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Novel properties and applications of multilayered nanowires (MNWs) urge researchers to understand their mechanical
behaviors comprehensively. Using the molecular dynamic simulation, tensile behaviors of Ti/Ni MNWs are investigated
under a series of layer thickness values (1.31, 2.34, and 7.17 nm) and strain rates (1.0 x 108 s~ <£<5.0x%x100 51,
The results demonstrate that deformation mechanisms of isopachous Ti/Ni MNWs are determined by the layer thickness
and strain rate. Four distinct strain rate regions in the tensile process can be discovered, which are small, intermediate,
critical, and large strain rate regions. As the strain rate increases, the initial plastic behaviors transform from interface
shear (the shortest sample) and grain reorientation (the longest sample) in small strain rate region to amorphization of
crystalline structures (all samples) in large strain rate region. Microstructure evolutions reveal that the disparate tensile
behaviors are ascribed to the atomic fractions of different structures in small strain rate region, and only related to collapse
of crystalline atoms in high strain rate region. A layer thickness—strain rate-dependent mechanism diagram is given to
illustrate the couple effect on the plastic deformation mechanisms of the isopachous nanowires. The results also indicate
that the modulation ratio significantly affects the tensile properties of unequal Ti/Ni MNWs, but barely affect the plastic
deformation mechanisms of the materials. The observations from this work will promote theoretical researches and practical
applications of Ti/Ni MNWs.

Keywords: molecular dynamics, Ti/Ni multilayered nanowires, coupled layer thickness—strain rate effect,

plastic deformation mechanisms
PACS: 62.25.—¢g, 81.07.Gf, 62.20.—x, 81.40.Lm

1. Introduction

Recent years, metallic nanowires with novel physical
and chemical properties have attracted extensive attention.!! =3
Unlike the bulk materials, one-dimensional (1D) nanowires
possess high surface-to-volume ratio, thus possessing the
marvelous mechanical properties, such as pseudoelasticity, !
superplasticity, > and ultrahigh strength.!”! The designabil-
ity of metallic nanowires has brought an excellent combi-
nation of component properties, and also greatly expanded
potential applications of the materials. Moreover, metal-
lic nanowires/nanorods are also ideal tools to explore the
mechanical properties of nanomaterials due to the ma-
ture synthesis techniques.!'! With the help of electron mi-
croscopy and other precision instruments, in-situ and ex-situ
testings are employed to probe the mechanical properties
of the materials.l®'"l However, there are still many chal-
lenges in exploring the mechanical behaviors of the metallic
nanowires/nanorods due to limitation in high-accuracy manip-
ulation and measurement at nanoscale.

DOI: 10.1088/1674-1056/abf10a

Molecular dynamics (MD) simulation with applicable
potential function is suitable for modeling and predicting
the properties of metallic nanowires.'”) Numerous simula-
tion results have demonstrated that mechanical properties of
nanowires are not only related to intrinsic factors (chemi-
cal component and crystalline orientation), but also distinctly
determined by the extrinsic parameters (cross-sectional size,
strain rate, and temperature). The size effect is ubiquitous in
metallic nanowires, and observed in almost all kinds of metal-
lic nanowires.!'3-1°) Wu used the MD method to seek for re-
laxation and tension behaviors of Cu nanowires. They found
that the elastic modulus and strength of the nanowire are de-
pendent on the cross-sectional size, and supposed that the size
effect is attributed to surface effect.!'3] Wang ez al. utilized
the MD simulation to evaluate the size effect on tensile be-
havior of Au nanowires, and the diameters were selected from
between 3 nm and 6 nm for different Au nanowires. They
found Young’s modulus and yield stress of the same-length
nanowires decrease with diameter size decreasing.!'” Addi-
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tionally, Sainath and Choudhary found the variation of cross-
sectional width did not affect the deformation mechanism of
Fe nanowire, but had the marked influence on the strength
and plastic properties of the material.l!”! As for metallic glass
nanowires, the size effect was also discovered in tension and
compression simulations.!'8! These observations suggest that
novel mechanical properties are ascribed to the high fraction
of surface atoms in metallic nanowires. The variation of the
cross-sectional size leads the stress and energy distribution of
the surface atoms to change significantly, which eventually re-
sults in distinct size effect of the nanowires. %]

Apart from size effect, strain rate effect has also been
studied by atomistic simulations. Furthermore, the strain rate
effect and size effect are usually combined together to reveal
the mechanical properties of nanowires. Wang et al. used the
MD method to evaluate strain rate effects (1.384 x 10° s~! <
£<1.384 x10'% 571 on the tensile properties of Ni nanowires
with different diameters (3.94, 4.95, and 5.99 nm). They found
that yield stress decreased rapidly with strain rate increasing
at 0.01 K, while the variation of strain rate barely affected the
strength of Ni nanowires at other temperatures. Furthermore,
they also revealed that the variation of diameter and strain rate
has negligible effect on elastic modulus of Ni nanowires. 2!
In addition, Chang et al. investigated the tensile behaviors
of Ti nanowires, in which the strain rates are chosen to be
103 s7! < & < 10" s7!. They supposed that nucleation and
growth of {1012} twins dominated the plastic behaviors in the
case of &€ < 10'0 s~!. For the case of &€ > 10'° s~ the forma-
tion of amorphous phase turned into the main plastic mecha-
nism of the nanowires./?!! Ulteriorly, they studied the tensile
behaviors of Ti nanowires with different sizes in a range of
103 571 < £ < 10'9s~!. They found that the plastic behaviors
after the deformation twinning were controlled by the extrinsic
strain rate and cross-sectional size, and the critical size to in-
duce transition of the deformation mechanism decreased with
the increase of strain rate.”?! Xie et al.[>3! used MD method
to reveal strain rate and temperature effect on the plastic de-
formations of Fe nanowires, and found the plastic deforma-
tion varied with those factors. And they also found that at
the lower strain or higher temperature, the plastic deformation
was dominated by the dislocation propagation, while at the
high strain rate or lower temperature, the martensitic phase
transformation was attributed to the main plastic deformation
mechanism.

