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Temperature has a great influence on the mechanical properties of nano-materials. The molecular
dynamics method was used to study the effect of temperature on the tension—compression asymmetry
and Bauschinger effect of nano single crystal aluminum (NSCA). The strain-hardening behavior of NSCA
in the tensile plastic stage is significantly enhanced when the temperature is higher than 400 K. The
plastic deformation mechanism of tensile loading shifts from slip blocking of dislocations in grains to
dislocation nucleation. The degradation of the mechanical properties of NSCA under compressive
loading increases gradually with the increase of temperature. Dislocation emission is limited under
compressive loading. Nonetheless, plastic deformation may still be regulated by dislocation slip during

severe plastic deformation stages and at elevated temperatures. Temperature enhancement can
Received 14th May 2022 frectivel te th t of pre-dislocati d eliminate residual st A
Accepted 20th July 2022 effectively promote the movement of pre-dislocations and eliminate residual stresses. new

microscopic insight into the temperature attenuated Bauschinger effect is provided. This study provides

DOI: 10.1039/d2ra03051a important theoretical guidance for a comprehensive and in-depth understanding of the high-
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1. Introduction

Nano-materials exhibit extraordinary electrical, magnetic,
thermal and optical properties.* They have great potential to
become a key component in the construction of nano-
electromechanical systems with unprecedented functions.’*®
They will be deformed by external loads during service.” The
presence of residual strain in nanomaterials with reverse
loading decreases their yield stress, which is known as the
Bauschinger effect. The degradation of the mechanical prop-
erties creates uncertainty in engineering applications. This may
cause some security issues. This paper studies the loading
methods of the Bauschinger effect including tensile and
compressive loading. The mechanical response of tensile and
compressive loaded materials differs.’"* The mechanical
response and microstructural evolution of unidirectional
loading are studied to explore the underlying mechanism of the
Bauschinger effect.
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temperature mechanical properties and microstructure evolution mechanism of NSCA.

To evaluate the deformation behavior of nanocrystalline
aluminum during service, a large number of researchers have
conducted experimental and MD simulation studies. Ahmed*
et al. attributed the extremely high strength of nanocrystalline
aluminum to the small grain size and deformation twinning,
while high dislocation density in large grains and deformation
twinning in small grains are responsible for the good ductility.
Rajagopalan® et al. performed quantitative in situ TEM strain-
ing experiments on free-standing gold and aluminum thin
films. It was found that the Bauschinger effect is caused by the
uneven stress distribution caused by the uneven microstruc-
ture. Haouaoui' et al. studies material deformation by multi-
channel iso-angular extrusion method. The boundary of dislo-
cation entanglement and low orientation angle can effectively
generate back stress, thereby promoting deformation during
reverse strain. However, accurate mechanical properties of nano
single crystal aluminum (NSCA) remain a challenge for many
existing test and measurement techniques due to their size
effects.

Molecular dynamics (MD) simulations can reveal the
mechanism of dislocation evolution during deformation of
nano-materials.” Tsuru'® et al. investigated the difference in
tension-compression asymmetry between ultrafine crystalline
Cu and Al. MD simulations show that the core structure of
dislocations related to stacking fault energy in Al is strongly
influenced by external stress compared to Cu. Salehinia et al.
investigated the effect of the presence of orientation and
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stacking fault tetrahedron on the tension-compression asym-
metry of single-crystal copper. The tension-compression
asymmetry is usually reduced in the presence of stacking fault
tetrahedron (SFT). Dislocation nucleation at the SFT edges is
the dominant deformation mechanism under tensile loading.
However, SFT decompression and dislocation propagation are
the main deformation mechanisms under compressive loading.
Yue' et al. investigated the reversible motion of dislocations
caused by pre-dislocation reverse loading. Tsuru'® et al. inves-
tigated the effect of dislocation density on the yield strength
and plastic deformation of ultrafine crystalline metals. Its
Bauschinger effect was found to be due to uneven deformation
due to the change in dislocation density between forward and
reverse loading. Setoodeh™ et al. found that the Bauschinger
effect was highly dependent on the loading level. Larger pre-
strain levels lead to higher dislocation density and thus lower
yield strength in the opposite direction. Zhu* et al. investigated
the generation, motion, and annihilation processes of defects in
single-crystal copper under cyclic loading. Bauschinger effect is
weaker in bicrystalline copper than in monocrystalline copper.”
Bernal®* et al. showed that the Bauschinger effect of silver
nanowires is caused by the penta-twinned structure and
reversible dislocation activity. The above studies show that the
microscopic mechanisms that cause the Bauschinger effect in
metallic materials are mainly the reverse motion of disloca-
tions, the change of dislocation density, and the inhomoge-
neous plastic deformation between grains. The tension-
compression asymmetry is usually caused by different micro-
scopic mechanisms.

