the surface quality but also have a positive impact
on the compressive residual stress. Amdouni et al.19 studied six
rolling strategies for 2017A-T451 aluminum alloy, and their
results show that the two-pass cross-ball rolling strategy has the
best potential to improve surface roughness. However, the two-
pass ball milling strategy is best for improving surface hard-
ness. Beghini et al.20 studied the inuence of rolling pressure and
rolling amount on 7075-T6 aluminium alloys; their results
showed that the surface hardness was signicantly affected by the
feed rate, whereas the rolling force was insignicantly affected.
Huang et al.21 studied the differential speed of the rolling amount
of Mg–3Al–1Zn alloy. Their results showed that with the increase
in pass reduction, the number of unidirectional shear bands
increased, resulting in a more uniform microstructure in the
middle layer and a weaker basal texture. However, although there
are numerous studies on the rolling process, there are few studies
on the micro-evolution process of plastic deformation of rolling
materials and the inuence of different rolling temperatures on
nickel-based single crystal alloys.

Therefore, in this study, the MD method is used to simulate
the nickel-based single crystal alloy at different rolling
temperatures (300 K, 500 K, 700 K, and 900 K). The rolling
surface morphology, such as rolling force, atomic kinetic energy
and rolling surface atomic accumulation, were analyzed. The
dislocation evolution was analyzed by performing dislocation
analysis (DXA), and the evolution of defect atoms was analyzed
by common neighbour analysis (CNA). In this way, it provides
insights for understanding the inuence of different rolling
temperatures on nickel-based single crystal alloys and provides
a theoretical reference for optimizing the nano-rolling param-
eters of nickel-based single crystal alloys.

2. Simulation models and methods

The sketch of the nano-rolling model is shown in Fig. 1; the
model comprises a rolling ball and a workpiece. The workpiece
is set to a face-centered cubic (FCC) single crystal structure,
which is divided into boundary, thermostat and Newtonian
layers. The boundary layer is used to x the workpiece, the
thermostat layer is set to constant temperature to simulate the
actual rolling process, the Newtonian layer is the deformable
part of the workpiece rolling, and the atom follows Newton's
second theorem.22 Owing to the complex composition of nickel-
© 2023 The Author(s). Published by the Royal Society of Chemistry
based superalloy GH4169, elements with low content are
ignored in the simulation process.2,3,23 To be close to the actual
material performance parameters, the three highest content
elements Ni, Fe and Cr are considered in the calculation, and
their contents are 52%, 30% and 18%, respectively.24 In the
actual rolling process, the material of the rolling ball is signif-
icantly larger than the hardness of the workpiece. Therefore, in
the simulation process, the rolling ball is set to an undeform-
able diamond structure. The rolling speed and self-rotation
speed of the rolling ball are 45 m s−1 and 40 m s−1, respec-
tively. It is noteworthy that this is higher than the actual rolling
speed; however, many studies have shown that high speed in
MD simulation can better reveal the deformation mechanism of
materials.25–28 The rolling direction is [−1 0 0], and the specic
rolling parameters are shown in Table 1.

The accuracy of the calculation results is closely related to
the potential function. To ensure the reliability of the simula-
tion results, the interaction between the Ni, Fe and Cr atoms of
the workpiece adopts the EAM29 alloy potential, and the
potential le adopts 2013-Bonny NiFeCr.EAM.alloy.30 The EAM
alloy calculation formula is as follows31,32:

Etot ¼
X

i

Fi

�
rh;i

�þ 1

2

X

i;j
isj

Øij

�
Rij

�
; (1)
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Table 2 Morse potential parameters

Atomic species D (eV) a (1/A) r0 (A)

Ni–C 1.009392 1.98745 2.61994
Fe–C 1.005664 1.97175 2.649299
Cr–C 1.034172 2.06355 2.617589

Fig. 2 Tangential rolling force.
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where Etot and F represent the total energy and the atomic type
embedding energy, respectively; Ø and R denote the short-range
pair potential and the atomic distance, respectively; and rh,i

denotes the sum of the atomic density.
The interaction Morse between the rolling ball C atom and

the workpiece NiFeCr atom is adopted, and the detailed
parameters are shown in Table 2.33 The equation of the Morse
function is calculated as follows:34

E = D0[e
−2a(r −r0) − 2e−a(r −r0)], r < rc (2)

where E and D represent Morse energy and energy coefficient,
respectively; r and rc denote the atomic distance and the cutoff,
respectively; and a represents the atomic interaction strength.