Metallic multilayered nanowire (MNW) is a special type
of 1D material, which is formed by periodically superimpos-
ing two or more metals. Metallic MNWs will combine the
mechanical properties of their components, the heterogeneous
interfaces forming at the junctions of two components will
also bring new deformation mechanisms to the nanowires in
the meantime. Previous investigations have intuitively sug-

gested that layer thickness (1) and interface dramatically af-
fect the mechanical properties of the MNWs.[?*28] Yuan and
Wu explored the tensile properties of Cu/Ag nanowires with
layer thickness changing. For the loading applied perpendicu-
larly to the interface, plastic deformation mechanism varied
from interactions between dislocations and interfaces to in-
terfaces rotation with the layer thickness decreasing.>*! An
et al. employed MD methods to investigate the layer thick-
ness dependent tensile behaviors of Ti/Al nanowires. Defor-
mation mechanism varied from interface shear to formation
of basal/prismatic planes in Ti layer with the layer thickness
increasing. > In addition, the influence of layer thickness and
modulation ratio on the mechanical properties of Ti/Ni MNWs
were further investigated in our previous work. Deformation
mechanism also transformed from interface shear to different
plastic deformation carriers in Ti layer with layer thickness
increasing. Stress and potential energy distribution demon-
strated that the surface-driven and interface-driven plasticity
were two competitive deformation mechanisms with the mod-
ulation parameters changing.!*®! Extrinsic strain rate is also
crucial for plastic deformation mechanisms of the MNWs.
Fan et al. studied the strain rate effect on tensile behaviors
of Cu/Au nanowires, and found that the plastic deformation
at £ = 3.333 x 108 s~! is dislocation multiplication and de-
formation twinning, and the main plastic deformation is the
amorphization of crystalline phase at £ = 1.111 x 10° s~1.[7]
Liu et al. evaluated strain rate effect on the mechanical behav-
iors of Ti/Al MNWs. The results indicated that plastic defor-
mation mechanism transformed from the grain reorientation to
the generation of amorphous state as the strain rate increased.
Through the strain rate sensitivity analysis, the critical strain
rate was observed in the simulations. Below the critical strain
rate, the plastic behavior was determined by the grain reorien-
tation and phase transformation. Above the critical strain rate,
the amorphization turned into the controlling of the tensile be-
haviors of the Ti/Al nanowires. [?%]

As mentioned above, there have been relatively few
researches on the mechanical behaviors of multilayered
nanowires, but most of them focus only on the single fac-
tor (size effect or strain rate effect). However, actual loading
process is often carried out under the coupled extrinsic work-
ing conditions. Do the mechanical properties of the MNWs
change significantly under the disparate layer thicknesses and
strain rates? How do these factors jointly affect the plastic
deformation mechanisms of the MNWs? These questions pro-
mote an in-depth study on the MNWs. The simulation work in
this paper is a continuation of our previous study, which aims
to systematically obtain the effects of these extrinsic factors on
the tensile behaviors of Ti/Ni MNWs. Through MD methods,
the coupling effects of layer thickness and strain rate on the
mechanical behaviors of isopachous Ti/Ni MNWs are discov-
ered, and a layer thickness—strain rate-dependent mechanism
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diagram is also presented to summarize the couple effects on
the mechanical properties of the nanowires. The observations
from the present work are expected to be able to promote theo-
retical researches and practical applications of Ti/Ni multilay-
ered nanowires.

2. Computational methods

Three typical layer thickness values (1.31, 2.34, and
7.17 nm) are chosen and used to investigate the tensile prop-
erties of the isopachous Ti/Ni MNWs.

has discovered different plastic deformation mechanisms of
[26]

Our previous work

the samples at these representative modulation parameters.
The schematic of isopachous Ti/Ni MNW is shown in Fig. 1,
the total length varies from 5.24 nm to 28.68 nm along the Z
direction, and the dimensions in other directions are fixed at
6.49 nm and 6.64 nm, respectively. The Ti(0001) and Ni(111)
planes are selected to be perpendicular to the Z direction (load-
ing direction), since the most of atoms are prone to stack
along these close-packed planes to gain the minimum ener-
getic state during the vapor deposition. >’ Owing to the differ-

ent crystalline structures and lattice constants, semi-coherent
Ti(0001)/Ni(111) interfaces are formed at the junctions of two
phases as shown in the magnified part of Fig. 1.

r

layer thickness

A = (Ari+Ani)/2

A=1.31, 2.34, 7.17 nm

strain rate

1.0X108 s~1—5.0x10'0 s—1

Ti/Ni interface
Z [0001] Z [111]
Ti Ni

Q X [1210] Y [1010] X [110] Y [112]

@ rcc @ Bcc @ HCP

Fig. 1. Ti/Ni multilayered nanowire with tension loading applied perpendicu-
larly to the Ti/Ni interface, with insets on right side showing part of interface
structure forming at the intersection of two phases, and coordinate systems
representing initial orientation of crystalline Ti and Ni, respectively.