Meanwhile, temperature is one of the important parame-
ters that affect the mechanical properties of nano-materials.”
Potential deformation mechanisms of nano-materials
compete at critical temperatures. Sinha** et al showed
a shift in the deformation behavior of twin boundaries in fcc
metals at higher temperatures, where the twin boundaries
change from grain boundary migration to twinning mecha-
nisms. Xie*® et al. employed MD simulations to investigate the
effects of strain rate and temperature on the plastic deforma-
tion mechanism of copper nanowires. Tian*® et al. showed that
temperature significantly affects the tension-compression
asymmetry of TiAl with nano-polycrystalline. The critical
average grain size for HP relationship inversion is very sensi-
tive to temperature.>*>*

The reason for the tension-compression asymmetry is the
difference in the microscopic deformation mechanism, and the
Bauschinger effect is due to the introduction of forwarding
loading pre-dislocations and residual stresses.”” The tempera-
ture change may lead to a modification of the plastic defor-
mation mechanism. Whether the sensitivity of dislocation slip
and twinning to temperature is consistent, and whether the
effect of temperature on pre-defects can change the microscopic
evolution after stress inversion remains to be further investi-
gated. The effect of temperature on the mechanical properties
degradation and microstructure evolution of NSCA under
different stress states was investigated. The application
scenarios of high temperature nanocrystalline aluminum are
guided from a theoretical point of view. This is critical to
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understanding and avoiding sudden material failures in mate-
rial design, equipment design, engineering safety, and more. It
provides new perspectives for the design of future robust and
thermally stable NSCAs.

2. Models and methods

The effects of Bauschinger effect and tension-compression
asymmetry in NSCA at temperatures ranging from 300 K to 600
K are carried out. MD simulations are performed using
LAMMPS* with EAM potential function.** As shown in the
upper left corner of Fig. 1, the model specifies (100) for the X-
direction, (010) for the Y-direction, and (001) for the Z-direc-
tion. The radius of the cylindrical model is 10 nm and the
height is 24 nm in Fig. 1. The lattice constant of Al is set to 4.05
A, and 454 580 Al atoms are included in the model. The MD
simulation is carried out at 300-600 K (ref. 32 and 33) under the
NVT ensemble to lower the stress levels before loading,
respectively. The initial system uses a conjugate gradient algo-
rithm to minimize energy, followed by bathing in a Nose-
Hoover thermostat for 20 ps. All MD simulations performed
here have chosen a time step of 1 fs. Samples are uniaxially
loaded along the Z axis at a tension/compression rate of 4 x 10’
s~ 13437 The X and Y axis directions are free boundary condi-
tions, and the Z axis direction is periodic boundary condi-

tions.*®** The average step for the tension-compression

asymmetry simulation is 4 100 000 steps, and the Bauschinger
effect model simulation is 8 000 000 steps, with slight differ-
ences in run times of the different temperature models.

The equivalent stress and strain are calculated based on the

40-42

von Mises yield criterion. Von Mises stress
following equation:

is given by the
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Fig. 1 Stress—strain curves of NSCA at 300-600 K under tensile and
compressive loading, respectively. Illustration of the microstructural
evolution of NSCA at 400 K. Insets are atoms between 4 < CSP <11 and
are colored wusing shear strain. The stress—strain curve after
compressive yielding is retained as a dashed line.
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where o, 0, and o, are the components of the average equiva-
lent stress in X, Y and Z directions respectively; 1y, ., and 1,
are the shear stresses in XY, XZ and YZ planes respectively.