To eliminate the inuence of the random distribution of Fe
and Cr atoms in the model on the structural stability and the
accuracy of the calculation results, we use the energy minimi-
zation modeling method to construct 100 models and select
four of them. The minimum energy model is calculated, and the
average value of the calculation results of the four models is
taken. To make the model structure atoms reach a full equi-
librium state, the model was relaxed for 100 ps before rolling.
To eliminate the inuence of the size effect, periodic boundary
conditions are adopted in the Z-direction, and the whole
simulation process is carried out under a microcanonical
ensemble (NVE).35 The temp/rescale temperature control
method was adopted. Lammps36 and Ovito37 are used for
calculation and visualization, respectively.
3. Results and discussion

The rolling process is divided into three stages. The rst stage is
when the roller presses down to the specied 2 nm rolling
depth. The second stage occurs when the roller rolls at 18 nm in
the [−1 0 0] direction. The third stage is the unloading stage,
that is, the roller is separated from the workpiece. In this study,
the evolution process of plastic deformation defects of nickel-
based single crystal alloy during the second stage rolling
process is mainly analyzed.
Fig. 3 Normal rolling force.
3.1. Surface morphology analysis

Rolling force is an important factor in measuring the ability of
a material to resist deformation. Rolling force mainly comes
from overcoming the elastic deformation and plastic deforma-
tion of the material, as well as the friction resistance between
the rolling ball and the workpiece.38 Generally, the rolling force
comprises two parts: normal (Y-direction) and tangential (X-
direction).39 The tangential rolling force mainly overcomes
16882 | RSC Adv., 2023, 13, 16880–16888
rolling resistance, while the normal rolling force mainly affects
surface quality.

Fig. 2 shows the variation curve of the tangential rolling force
with rolling distance at different temperatures. It can be
observed that the tangential rolling force increases rapidly from
the beginning of rolling. With the increase in rolling distance,
the increasing trend begins to atten; in the later stage of
rolling, the tangential rolling force begins to increase with the
accumulation of atoms at the front end of the rolling ball. With
an increase in the rolling temperature, the tangential rolling
force is smaller. This shows that with an increase in rolling
temperature, the tangential rolling resistance of nickel-based
single crystals decreases gradually.

Fig. 3 shows the curve of the normal rolling force with rolling
distance at different temperatures. It can be clearly observed
that the normal rolling force decreases rapidly from the
beginning of rolling, and the normal rolling force decreases
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Subsurface atomic kinetic energy.

Fig. 6 Atomic stacking on the workpiece surface.
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gradually with the increase in distance. The normal rolling force
decreases with an increase in temperature. This indicates that
with an increase in temperature, the ability of nickel-based
single crystal alloy to resist deformation decreases.

Atomic kinetic energy is an important measure of atomic
activity in the model. Fig. 4 shows the statistics of subsurface
atomic kinetic energy at different rolling temperatures. We nd
that as the rolling distance increases, the kinetic energy tends to
increase slowly. As the rolling distance continues to increase,
the increasing trend of kinetic energy begins to slow down, and
the kinetic energy of subsurface atoms increases as the
temperature increases.

Fig. 5 is a sketch of the rolling surface topography. We
observed that as the rolling ball rolled forward, the atoms
accumulate to the front end of the rolling groove and the front
end of the roller, and the accumulation was more obvious as the
Fig. 5 Rolling workpiece shows a morphology.