(O non-structure

Potential function is crucial for the accuracy of MD
simulation. In this work, interactions between Ni—-Ni, Ni—
Ti, and Ti-Ti atoms are depicted by the embedded atom

method (EAM).3%3!1 This classical EAM potential is wildly

utilized to predict the mechanical behaviors of metallic

5.124-28.32.33] The Jocations and velocities of differ-

multilayer
ent atoms are calculated by velocity-Verlet algorithmin time
steps of 1 fs. Before loading, samples are first slackened
for 30 ps to gain the minimum energetic state. The different
strain rates can be obtained by applying various tensile strains
per timestep for all atoms, and a wide range of strain rates
(1.0 x 108s 1 <¢<5.0x10° s_l) is achieved and supplied
along the Z direction. During the simulations, the total ten-
sile strain is 0.15 for the most models, while total strain is 0.4
for the case of 5.0 x 10'° s=!. Period boundary condition is
used only in the Z direction, while free boundary conditions
are employed in the X and Y directions to calculate the tensile
properties of infinite Ti/Ni nanowire. The simulated tempera-
ture in this work is selected as 300 K, and Virial theorem3#! is

used to calculate the atomic stress of the system as follows:

n*f = ‘i{—Zmivfxvi +;ZZF,7r€}, (1)
i i j#i
where o and B represent the Cartesian parameters, V denotes
the volume of simulated material, m; and v; denote the mass
and velocity of atom i, and Fl;x is the interaction force between
the two atoms with a distance r;; in between.

The common neighbor analysis (CNA) method!®! is
used to identify different types of atoms: face-centered cu-
bic (FCC) atom (green), hexagonal close-packed (HCP) atom
(red), body-centered cubic (BCC) atom atom (blue), and non-
structured atom (dark gray). After obtaining coordinate in-
formation of the simulated atoms, most of the visualization
and post-processing procedures are performed by the power-
ful software-OVITO.3!

3. Results and discussion
3.1. Tensile properties

Tensile properties of isopachous Ti/Ni MNWs with dif-
ferent tensile strain rates are plotted in Figs. 2(a)-2(c), the six
typical strain rates are selected to illustrate the tensile behav-
iors of disparate samples, and the stress—strain curves of the

samples at a strain rate of 5.0 x 1010 ™!

are plotted in il-
lustrations of respective diagram. As shown in the diagrams,
all models exhibit diverse trends at certain strain rates. The
stress—strain curves of all samples possess the sharp peaks in a
range of 1.0 x 108 s7! <& < 1.0 x 10? s~!. Further increasing
the strain rate, these peaks gradually turn into flat ones. Fig-
ure 2(d) indicates the yield stresses (0y, first peak stress of the
curves) of different isopachous Ti/Ni MNWs at various strain
rates. Figure 2(d) shows that the yield stress first increases
until reaching a peak value at &€ = 5.0 x 10° s~! for all sam-
ples. Then, oy presents a novel drop, and finally increases with
strain rate increasing in & > 1.0 x 10'? s=!. The shortest Ti/Ni
nanowires possess the maximum yield stresses in comparison
with the values of other two samples in 1.0 x 1¥sl<éec
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5.0 x 10° s~!, which exhibits “smaller and stronger” relation-
ship under the same loading conditions. While, the longest
nanowires possess the maximum values in &£ > 1.0 x 1010 s~1,
and shows “larger and stronger” relationship. Besides the
yield stress, the yield strain (tensile strain corresponding to
yield stress) is also strongly related to the external strain rate.
As shown in Fig. 2, the yield strain increases with the increase
of strain rate for all samples, which indicates that driving the
initial plastic deformation at higher strain rate needs a higher
tensile strain.

According to these findings, four strain rate regions can

12 5
(a) —=—1.0X10% 51
6 —o— 1.0X10% 7!
3 —A—5.0x10% 571
97 5.0x10 5! —¥— 7.5X107 s7!
!f 0.1 0.2 0.3 0. o— 1.0X1010 g-1
)
12} 6 B
0
9]
-
et
»n
3 -
A=1.31 nm
0 1 1 1 1
0 0.03 0.06 0.09 0.12 0.15
Strain
12
(c) |9 —=— 1.0X108 571
6 —e— 1.0x10% 57!
3 ——5.0X109 s~!
Cl ey BElG e
a, - E R —o—1.0x1010 51
@)
] 6
12}
I
e}
»n
3 -
A=7.17 nm
0 1 1 1 1
0 0.03 0.06 0.09 0.12 0.15
Strain

be generally discovered in the present work, which are small
strain rate region (1.0 x 108 s ' <é&<1.0x10° s_l), inter-
mediate strain rate region (1.0 x 10° s7! < & <5.0x 107 s71),
critical strain rate region (5.0 x 10% s7! < & < 1.0 x 1010 s 1)
and large strain rate region (1.0 x 100 s7! < & < 5.0 x
1010 s=1). Different trends of stress—strain curves and ten-
sile properties indicate the differences in deformation mecha-
nisms, the specific microstructure evolutions and deformation
mechanisms at respective strain rate will be discussed in the

following part.

125
(b) —=—1.0X108 571
6 —e—1.0x10% 71
3 —4—5.0x109 57!
— Bl 5.0X1010 5! —v—T7.5X109 57!
Ef 01 0.2 0.3 0.4 o—1.0X1010 g1
o
2 °f
9]
-
el
n
3l
A=2.34 nm
O 1 1 1 1
0 0.03 0.06 0.09 0.12 0.15
Strain
11
(d) —— 1.31 nm
— —0— 2.34 nm
Oﬂf 9F —A— 7.17 nm
S
Ef)
37|
=
n
o
= 5
P
3

109 1010 1011

Strain rate (s~1)

108

Fig. 2. Stress-strain curves of isopachous Ti/Ni MNWs with different layer thickness values at various tensile strain rates at (a) A = 1.31 nm, (b)

2.34 nm, (c) 7.17 nm, (d) Yield stress of all samples at various strain rates.