Ovito* software is used to visualize the microstructural
evolution and analyze the mechanical property of the corre-
sponding microstructure. To study the microstructural evolu-
tion and mechanical property of the crystal model under
different loads, the centro-symmetry parameter (CSP)**** can be
expressed as:

CSP = (1/D*) Y[R, + Ry’ )
Jj=16

where R; and R;.¢ represent the lattice vectors of six nearest pair-
bonds in system, and D, refers to the distance between two
adjacent atoms. When the value of CSP is larger, the degree of
mismatch of atoms is higher. The ranges of CSP values for
typical crystal structures are listed below. The CSP value of the
point dislocation is greater than 1 and less than 4. The CSP
value of stacking fault is greater than 4 and less than 11. The
CSP value of perfect surface is greater than 11 and less than 19.
The CSP value of the dislocation step is greater than 19.%
Furthermore, we use the dislocation extraction algorithm (DXA)
introduced by Stukowski*” to identify and extract dislocation
information in samples. Atomic strain*® is used to perform
atomic staining to identify areas of high strain.

3. Results and discussion
3.1 Tension-compression asymmetry

The stress—strain curves of NSCA under tensile and compressive
loads are shown in Fig. 1. It is interesting to note that the stress at
compressive yielding turns positive. We found that similar
phenomenon occurs in the results of some researchers.*»*° The
stress-strain curve after compressive yielding is retained as
a dashed line. In the initial stage of loading, the stress increases
linearly with the strain as an elastic response. The stress-strain
curves of NSCA under tensile and compressive loads have no
obvious yield stage, which shows a sharp drop after the stress
reaches a maximum value. Temperature has a significant effect
on the mechanical behavior of NSCA. The yield stress and strain
under both loads decrease gradually with increasing temperature.
Meanwhile, we found that the yield stress of tensile load is higher
than that of compressive load at the same temperature. As the
temperature increases, the magnitude of the sharp drop in yield
stress gradually decreases. The NSCA enters the plastic stage after
yielding, and the stress-strain curve under tensile load exhibits
work hardening, while the flow stress under compressive load
fluctuates within a level. The strain hardening behavior of NSCA
under tensile yielding increases significantly with increasing
temperature, while the flow stress under compressive loading
decreases with increasing temperature. This shows obvious
tension-compression asymmetry at different temperatures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Elastic modulus, yield stress and tensile—compression asym-
metry coefficient of NSCA under tensile and compressive loads at
300-600 K. Values represent the magnitude of the difference
between the adjacent tensile (red) and compressive (blue) yield stress
and modulus of elasticity, with dashed lines linking the adjacent tensile
(red) and compressive (blue) yield stress and modulus of elasticity.

The elastic modulus of the tensile load is greater than that of
the compressive load at the same temperature, and the differ-
ence between the two is small above the temperature of 400 K in
Fig. 2. The elastic modulus decreases with increasing temper-
ature under tensile and compressive loads. The elastic modulus
of tensile load varies significantly in the interval of 300-400 K.
However, the decrease degree of elastic modulus under
compressive load increases gradually, which is more sensitive to
temperature. To analyze the influence of temperature on the
tension-compression asymmetry, the formula for the tension-
compression asymmetry is introduced: (of — of)/of. The
calculated tension-compression asymmetry of NSCA at
different temperatures is shown as black line in Fig. 2, which
shows that the tension-compression asymmetry first decreases
and then gradually increases with the increase of temperature.
The yield stress difference between compressive loads at adja-
cent temperatures increases gradually. The effect of tempera-
ture on yield stress and elastic modulus is consistent.
Combined with the effect of temperature on the elastic modulus
and yield stress, it further shows that the compressive load is
more sensitive to the increase of temperature. As the tempera-
ture increases, we found that the tension-compression asym-
metry coefficient first decreases (300-400 K) and then increases
(400-600 K).

3.2 Bauschinger effect

The blue line in Fig. 3(a) shows the stress-strain curve of NSCA
at 300 K under tension-compression loading. During the initial
stage of tensile loading, the stress-strain curve rises linearly.
After reaching the tensile yield point A; (4.57 GPa), the stress
drops sharply. The stress reverses after a short period of
continued stretching. It does not exhibit a linear relationship
between stress and strain during the compression stage.