© 2023 The Author(s). Published by the Royal Society of Chemistry
rolling distance increased. Fig. 6 is a schematic diagram of
atomic accumulation on the surface rolled at different
temperatures. It can be observed that, during the rolling
process, as the temperature increases, the atoms accumulate
more seriously on both sides of the rolling and in front of the
rolling. This is because as the temperature increases, the kinetic
energy of the atoms inside the crystal increases. When sub-
jected to external loads, the possibility of atoms moving
increases. Some atoms are squeezed to rearrange to a new stable
structure, and some atoms are squeezed to the surface of the
model. Therefore, the higher the temperature, the more
signicant the accumulation of atoms on the model surface
during the rolling process.
RSC Adv., 2023, 13, 16880–16888 | 16883
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3.2. Dislocation evolution analysis

The generation and movement of dislocations is one of the main
methods of plastic deformation in nickel-based single crystal
alloys, and dislocation density is an important measure of the
degree of plastic deformation of the workpiece. Therefore, we use
the DXA40 analysis method to statistically analyze the dislocation
density of workpieces rolled at different temperatures, and we
compare the distribution of dislocation line types on the
subsurface of workpieces rolled at differdent temperatures. The
dislocation density calculation formula is as follows:1

r ¼ L

V
; (3)

where L and V represent the total length of the dislocation lines
and the total volume of the model, respectively.

Fig. 7 shows the evolution curve of dislocation density at
different rolling temperatures. We found that in the initial stage
of rolling, the higher the temperature, the higher the disloca-
tion density. As the rolling distance increases, the dislocation
density increases. However, the higher the temperature, the
more signicant the increase in dislocation density.

Fig. 8 shows the distribution of dislocation types in the
workpiece aer rolling at different temperatures. It can be
observed that plastic deformation occurs in GH4169 single
crystal alloy, and the dislocation type is mainly 1/6 (1 1 2)
Shockley. Kurpaska et al.41 studied nickel-based single crystal
alloys through nanoindentation experiments and simulations;
the results also show that the plastic deformation dislocations
of nickel-based single crystal alloys are mainly 1/6 (1 1 2)
Shockley, which veries the reliability of the model and
calculation results in this study. With an increase in rolling
temperature, the vacancy clusters increase with the generation
and increase in dislocations. In addition, the higher the
temperature, the wider the depth and range of defects
affecting the subsurface of the workpiece, as shown in
Fig. 8(a)–(d).

Several scholars10,42 have studied through experiments and
simulations and believe that the plastic deformation of metal
Fig. 7 Dislocation density at different rolling temperatures.

16884 | RSC Adv., 2023, 13, 16880–16888
alloys is closely related to point, line, surface and body dislo-
cations. Sun et al.43 through experimental research further
revealed that the microscopic mechanism of plastic deforma-
tion of GH4169 alloy is the generation and movement of
dislocations in the material and dislocations release energy in
a slip way during plastic deformation.44 As the rolling temper-
ature increases, the kinetic energy of the model system
increases; when the strain energy stored in the deformed lattice
exceeds a certain level, the atoms are rearranged to the lower
lattice in turn to relax the lattice strain.27 A large number of
dislocations are generated on the subsurface near the work-
piece in contact with the rolling ball, as shown in Fig. 8(b). As
the rolling temperature continues to increase, the atoms at the
original position of some vacancy defects begin to deviate from
the equilibrium position to form many clusters,45 as shown in
Fig. 8(c) and (d). Zhang et al.46 through experiments found that
many Cr elements were found in the cluster samples formed by
nickel-based alloys at high temperatures. It is believed that the
formation of clusters is closely related to Cr elements. With an
increase in temperature, the generation and annihilation of
dislocations are accelerated,1 and the ability of dislocations to
interact with precipitates to resist material deformation is
reduced.47When the rolling temperature is low, the propagation
velocity of plastic waves is low, and many dislocations are easy
to nucleate and diffuse into the dislocation network, which
hinders dislocation movement.44 Simultaneously, these dislo-
cations capture each other with the minimum energy to achieve
strain hardening,11 resulting in a greater rolling force. On the
contrary, when the rolling temperature increases, the propaga-
tion speed of the plastic wave is faster, the generation, move-
ment and annihilation of dislocations are faster, the difficulty of
dislocation nucleation increases, the hindrance to dislocation
movement decreases, and the difficulty of dislocation capturing
each other to form a stable conguration increases. Therefore,
the ability to resist deformation is reduced, and the rolling force
generated is smaller.
3.3. Defect atom evolution analysis

The evolution of defect atoms in nickel-based single crystal
alloys is an important measure to determine the degree of
plastic deformation. Therefore, we use the CNA48,49 analysis
method to analyze the defect atoms of nickel-based single
crystal alloys at different rolling temperatures.