3.2. Atomic configuration evolutions

The microstructure evolutions of the shortest Ti/Ni MNW
(A = 1.31 nm) at a series of strain rates are presented in
Fig. 3. For the better observation, the microstructures of the
nanowire are presented only in the Y—Z plane. The angle, el-
lipse and rectangle represent interface shear, grain reorienta-
tion and amorphization of crystalline structures in the tension
process, respectively. At & = 1.0 x 10% s~!, the multilayered
structure first yields at a tensile strain of 0.025. Plastic behav-
ior is only maintained by the interface at the junction of Ti and
Ni crystals. With the successive increase of the applied tension
loading, the rotation angle of the interface gradually increases
as shown in Fig. 3(a). The same phenomena are also observed
in the tension process of Cu/Ag!?*! and Ti/A1">>) MNWs with
a small layer thickness. The phenomenon can be explained
as high stress concentration in the interfacial region, while the
layer spacing is too small to nucleate dislocations or other de-
fects. Thus, the high local stress is only released by the inter-

face shear.[?!

For the second strain rate, the yield behavior is a combi-
nation of interface shear and grain reorientation in Ti layer at
a large tensile strain of 0.052. That the new grains rotate into
a new orientation is also a way to release the high local stress
in the loading process. The disordered structure of the free
surface causes new grains to first nucleate from the surface
and then release local stress concentration.>>! For the case of
&£ =15.0x10° s7!, figure 3(c) implies that the grain reorien-
tation occurs at a tensile strain of 0.071, some non-structured
atoms appear in Ti layer at the large strain. And no obvious
plastic deformations are found in the interfacial regions at this
time. For the largest strain rate, the formation of amorphous
phase turns into a main plastic behavior at the yield strain. As
tensile strain increases, the initial Ti layer eventually becomes
amorphous state, while some partial dislocations propagate in

the Ni layer.
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(a) &£=1.0x108 s~!

(b) &=1.0x10° s~

N

interface shear

O grain reorientation

amorphization

(c) €=5.0x109 s

e=0.071

e=0.118

€=>5.0x1010 g1

(d)

€=0.140 e=0.210

Fig. 3. Atomic configuration evolutions of isopachous Ti/Ni MNW with A= 1.31 nm at (a) € = 1.0 x 103 s=!, (b) 1.0 x 10° s7!, (¢) 5.0 x 10? s, (d)
5.0 x 10'% s~1. The angle, ellipse, and rectangle represent the different plastic deformation carriers in the tension process.

The microstructure evolutions of the intermediate Ti/Ni
MNW (A = 2.34 nm) are presented in Fig. 4. Unlike the ten-
sile behavior of the shortest nanowire, plastic deformation be-

~1 are the combination of inter-

haviors at & = 1.0 x 10% s
face shear and grain reorientation in Ti layer as described in
Fig. 4(a). Going on loading, the completion of grain reorien-
tation and subsequent allotropic phase transformation occurs
in “weak” Ti layer, and Ti/Ni interface rotates a larger angle
simultaneously. As for the second strain rate, the microstruc-
ture evolutions are the same as the former one, and shown in
Fig. 4(b). For the case of £ = 5.0 x 10° s, the plastic de-
formation is maintained only by the Ti layer, and no more in-
terface shear can be found in the tensile process. The grain
reorientation, growth of the new grains and phase transforma-
tion dominate the plastic deformations in the tensile process.
As for the case of the largest value of €, the amorphization first
germinates at the weaker points in Ti layer and finally occu-
pies the entire Ti layer. Meanwhile, a number of dislocations
is observed to have propagated in the Ni layer.

For the case of isopachous Ti/Ni nanowires with larger
layer thickness, the plastic behaviors are greatly different from
those of previous two samples. The microstructure evolutions
of the longest Ti/Ni MNW (A =7.17 nm) are presented in
Fig. 5. For the better observation, the surface atoms have been
removed away, and the three-dimensional (3D) structures of
the Ti/Ni nanowire are presented in the figure. For the first

strain rate, the new grain trends to nucleate from free surface
and propagates in the upper Ti layer at €= 0.021, which is
shown by the black ellipse in Fig. 5(a). The new grain grows
quickly until occupying the entire upper Ti layer. Further in-
creasing the tensile strain, the new grain starts to nucleate and
expand quickly in the lower Ti layer at €= 0.042. Finally, the
upper Ti layer and the lower Ti layer transform to the new ori-
entation completely. As shown in Fig. 5(a), the basal plane
of parent Ti layer is perpendicular to the basal plane of twin
Ti layer, i.e., initial [0001] axis of the parent phase trans-
forms to [1010] axis of the twin phase. It should be pointed
out that grain reorientation presents a twinning-like behav-
ior, which has also been discovered in simulation!?!-22-37-39]
and experiment**#!1 of HCP materials. Hereafter, the newly
formed Ti/Ni nanowire undergoes another elastic stage until
the tensile strain reaches the 0.073. As the axis of the newly
formed Ti layer is subjected to the tensile loading, the FCC-Ti
embryos trend to nucleate from the surface and then grow in
the upper Ti layer as indicated by black circles in Fig. 5(a).
After that, the FCC phase grows and occupies the entire Ti
layer as a result of dense basal dislocations’ propagation and
accumulation of FCC stack faults.37-3342] And the specific
orientational relationship of grain reorientation and the phase
transformation have been described specifically in our previ-

ous work.[20]
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()

£€=1.0x108 s~!