RSC Adv, 2022, 12, 21235-21246 | 21237
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Fig.3 Stress—strain curves of NSCA at 300-600 K under tension—compression load and compression—tension load. (a) 300 K, (b) 400 K, (c) 500

Kand (d) 600 K.

Moreover, the stress value at the compressive yield point B,
(—1.35 GPa) is much lower than the stress value at the uniaxial
compressive yield point B; (—3.18 GPa) at the same tempera-
ture. The yield stress and strain at the compressive yield point
D, are larger at 400 K, indicating that the increase in tempera-
ture improves the compressive properties. The yield stress and
strain at the compressive yield point decrease significantly with
increasing temperature, as shown at points F, and H, in Fig. 3.

The red curve shown in Fig. 3(a) is the stress-strain curve of
NSCA under compression-tension load at 300 K. During the
initial stage of compression, the stress increases linearly with
the strain. After reaching the compressive yield point B; (—3.18
GPa), the stress drops sharply. NSCA has a distinct elastic phase
under tensile loading and is able to reach higher stress levels at
the yield point A, (4.28 GPa). This indicates that the Bau-
schinger effect under tension-compression and compression-
tension loading is asymmetric, which is attributed to the
microstructural evolution under different loading methods.
From the stress-strain curves of NSCA under compression—-
tension loading, it can be seen that the Bauschinger effect
increases from 300 K to 500 K and decreases at 600 K. Inter-
estingly, two stress peaks appeared under the 500 K tensile load,
which may be the effect of temperature on the plastic defor-
mation of NSCA.

21238 | RSC Adv, 2022, 12, 21235-21246

The mechanical response of NSCA under tension-compres-
sion and compression-tension loading shows asymmetric
characteristics.
|ot| — |o]

o]
the initial forward rheological stress and o, is the reverse yield
stress. Due to the tension-compression asymmetry of NSCA, it
is difficult for BSP to accurately respond to the influence of
temperature on the Bauschinger effect. Therefore, the Bau-
schinger intensity factor (BIF) for compression-tension and

Bauschinger stress parameter (BSP) = , where o¢ is

tension-compression loading is defined as W and
T
loc| — |orc]
loc]
compressive yield stress, respectively. ocr represents the tensile
yield stress for compression-tension loading and oy represents
the same load. As shown in Table 1, the BIF is calculated for
each temperature, and the Bauschinger effect is more
pronounced under tension-compression loading. The Bau-
schinger effect is significantly weakened under tensile and

. Where o1 and o denote the tensile yield stress and

compressive loads at high temperature. The Bauschinger effect
first increases and then decreases under compression-tension
loading. Temperature not only has an effect on yield stress, but

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The yield stress and Bauschinger intensity factor in tension—
compression and compression—tension loading of NSCA at 300-600
K

Temperature ger

®) or (GPa) (GPa) BIF (%) oc (GPa) oqc (GPa) BIF (%)
300 K 4.57 428 635 —3.18 —1.35 57.55
400 K 4.30 3.89 953 —2.78  —1.60 42.45
500 K 3.91 2.68 3146 —2.23  —1.25 43.95
600 K 3.66 359 191 —1.93  —1.11 42.49

also has a significant effect on yield strain. The compressive
yield strain of NSCA increases first and then decreases under
tension—compression loading, which is consistent with the
effect of temperature on yield stress.

4. Microstructural evolution behavior

4.1 Microstructural evolution behavior under tension-
compression asymmetry

The microstructural features of NSCA at 300-600 K tensile yield
are shown in Fig. 4(a;)-(a,). The thermal activation of atoms by
temperature is evident in Fig. 4, where the number of point
defect atoms is positively related to temperature. The higher the
temperature, the more intense the thermal motion of atoms and
the easier dislocation slip. The yield stress therefore decreases
with increasing temperature. The yielding behavior is dominated