Fig. 9 shows a schematic diagram of the subsurface phase
transformation structure at different rolling temperatures (to
better show the effect of the phase transformation structure,
the FCC structure atoms are deleted). We can see that the
phase transition structure of GH4169 nickel-based single
crystal alloy is dominated by the HCP, BCC and amorphous
structures aer plastic deformation by rolling. Zhang et al.23

studied the cutting of GH4169 by MD and found that the
plastic deformation defect atomic phase transition is mainly
HCP, BCC and amorphous structures, which is basically
consistent with the calculation results in this study. This
shows that the calculation results of the model constructed in
this study have certain reliability. At 300 K and 500 K, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Dislocation type distribution diagram.
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phase transition structure is mainly HCP, as shown in Fig. 9(a)
and (b). As the temperature increases to 700 K, the amorphous
structure begins to increase rapidly. When the rolling
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature reaches 900 K, the amorphous structure
increases signicantly based on 700 K, as shown in Fig. 9(c)
and (d).
RSC Adv., 2023, 13, 16880–16888 | 16885
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Fig. 9 Schematic diagram of defect atom distribution.
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Fig. 10 and 11 show the evolution of the FCC structure and
defect atoms with an increase in rolling distance. It can be
clearly observed that with the increase in the rolling distance,
16886 | RSC Adv., 2023, 13, 16880–16888
the higher the temperature, the more obvious the decrease in
the number of FCC structure atoms, and simultaneously, the
more signicant the increase in defect atoms.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Evolution process of the atomic phase transition in the FCC
structure.

Fig. 11 Evolution process of defect atoms.
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Wang et al.45 demonstrated that during the deformation of
the material, the subsurface atoms released a large amount of
energy. The stacking faults migrate to the surface and eventually
disappear. However, owing to the existence of step dislocations
with relatively stable structures, subsurface defects are eventu-
ally formed. Hao et al.1 believed that the nickel-based single
crystal alloy was regulated by the strong competition between
twin nucleation and dislocation movement during plastic
deformation. Owing to the competition between twins and
dislocations, the FCC was transformed into an HCP structure.
With an increase in rolling temperature, the atomic energy of
the workpiece exceeds a certain level. When subjected to an
external load, a part of the atoms is rearranged to a lower lattice
to form a stable structure, and a part of the atoms cannot reach
a lower lattice position during movement, thus forming an
unstable amorphous structure. The higher the temperature, the
greater the atomic uctuation, and the more signicant the
amorphous structure formed.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In this study, GH4169 nickel-based single crystal alloy was rol-
led at different rolling temperatures to study the evolution
process of micro-plastic deformation defects. The surface
morphology, dislocation evolution and atomic defect evolution
were analyzed using DXA and CNA methods. In this way, we
hope to provide new ideas for the optimization of the nano-
rolling process parameters of GH4169 nickel-based single
crystal alloy. The main conclusions are as follows:

(a) With an increase in rolling temperature, the deformation
resistance of the nickel-based single crystal alloy surface
decreases, the tangential and normal rolling force decreases,
and the stacking atoms on the rolling surface increase.

(b) The dislocation density increases with the increase in
rolling temperature; when the temperature reaches more than
700 K, the vacancy clusters increase.

(c) When the rolling temperature is below 500 K, the
subsurface plastic deformation phase transformation of the
workpiece is mainly HCP; when the temperature reaches 700 K,
the amorphous structure increases, and when the temperature
is 900 K, the amorphous phase structure increases signicantly.
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