(b)

€=1.0X109 s~

1

e=0.118 e=0.036 £ =0.086
————Y  interface shear Q grain reorientation amorphization
() &=5.0x109 s~! (d) &=5.0x1010 g1
:

=
)
1
-

e =0.056 e=0.123 e=0.150 e=0.220

Fig. 4. Atomic configuration evolutions of isopachous Ti/Ni MNW with A= 2.34 nm (a) at £ = 1.0 x 108 s~!, (b) 1.0 x 10° s~ 1, (¢) 5.0 x 10° s~!, and

(d) 5.0 x 10'% s~ with angle, ellipse, and rectangle denoting different plastic deformation carriers in the tension process.
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Fig. 5. Atomic configuration evolutions of isopachous Ti/Ni MNW with A=7.17 nm (a) at £ = 1.0 x 108 s=!, () 5.0 x 10° s~!, and (c) 5.0 x 1010 s~

with ellipse, circle, and rectangle representing different plastic deformation carriers in the tension process.
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At the second strain rate, the plastic deformations are sim-
ilar to those at € = 1.0 x 108 s~!, which contains the grain re-
orientation, allotropic phase transition and dislocations’ move-
ment in Ti layer, while Ni layer provides spring support in the
tensile process. In addition, nucleation sites of new grains in-
crease with strain rate increasing for the longest samples at
1.0x 108 s ! <& <50x10°s~!. Similar results were also
discovered in tensile behaviors of Ti nanowires!??! and Ti/Al
nanowires, >8] which indicates the surface nucleation sites are
positively correlated with the strain rate in the small strain rate
region and the intermediate strain rate region.

AtE=5.0x10"0s""! the amorphization is generated first
in Ti layer and then grows rapidly until amorphous phase occu-
pies the whole Ti layer, and the plastic deformation in Ni layer
is mainly the dislocation motion and amorphization in the lo-
cal region. It is obvious that the plastic behaviors are sustained
mainly by the Ti layer, and the interface seems not to partic-
ipate in plastic deformation for the longest sample at a lower
strain rate. While at a high strain rate (¢> 1.0 x 1010 s—1y,
amorphization of both crystalline Ti layer and Ni layer turns
into the main plastic deformation carrier.

1.0
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0 . . . .
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g 04f
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3.3. Strain rate-dependent tensile behaviors of the longest
sample

The microstructure evolution diagram indicates that the
plastic behaviors of the longest sample become more complex
with the variations of the strain rates. After the grain reorien-
tation, the subsequent plastic behavior presents phase transfor-
mation or amorphization in Ti layer, which is determined by
the specific strain rate.

Figure 6 depicts the atomic fraction evolutions of differ-
ent structures at disparate strain rates. The difference value
of HCP structure or FCC structure in the tensile process rep-
resents the extent to which the phase transition takes place.
Similarly, the difference among the non-structure atoms rep-
resents the degree of amorphization. In a small strain rate re-
gion, the phase transformation is the dominant plastic behav-
ior. As strain rate increases, the fraction of FCC atoms grows
markedly, and all the HCP atoms seem to transform into FCC
atoms in the intermediate strain rate region. Additionally, the
fraction of non-structure atoms is unchanged in the tensile pro-
cess as shown in Figs. 6(a) and 6(b).

1.0
strain rate 1.0x109 s—1 (b)
0.8 } —®— non-structure
g FCC
e —a— HCP
g 06F
&
2
g 04r
o
+ L
<
0.2y
0 . . . "
0 0.03 0.06 0.09 0.12 0.15
Strain
1.0
strain rate 5.0X1010 s—! (d)
0.8F = non-structure
g FCC
e —— HCP
g 06F
&
g
g
9)
2
<
0 . . .
0 0.1 0.2 0.3 0.4
Strain

Fig. 6. Atomic fraction evolutions of different structures of the longest Ti/Ni MNWs at strain rates of (a) 1.0 x 108 s~!, (b) 1.0 x 10° s, (c)

5.0x10° s~!, and (d) 5.0 x 1010 s~ 1.

Nevertheless, a large fraction of crystalline atoms turns
into non-structure atoms in large strain rate region as shown
in Fig. 6(d). It is revealed that both Ti layer and Ni layer
take part in the plastic deformation. In a critical strain rate
region, the atomic fractions of both HCP (or FCC) and non-
structure atoms change in the loading process, phase trans-

formation and amorphization jointly dominate the plastic de-

formation. According to previous studies, the phase transfor-
mation is caused by the dense dislocation motion in the HCP
crystal, and finally results in the continuous accumulation of
FCC stacking faults. 3738421 Namely, the dislocations’ move-
ment in Ti layer takes place easily in the small strain rate re-
gion and the intermediate strain rate region. There is ample

time to actuate dislocations propagation along a certain plane
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at this series of strain rates, so that the high stress of the system
is released. Nevertheless, there is not enough time to induce
the nucleation of dislocations and other plastic deformation
carriers, and crystalline atoms tend to collapse to form amor-
phous structures, thereby dissipating the local stress concen-

tration rapidly at the high strain rates.[*3%4]

—4.49 AE;=5.81 meV/atom
—4.53F 451 /ﬁ\m AE,=7.46 meV /atom
—4.53 AE, AE3;=20.93 meV/atom
454 —4.55 /+5’0X10m ot AE;=76.82 meV/atom

457 0.1 02 03

=

AE, —®—1.0x10%s™!
9 g1

AE, —o—1.0x10” s

—A—5.0X10% s~!