. 1
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Fig. 4
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by the dislocation burst on the {111} crystal plane under tensile
load. After the plastic stage, the strain-strengthening behavior of
NSCA increases with the increase of temperature. Dislocation
motion within the crystal is hindered by pin dislocations at 300
K, and the strain hardening behavior is flat. In the plastic stage, it
is observed that the stress increases linearly with the strain at the
temperature of 400-600 K, and the flow stress is significantly
higher than that at 300 K. When the sample size is small enough,
sliding dislocations leave the crystal faster than they increase,
thus reducing the overall dislocation density.>*-** Such a process
would result in a dislocation-starved state, requiring very high
stress to nucleate new dislocations. Apparently, NSCA reaches
dislocation starvation state after undergoing a large strain at 300
K. The plastic deformation is dominated by dislocation slip and
intracrystalline blockage in this process. The simulation results>*
show that frequent dislocation interactions make dislocation-
starved state not easy to achieve. However, the increase in
temperature leads to rapid annihilation of mobile dislocations at
the boundary and puts the crystal into a dislocation-starved state.
As shown in Fig. 1, the microstructural evolution under tensile
load at 400 K is divided into two stages. In the first stage, a large
number of dislocations exploded in NSCA during tensile
yielding. The dislocations rapidly slipped and annihilated at the
grain boundaries, while the Lomer—Cottrell dislocations and
stacking fault tetrahedra remained unchanged. At this point, the
number of dislocations in the crystal is significantly reduced,
which will lead to a dislocation-starved state that requires very
high stress to nucleate new dislocations. The stress starts to

uoisua]

Twining

uolssaidwon

(a1)—(a4) shows the microstructural evolution of NSCA at 300-600 K temperature tensile yielding, respectively. Retain atoms between 4 <

CSP < 11 and the lower right corner shows the dislocation structure analyzed using DXA. And (b;)—(b4) is the microstructure at compressive
yielding, retaining atoms with 4 < CSP to show twinning. The lower right corner shows the retention of atoms between 4 < CSP < 11 to show twin
boundaries and dislocation steps. Use dashed lines to mark dislocation lines and solid lines to point out twin crystals.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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accumulate in the second stage when the stress reaches the
critical new dislocation nucleus again. The mobile dislocations
then slide toward the grain boundaries again, while the pinned
dislocations remain inside the crystal. Therefore, the plastic
deformation of NSCA at high temperature is controlled by
dislocation nucleation and rapid slip of mobile dislocations,
rather than accretion and slip within the crystal based on existing
dislocations.

Dislocation emission becomes more difficult under
compressive loading due to the presence of positive compres-
sive stresses."?® Therefore, the plastic deformation is regulated
by the slip of dislocations and twins under tensile and
compressive loads, respectively. The microstructural evolution
of NSCA under compressive yielding at 300-600 K is shown in
Fig. 4(b). The yielding behavior of NSCA under compressive
loading at all temperatures is regulated in the form of twinning.
The compressive yield stress decreases with increasing
temperature and is more pronounced than under tensile load.
The point defect density was observed to increase with
increasing temperature, which is consistent with tensile
loading. At compressive yielding at 300 K, steps due to Shockley
dislocations appear on twins, indicating that the formation of
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twins is related to Shockley dislocations (marked with white
dashed lines in Fig. 4). The same phenomenon occurs at 400—
600 K during twinning. Temperature does not alter the defor-
mation mechanism for twin formation prior to Shockley dislo-
cations, and the continued growth of twins under load. The
effect of increasing temperature on tensile load first decreased
and then increased, but it was most obvious at 400 K. The effect
of temperature on the compressive load increases gradually.
The tensile yielding of NSCA is an explosion of dislocation
motion dominated by Shockley dislocations, which also
contains a variety of pinning dislocations. In contrast, the
plastic deformation in compressive yielding is mediated by
Shockley dislocations as lead twins. The single-slip system
under compressive loading is responsible for the increase in the
degree of reduction of the compressive yield stress with
increasing temperature.

4.2 Microstructural evolution behavior under Bauschinger
effect

NSCA is consistent with uniaxial stretching in the first stage of
yielding. A large number of dislocations appear along the {111}

£=1.05%

€=0.61%

£=0.39% e=-1.17%

Fig. 5 The microstructural evolution of NSCA at 300 K with applied tension—compression load. (a) Microstructural evolution under tension—
compression loading. (b) Appearance and disappearance of twins after compressive yielding. Atoms in the range 4 < CSP < 11 were retained and
dislocation analysis was performed using DXA. The dashed arrows in the figure mark the dislocation lines and the solid arrows indicate the trend

of twin movement.
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crystal plane, resulting in crystals with mobile and pinned
dislocations. When the strain ¢ = 10.78%, the compressive load
is applied in the second stage. Pre-dislocations are subjected to
opposing forces at the beginning of loading and move in the
opposite direction to the previous one. The reduction in the
number of dislocations can be clearly observed in the DXA
analysis of Fig. 5(a;)—(a;). Dislocations in pre-dislocations
require only a small force to slide under compressive loads,
but pinning dislocations hinder dislocation movement. On the
one hand, the slip of dislocations releases the stress. On the

£=9.04% £=5.04%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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other hand, the accumulation of dislocations caused by pinning
dislocations allows the stress to increase. Therefore, the stress—
strain curves show a fluctuating trend in the elastic phase at the
onset of compression under tension-compression loading in
Fig. 3. The presence of pre-dislocations in the crystal makes it
easier to initiate the slip system. Therefore, 300 K NSCA exhibits
a significant Bauschinger effect under tension-compression
loading, with a BIF of 58.18%. Plastic deformation under
unidirectional compressive loading is regulated in the form of
twin expansion during compressive yielding. Therefore, in the

Pl DXA
=-8.04%

ERESAES DXA"
€=-5.36%
Fig. 6 The microstructural evolution of NSCA under tension—compression loading at temperatures from 400 K to 600 K. The simulated

temperatures are 400 K for (a), 500 K for (b) and 600 K for (c), retaining atoms in the range 4 < CSP < 11 and performing dislocation analysis using
DXA (staining of the atoms by shear strain).
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second stage, we set the maximum stress at which twinning
occurs as the yield stress. Twining was observed at ¢ = 1.05% by
the visualization software, but distinct from large-area twinning
under uniaxial compression. For the microstructural evolution
of twinning disappearance, the visualization shows that twin-
ning exists only between strains ¢ = 1.05-1.17%, as shown in
Fig. 5(b;1)—-(b4). It can be observed that the twins expand down-
ward under pressure, tending to form twinning through the
crystal. However, the enlargement process is hindered by the
(117) stacking fault, as shown by the dashed line in Fig. 5(b,).
Although dislocations within stacking faults are mobile dislo-
cations, the forces exerted on them were found to be small and
insufficient to cause them to slip. After that, the twin crystals
gradually decreased until they disappeared. The plastic defor-
mation after twin disappearance is controlled by the slip and
plugging of dislocations, corresponding to fluctuations on the
stress-strain curve.

Fig. 6(a;1), (b;) and (c;) shows the microstructural evolution
of NSCA during the first-stage yielding under tension-
compression loading. A large number of Shockley dislocation
bursts lead to the yielding behavior of NSCA. A compressive load
is applied to the crystal to reverse the motion of these disloca-
tions. Large-area twinning appears in compressive yielding at
400-600 K, as shown in Fig. 6(a3), (bs) and (c3). Unlike twins that

View Article Online
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appear briefly and then disappear at 300 K, twins expand
gradually with increasing strain at high temperature. This is
because the increase of temperature increases the energy of the
system, which promotes the slip of dislocations in the stacking
fault. The lack of stacking faults within the crystal hinders the
formation of large-area twinning during compressive yielding.
Therefore, the compressive mechanical response of NSCA at 400
K is enhanced. Compressive loading is temperature-sensitive,
and higher system energies facilitate easier dislocation nucle-
ation and slip while reducing mechanical properties. The
compressive yield stress and strain decrease significantly with
increasing temperature.