—4.55

—4.56

Potential energy (eV/atom)

_4'570 0.03 0.06 0.09 0.12 0.15

Strain

Fig. 7. Variations of potential energy with strain of the longest Ti/Ni
nanowires at various strain rates.

The variation of strain rate affects not only the mi-
crostructure evolution of the sample, but also the energy evolu-
tion in a tensile process. Strain rate effect on energy evolutions
of the longest Ti/Ni MNW is plotted in Fig. 7. The energy
here refers to the average atomic potential energy, which is the
total potential energy divided by the number of atoms. Fig-
ure 7 shows that energy-strain curves display different trends
Like the stress—
strain curves, the first peak energy also indicates the end of

with the increasing of the applied strain.

the elastic stage and the beginning of the plastic stage. And
the peak energy is positively correlated with extrinsic strain
rate. A more meaningful parameter to describe the energy
evolution during the deformation is the energy barrier, which
can be defined as the difference between initial and final en-
ergy. In a statistical sense, the energy barrier reflects the min-
imum energy required for atom to go from one configuration

37421 In this work, the energy barrier is defined as

to another. !
the difference between the initial value of energy and the first
peak value of energy. The parameter here reflects not only the
maximum elastic energy stored in the simulated system during
deformation, but also the minimum energy required to induce
the plastic deformation. Therefore, energy barrier is vital to
the assessment of the strain rate effect on the tensile behavior
of the Ti/Ni MNWs. Energy barriers of the different samples
are also indicated in Fig. 7. The values of AE| and AE are rel-
atively equal, and AE4 is much higher than previous value. As
is well known, the potential energy relies just on the relative
position of the simulated atoms. For the case of small strain
rate, most of atoms have adequate time to reach the lower en-
ergetic position, so the system is in a low energy state. Once
increasing the strain rates, the number of atoms to reach lower

energy position gradually decreases, resulting in the increase
of energy barriers finally. When the strain rate is high enough,
due to the lack of sufficient time, almost all atoms are in a
higher energy state, i.e., the amorphous state. It seems that
AE3 is a critical energy barrier in the present dissertation, as
the amorphous structure trends to expand in the tensile process
when the value is larger than AE3.

3.4. Layer thickness-dependent tensile behaviors in small
strain rate region

The microstructure evolution analysis shows that inter-
face shear for the shortest sample is an interface-driven plas-
tic behavior. While the grain reorientation generated from the
free surface is surface-driven plastic behavior. Interface and
surface play the vital roles in the tensile behavior of Ti/Ni
MNWs. Surface atoms are in higher stress state than the in-
ternal atoms due to the lack of neighboring atoms.!!3! Like-
wise, interface atoms are also in high stress state because of
misfit dislocations forming at the semi-coherent interface. [>6!
Thus, plasticity is likely to occur from the interface or free sur-
face. There seems to exist a competition between the interface-
driven plastic deformation and surface-driven plastic defor-
mation in MNWs. Exploring the underlying mechanism, the
Ti/Ni nanowire is divided into three parts: Ti/Ni interface, Ti
layer, and Ni layer. Here, the interfacial atoms refer to 4 lay-
ers of atoms between the HCP crystalline structure and FCC
crystalline structure, for they show more complex stress distri-
bution than the internal atoms. More details about interfacial
atoms can be found in Ref. [26]. Figure 8 depicts the fractions
of the interfacial, Ti and Ni atoms for different samples. Al-
though the fraction of surface atoms in Ti layer cannot be dis-
played intuitively, it is proportional to the atomic fraction of Ti
atoms. It can be seen in Fig. 8, the atomic fraction of interfa-
cial atoms decreases as the layer thickness increases, whereas
the fraction of Ti atoms and the faction of Ni atoms show op-
posite trends. Interfacial atoms occupy a large fraction of the
shortest sample. Therefore, the plastic deformation tends to
first occur at the interface, and the interface has sufficient time
to complete the interface shear in a small strain rate region.
Similarly, the longest sample has a large fraction of Ti atoms,
the plastic deformation tends to preferentially arise from the
surface, new grains have sufficient time to complete the nucle-
ation and propagation. While for the intermediate sample, the
fractions of different atoms are nearly equal, so plastic defor-
mation is a mixture of interface shear and grain reorientation.
Consequently, the variation of microstructure parameters will
significantly affect the stress distribution, which will cause the

transformation driven by deformation mechanism.
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Fig. 8. Atomic fractions of different structures for disparate Ti/Ni nanowires.

3.5. Coupling effect of layer thickness and strain rate on
tensile properties of isopachous Ti/Ni nanowires

The further analyzing of the coupling effect of layer
thickness—strain rate on the strength of isopachous Ti/Ni
nanowires reveals the relationship between yield stress and
strain rate in double logarithm coordinate as shown in Fig. 9,
with the inset displaying the yield stress—strain rate relations
in Cartesian coordinate. Four strain rate regions are colored
in light green, in yellow, in orange, and in pink, respectively.
Corresponding plastic deformations are displayed in the in-
set. To demonstrate the strain rate effect of on tension pro-

cess intuitively, the strain rate sensitivity (SRS) factor m is
used to assess the strain rate effects on the strength of dif-
ferent Ti/Ni nanowires. Combining the previous stress—strain
curves and microstructure evolutions, the plastic deformation
mechanisms vary in the disparate strain rate regions. Thus, it
is necessary to evaluate the SRS values in different strain rate
regions. In this subsection, the parameter m is described as
formula (2), and relevant values of different models are shown
in the right part of the figure,

. 8ln0y
© dlng

(@)

In the small strain rate region, changing strain rate sig-
nificantly affects the strength of the shortest sample, while the
values of m; of other two samples are less than the value of
the shortest sample. In the intermediate strain rate region,
the values of my of all models are higher than those values
of my, and the longest model shows strong strain rate sensi-
tivity. Whereas, changing strain rate greatly affects both the
yield stress of the intermediate sample and the yield stress of
the longest sample in the large strain rate region. It can be in-
ferred from Fig. 9 that the shortest sample shows the stronger
strain rate sensitivity in the small strain rate region. For the
other strain rate regions, increasing strain rate greatly affects
the strengths of large-sized samples.