The compressive yield ¢ = —6.58% in the first stage of NSCA,
and stacking faults dominated by Shockley dislocations
emanate from the crystal edges. Twins are formed with
increasing strain, as shown in Fig. 7(a;) and (a,). When the
strain ¢ = —7.18%, the twinning zone gradually decreases until
it disappears under the reverse force. Fig. 7(a,)-(a,;) shows the
process of twin disappearance. The presence of Shockley
dislocation steps on the twin surface was observed in NSCA at
strain ¢ = 0.78%, indicating that the detwining process is also
dominated by Shockley dislocations. The stress-strain curve
fluctuates during detwining, which is the result of dislocation
and twinning competition. The activity of Shockley dislocations

Atomic Strain O NN N 1

£=9.73%

(a,)

Stressconcentration

€=17.30%

Fig. 7 The microstructural evolution of NSCA under compression—tension loading applied at 300 K. The atoms are colored by shear strain. (a)
The formation and disappearance of twins, with atoms with shear strain < 0.1 removed in the lower-left corner. (b) Microstructural evolution after
tensile yielding, the atoms with 4 < CSP < 11 are retained and dislocation analysis was performed using DXA.
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leads to a decrease in stress, while the presence of twinning
increases the stress. At strain ¢ = 2.82%, twinning completely
disappears in NSCA. As the loading progresses, the stress of
NSCA increases linearly with the strain, and the stress-strain
curve exhibits an elastic response. A large number of disloca-
tions cause the crystal to yield at ¢ = 9.73%, and the dislocations
are concentrated in the middle of the crystal (Fig. 7(b,)). As
loading continues, mobile dislocations slide to grain bound-
aries and annihilate. Due to the hindering effect of pinning
dislocations on dislocation slip in the crystal, NSCA enters the
stage of strain hardening.

NSCA shows two stress peaks in the second stage of
compression-tension loading at 500 K. The microstructural
evolution of NSCA under 500 K compression-tension loading
was analyzed in Fig. 8. The initial state of NSCA is shown in
Fig. 8(a;) ¢ = 0%, and the atoms remain at 4 < CSP < 11. Twining
occurs during compression in Fig. 8(a,), using dashed circles
and giving the dislocation structure. Stacking faults are formed
by the intersection of a/6 [211], a/6 [011] and a/3 [111]. The
compressive mechanical properties of single-crystal Al were
simulated by Xu* et al. It is also shown that plastic deformation
in high symmetry orientations is first controlled by dislocation
slip and then turns to twinning. NSCA undergoes detwining
under subsequent tensile loading, with stacking faults appear-
ing outside the twin at strain ¢ = —1.84%. The twinning region

Atomic Strain 0 NN
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growth and detwining dominated by Shockley dislocations are
easier than the movement of pinning dislocations, which
persist until the twinning disappears. As shown in Fig. 8(a,), the
stacking fault gradually forms a more stable stacking fault
tetrahedral structure under the action of the force. As shown in
Fig. 8(b;) ¢ = 6.56%, intragranular Shockley dislocations act as
core-emitting dislocations causing the first stress drop. The
Shockley dislocation moves rapidly to the crystal surface. While
it is formed a small amount of stacking fault tetrahedra inside
the crystal. The stress increases linearly with the strain, again
exhibiting an elastic response. When the strain of NSCA is ¢ =
12.16%, there are more dislocation outbreaks than the first
time, and the degree of stress reduction is greater than that of
the first time. The slippage of mobile dislocations leads to
a greater degree of plastic deformation. As shown by the DXA
analysis in Fig. 8(b,)-(by), after the dislocation burst, the mobile
dislocations are rapidly annihilated at the crystal surface, and
the pinned dislocations remain inside the crystal. This process
puts NSCA into a state of dislocation-starvation and leads to
strain hardening.

Fig. 9 shows the microstructural evolution of NSCA subjected
to compression-tension loads at 400 K and 600 K, respectively.
The compressive yielding at both temperatures is a twin-
regulated plastic deformation. The plastic deformation is also
regulated by detwining during tensile loading. As mentioned

. 1

DXA

2.16% €=17.56%

Fig.8 Microstructural evolution of NSCA under compression—tension loading at 500 K. (a) The appearance of twinning and pinning dislocations
after compressive yielding and their microstructural evolution after being subjected to tensile loading. (b) Microstructural evolution after tensile
yielding. Atoms in the range 4 < CSP < 11 were retained and dislocation analysis was performed using DXA (staining atoms by shear strain).
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Fig.9 The microstructural evolution of NSCA under compression—tension loading applied at 400 K and 600 K, retaining atoms in the range 4 <
CSP < 11 and using DXA for dislocation analysis (staining of the atoms by shear strain). (a) 400 K, (b) 600 K.

earlier, there are no defects in the crystal after twin disappear-
ance, but stress concentration regions appear. A larger area of
stress concentration was left at 400 K, and there was no stress
concentration in the crystal at 600 K. The abnormal yielding at
500 K is due to the presence of pre-dislocations that cause the
crystal toyield prematurely. Therefore, the Bauschinger effect of
compression-tension loads first increases and then decreases
with increasing temperature. The high temperature activates
the thermal motion of atoms, which promotes easy slippage of
dislocations. When the temperature is sufficient, the residual
stress in the crystal can be eliminated. As shown in the
compression-tension loading stress-strain curves in Fig. 3(b)
and (d), the tensile-plastic phase of NSCA exhibits the same
linear trend at 400 K and 600 K. After yielding, the crystal at 400
K no longer nucleated, and the intragranular dislocation
density decreased significantly (Fig. 9(a,)). Dislocations re-emit
after yielding at 600 K, as shown in Fig. 9(b,). A slow strain
hardening phenomenon is exhibited at 300 K, which indicates
that the linear rise of the stress-strain curve is related to the
dislocation-starvation state of the crystal. The slow dislocation
motion and the hindrance of pinned dislocations are respon-
sible for the strain hardening. The increase in temperature
accelerates the slip of mobile dislocations. The crystal enters
a dislocation-starvation state, causing the stress to rise linearly
with strain.

21244 | RSC Adv, 2022, 12, 21235-21246

5. Conclusion

The effect of temperature on the tension-compression asym-
metry and Bauschinger effect of NSCA was investigated by
molecular dynamics method, and the corresponding micro-
structure evolution behavior at different temperatures. The
study found that the thermal activation effect of temperature on
atoms is obvious, and the number of point defect atoms is
positively correlated with temperature. The yield behavior
under tensile and compressive loads decreases gradually with
increasing temperature. The mechanical properties under
tensile load decreased the most at 400 K, while the mechanical
properties under compressive load decreased gradually with the
increase of temperature, and the compressive load was more
sensitive to temperature. Twin crystals are usually microstruc-
tures of reinforced crystals. However, it is the way twins are
formed that makes the yield stress decrease most significantly
by temperature. At the meantime, the effect of increasing
temperature on the plastic phase of NSCA is inconsistent. The
strain strengthening of the material is evident under tensile
loading, while the flow stress gradually decreases under
compressive loading. The plastic deformation of NSCA at high
temperature is controlled by dislocation nucleation and rapid
slip of mobile dislocations, rather than based on the diffusion
and slip of existing dislocations within the crystal. The faster

© 2022 The Author(s). Published by the Royal Society of Chemistry
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movement of dislocations towards the crystal surface at high
temperature significantly enhances the strain hardening
behavior of NSCA. It serves as a valuable guide to study the
temperature effect on the mechanical properties and micro-
scopic evolution mechanism of NSCA.

The BIF of NSCA under tension-compression loading is
more than 5 times that of compression-tension loading, indi-
cating that the mechanical properties are significantly softened
after pre-tension and compression loads. The Bauschinger
effect under tension-compression loading is significantly
weakened at high temperature. The increase in temperature
activates the motion of pre-dislocations, which decreases the
density of pre-dislocations within the crystal. During reverse
loading, the possibility of pre-locations is reduced for nuclear
re-proliferation. NSCA modulates plastic deformation in the
form of twinning when yielding to compressive loading, while
detwining occurs when tensile loading is applied. Although it is
possible to restore NSCA to a defect-free state, it leaves stress
concentrations within the crystal. Larger stress concentration
regions within the crystal remain at 400 K. Thermal motion of
atoms removes residual stress within the 600 K crystal. Inter-
estingly, NSCA exhibits pinning dislocations in twins during
precompression, yielding under compression-tensile loading of
500 K. This suggests that the elevated temperature causes
twinning and dislocation slip compete with each other under
compressive loading, but the motion of twinning is more
dominant. The presence of intragranular pre-dislocations
makes the BIF reach 31.46%. The elevated temperature can
effectively promote the movement of predislocations and
eliminate residual stress. Provides new microscopic insights
into the Bauschinger effect of temperature decay.
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