=11
g M 1.31 nm linear fit strain rate
Y9 e .
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o
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°
g ’ = 0.232+0.071
2.2F 3 108 109 1010 1oM ® 0.053+0.011
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g A ma
E 1.8F ® 0.16340.027
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Fig. 9. Variations of logarithmic stress with logarithmic strain rate for isopachous Ti/Ni MNWs, with disparate color blocks marking different plastic
deformation carriers, and inset showing yield stress—strain rate relations in Cartesian coordinate.

The plastic deformations of isopachous Ti/Ni nanowires
under different layer thickness values and strain rates are sum-
marized in Fig. 10. In the small strain rate region and the
intermediate strain rate region, increasing the layer thick-
ness causes the main plastic deformations to transform from
interface shear to grain reorientation and phase transforma-
tion. Further increasing the strain rate, the main plastic de-
formations of Ti/Ni MNWs changes from interface shear (the

shortest sample) or grain reorientation (the longest sample)
to the amorphization of crystalline structure for all samples.
It should be pointed out that the change of the deformation
mechanism for Ti/Ni MNWs is not abrupt. Actually, there
are a critical layer thickness of 2.34 nm in the small strain
rate region, and a critical strain rate region of 5.0 x 10051 <
€< 1.0x10' s in the present work. In the criticalcase,
the plastic deformation behaviors are the mixture of plastic
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deformations below and above the critical value. Taken to-
gether, these findings suggest that layer thickness and strain
rate are key factors to determine the tensile behaviors of Ti/Ni
nanowires. The relationship between those factors is not inde-
pendent but coupled to determine the deformation mechanisms
of the nanowires.

A 1.31 nm

2.34 nm 7.17 nm
; i 5.0x1010 g1
) 1
) 1
amorphization
) .
! 1
1 1 1010 ¢—1
7 7 1.0X10%0 s
] ]
) 1
9 grain reorientation and amorphization
® 1 1
- ) 1
o T T = 5.0%x109 s~!
‘= |interface shear|interface shear) gram
A derain ' and erain ! reorientation
n and grail I d gral ! and phase
reorientation | reorientation ,,.,nsformation
; ; 1.0X109 s~
3 i grain
. 1interface shear . .
interface 1 . ! reorientation
| and grain |
shear ) . .1 and phase
1 reorientation 1 .
] | transformation| | (x 108 5!
1 1

Layer thickness

Fig. 10. Diagram of layer thickness—strain rate-dependent mechanism of
isopachous Ti/Ni MNWs.

3.6. Effect of modulation ratio on tensile properties of un-
equal Ti/Ni nanowires

It has been demonstrated above that the layer thickness
significantly affects the mechanical properties of isopachous
Ti/Ni nanowires. Actually, the modulation ratio also plays an
important role in the mechanical properties of unequal multi-
layered materials.?*~47] Our previous study has confirmed
that tensile properties of unequal Ti/Ni nanowires are domi-
nated by the modulation ratios at a certain strain rate. ! Thus,
more attention is paid to the variation of strain rate affect-
ing the tensile properties of unequal Ti/Ni nanowires in this
part. For the unequal Ti/Ni nanowires, thickness of Ti (or Ni)
layer is fixed at 2.34 nm, and the thickness of Ni (Ti) layer
is 4.68 nm (7.02 nm). Thus, modulation ratios are selected
to be 1 = Arp:Ani=1:3,1:2,2:1,3:1, respectively. The
stress—strain curves of unequal samples at various strain rates
are plotted in Fig. 11, and the curves of isopachous samples
(n=1: 1) under the same loading conditions are also shown in
Fig. 11. Like the stress—strain curves of isopachous samples,
the wave-like stress—strain relationships with increasing ten-
sile strain can be discovered for all unequal samples when the
strain rate is 5.0 x 108 s~!. For the case of £ = 5.0 x 10° 571,
the stress—strain curves grow steadily with the increase of ap-
plied strain, and peak stresses are larger than the values at
5.0 x 108 s~!. When the strain rate reaches 5.0 x 1010 1,
no obvious peaks can be found in stress—strain curves for all
samples. Figure 11(d) depicts the variation of yield stress with
the strain rate for unequal Ti/Ni nanowires. It can be seen that

the yield stress first increases with the increase of strain rate,
then abruptly drops at 1.0 x 10!9 s~!, and finally increases
with the strain rate increasing when the strain rate is larger
than 1.0 x 1010 s71.
at &€ = 5.0 x 10° s~!, which is consistent with the results of

The maximum yield stress is obtained

isopachous samples. However, when the thickness of Ti layer
is fixed, the yield stresses maintain constant values as the strain
rate is lower than 1.0 x 10° s~!. Further increasing the strain
rate, yield stresses of unequal Ti/Ni nanowires with large Ni
layer possess the higher values at a specific strain rate. When
the thickness of Ni layer is fixed, the yield stresses first in-
crease with thickness of Ti layer decreasing as the strain rate is
below 5.0 x 10° s~ !. And for the larger strain rates, the differ-
ences between the yield stresses at the specific strain rate are
relatively small. The yield stresses with strain rate of all un-
equal samples vary strongly with the modulation ratio. When
the strain rate is lower than 1.0 x 10° s~!, the plastic deforma-
tions are sustained by weak Ti layer, and increasing the thick-
ness of Ti layer leads the yield stress to drop. When the strain
rate is larger than 1.0 x 10'° s~!, amorphization turns into the
main plastic deformation in both crystalline Ti and Ni lay-
ers, increasing the thickness of Ti or Ni layer can promote the
probability of local amorphization in crystalline phase. There-
fore, the yield stress is positively related to the strain rate in
this strain rate region. When the strain rate is 5.0 x 10? s7!,
the grain reorientation and amorphization in the local region
jointly dominate the plastic deformation mechanisms of un-
equal samples, and the maximum yield stresses are obtained
at this critical strain rate.

However, the variation of the modulation ratio barely
changes the deformation mechanism of the unequal Ti/Ni
nanowires. Comparing Fig. 2 with Fig. 11, changing the mod-
ulation structure will vary only tensile properties of certain
Ti/Ni nanowires. As the monolayer thickness of Ti or Ni in
unequal Ti/Ni nanowire is greater than 2.34 nm, the fraction
of the crystalline phase is greater than the counterpart of the
interfacial structure. Therefore, the plastic deformations are
caused mainly by the crystalline phase, which consist of grain
reorientation and phase transformation in Ti layer in small and
intermediate strain rate region, and the local amorphization of
crystalline phase in large strain rate region.

Besides size and strain rate effect, the temperature ef-
fect is a significant factor affecting the mechanical proper-
ties in most of metallic nanowires. [13:16.2023.25.28] We yse the
MD method to evaluate the tensile properties of isopachous
Ti/Ni MNWs in a wide range of temperatures (0.01 K-500 K).
When the layer thickness and strain rate are fixed, increasing
temperature causes only the elastic modulus and yield stress
to change, showing obvious thermal softening effect. How-
ever, plastic behaviors of the nanowires scarcely change un-
der the same working conditions. This also proves that the
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extrinsic layer thickness and strain rate are determinant fac-
tors to control the tensile behaviors of the nanowires. Fur-
thermore, geometric shape and cross-sectional size also influ-
ence the mechanical performance of metallic nanowires due
to the change of stress distribution of the surface and inter-
nal atoms. However, the cross-sectional shape and size are

(a) 12
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fixed to ascertain the layer thickness effect on the tensile prop-
erties of the nanowires in this work. It is difficult to assess
how these factors affect the mechanical performances of the
MNWSs. Therefore, more efforts are needed to systematically
obtain the effects of different factors on tensile behaviors of

Ti/Ni nanowires.

(R Ty p— T P T
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Fig. 11. Stress—strain curves of unequal Ti/Ni MNWs at various tensile strain rates. (a) Stress—strain curves of unequal nanowires with different
modulation ratios, where layer thickness of Ni layer is fixed at 2.34 nm; (b) stress—strain curves of unequal nanowires with different modulation ratios,
where layer thickness of Ti layer is fixed at 2.34 nm; (c) stress—strain curves of all unequal samples at strain rate of 5.0 x 10'9 s~1: and (d) yield stresses

versus strain rate of all unequal samples.

4. Conclusions

We have utilized molecular dynamics method to investi-
gate the tensile behaviors of Ti/Ni MNWs, various modulation
parameters and strain rates are selected in this work. The re-
sults demonstrate that the coupled layer thickness and strain
rate effect significantly affect the tensile behaviors of Ti/Ni
MNWs. The main conclusions of this work are as follows:

(1) Yield stresses of all Ti/Ni MNWs exhibit different
trends varying with strain rate increasing. The four strain rate
regions are observed in the tension process. Yield stresses
of all MNWs first increase in the small strain rate region
(1.0x 10% s7! < & < 1.0 x 10° s~!) and intermediate strain
rate regions (1.0 x 10° s7! < & < 5.0 x 10° s71), then de-
crease in the critical strain rate region (5.0 x 10° s™! < & <
1.0 x 10'% s, and finally increase in the large strain rate re-
gion (1.0 x 1010571 < £ <5.0%x 10071,

(i) Isopachous Ti/Ni MNWs with different values of
layer thickness exhibit disparate plastic deformation mecha-

nisms with the strain rate increasing. For the shortest sample
(A= 1.31 nm), the initial plastic behavior transforms from in-
terface shear into the amorphization of the crystalline struc-
ture. For the intermediate sample (A= 2.34 nm), the initial
plastic behavior transforms from the combination of interface
shear and grain reorientation into the amorphization of the
crystalline structure. For the longest sample (A= 7.17nm), the
initial plastic behavior transforms from grain reorientation into
the amorphization of the crystalline structures. There exists a
critical strain rate region for all samples, the plastic deforma-
tion behaviors are the mixture of plastic deformations below
and above the criticalvalue.

(iii) The shortest sample shows the stronger strain rate
sensitivity in the small strain rate region. While, the variation
of strain rate greatly affects the strength of large-sized sample
in the large strain rate region.

(iv) Modulation ratio significantly affects the tensile prop-
erties of unequal Ti/Ni MNWs, but barely influences the plas-
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tic deformation mechanisms of the materials.
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