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Twinning and rotational deformation of nanocrystalline NiTi under shock loading
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Understanding the formation of twins and new grains (NGs) in B2 austenite NiTi alloys under shock loading
is of significance and importance for its science insights and engineering applications. However, the formation
of {112} twin in austenite phase under shock loading is still controversial, and the NGs’ evolution under shock
loading is unclear. The Electron Backscatter Diffraction characterizations and x-ray diffraction analyses of the
NiTi samples recovered from the shock experiments reveal that the main deformation modes include dislocations,
twins, and new grains, etc. Similar phenomena are also obtained in our nonequilibrium molecular dynamics
simulations for nanocrystalline NiTi (nc-NiTi) with limited-duration-pulse shock loading. Simulations confirmed
that {112} twins in austenite phase can be formed by successively gliding a displacement of $[111] on 211)
plane. It can occur in both shock compression and release stages, in addition, the grain boundaries triple junction
and the interaction of slip bands with different slip systems can serve as the nucleation of twins. Moreover,
that the nanoscale rotational deformation leads to the formation of NGs is found in our simulation of nc-NiTi,
without experiencing the conventional disorder-recrystallization-grain refinement stages in the corresponding
region. Related to shear stress 7, the shock loading velocity U, plays the key role in the formations of twins and
NGs. These early successes may hope to get some insights into the deformation mechanism of NiTi under shock

loading.

DOI: 10.1103/PhysRevMaterials.4.093607

I. INTRODUCTION

Due to its excellent mechanical properties, corrosion resis-
tance, and biocompatibility [1-4], NiTi alloys are extensively
used in aviation components, engineering machinery, and
biomedicine. Lots of research had been performed to better
understand the properties of NiTi and further its applications
[1-6,25,26]. In recent years there have been growing inter-
ests in extreme cases, including jet turbine blades, seismic
test equipment, and shock mitigating structures [5—7]; hence
exploring its physical and mechanical properties under shock
loading is important. Generally, two main experimental meth-
ods are used to study the dynamic behavior of NiTi alloys
under shock loading: one-dimensional (1D) stress loading, as
produced by a Split-Hopkinson pressure bar (SHPB) [8—12];
and one-dimensional strain loading, such as that produced by
a gas gun, or in laser-driven experiments [13,14,26]. Utilizing
these techniques, researchers have explored the macroscopic
behavior of NiTi alloys, studied their equation of state (EOS),
stress-strain relationships, spall strengths, damage evolution,
etc. However, only few studies have focused on the deforma-
tion and microstructure characteristics of NiTi under shock
loading. Furthermore, most of these studies were devoted
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to revealing the phenomena related to phase transformation
between austenite and martensite phase of NiTi [15], and less
attention has been paid to dislocations, twinning, and new
grain, which controls its plastic deformation.

There have already been several molecular dynamics
(MD) studies of NiTi alloys. Yin ef al. adopted the im-
proved embedded-atom method (EAM) potential function of
Zhong [16] to simulate the shock behaviors of finite-size
single crystalline NiTi at different initial ambient tempera-
tures, observing the shock deformation modes change from
phase transformation and twinning to simple dislocation
motion as the initial ambient temperature increased [17].
Yazdandoost et al. further studied the relationship between
shock behaviors and the energy dissipation under the lo-
cal impact loading of single crystalline and polycrystalline
NiTi, with phase transformation and plastic deformation de-
tected by a criterion based on equivalent shear strains, and
the influence of grain size and grain boundary (GB) type
were considered [18]. Wang et al. used the second-nearest-
neighbor modified embedded-atom method (2NN MEAM)
potential function newly developed by Ko et al. [19] to
study the phase transformation and twinning of single crys-
talline NiTi under one-dimensional plate shock loading,
showing martensitic transformations and reverse martensitic
transformations were related with twinning and detwinning,
respectively [20].
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FIG. 1. (a) Particle velocity profile Up for shock loading along (100), (110), (111) and (112), respectively, at t = 15.0 ps. (b) The shock
wave velocity-particle velocity (Us—Up) plots obtained from our NEMD simulations of single crystalline and polycrystalline NiTi experiments
[21-26]. The line represents the linear fitting to the experimental results: Us = 4.351 4 1.588 U,, [26]. Only the plastic wave velocities are
plotted in Fig. 1(b) for clarity. (c)—(f) Shock-induced deformation in single crystalline NiTi along the (100), (110}, (111) and (112} direction,

respectively. Characterization by von Mises shear stain analysis.

Contrary to above simulations, however, our previous
shock loading experiments have seen no evidence of phase
transformation from B2 austenite structures in the velocimetry
data and deduced Lagrangian sound speeds [26]. In an ideal
world, we would conduct real-time diagnosis of microstruc-
tural evolution process of shocked samples using advanced
x-ray light sources including third-generation synchrotrons
and x-ray free-electron lasers [27]. Even so, these techniques
are only now becoming viable, and beam time can be both
expensive and difficult to obtain, especially for new users.
Metallographic analyses of shock recovered samples, e.g.,
electron backscatter diffraction (EBSD), meanwhile, is a well
proven tool. It can be used to identify the microstructure of
the recovered samples, and to better collate MD simulations.
MD simulations could bridge the mesoscale characteristics
and microstructure. It can give a certain microscopic expla-
nation for many phenomena that are difficult to understand in
theoretical analysis and observe in experiments, then we can
further understand the physical phenomena and essence.

In summary the goal of this paper is to discover and
obtain new insights into microscale dynamics of polycrys-
talline NiTi under shock loading via metallographic analysis
of shock recovered samples and detailed molecular dy-
namics (MD) simulations. The simulation methods and
experiments techniques are described in Sec. II, and results

and discussion in Sec. III, followed by the conclusions in
Sec. IV.

II. SIMULATION METHODS AND
EXPERIMENTAL TECHNIQUES

A. Details of models and simulations

The nonequilibrium molecular dynamics simulations
(NEMD) are carried out by using the large-scale atomic
molecular massively parallel simulators (LAMMPS) code [28].
We adopt an embedded atom method (EAM) potential, which
was developed by Lai et al. [29] and then improved by Zhong
et al. [16]. This potential well describes the relationship
between mechanical properties and microstructures of NiTi
under static compression/tension. It also has a reasonable
explanation for NiTi phase transformation caused by temper-
ature changes.

To verify and validate the applicability and reliability of the
potential function under shock loading with high strain rates,
we carry out NEMD simulations of single crystalline NiTi (sc-
NiTi) to fit the shock wave velocity-particle velocity (Us-U),)
relation [Fig. 1(b)]. Its specific contents include calculating
the 1D shock propagation profiles of certain loading direc-
tion sc-NiTi under different shock loading velocities U, and
different loading directions [Fig. 1(a)]. The U, ranging from
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FIG. 2. (a) Schematic of magnetically driven shock compression
experiment and sample recovery. 1: PMMA holders; 2: DLHV pins;
3: Anode panel; 4: Windows; 5: Sample; 6: Momentum trapping
rings; 7: Cathode panel; 8: Copper momentum trapping. (b) Colum-
nar nc-NiTi model characteristic by CNA methods: the blue region
represents B2 austenite NiTi, the white region represents GBs or
atoms in disorder.

0.5-2.5 km s~!. And the loading directions of sc-NiTi along
the x axis are (100), (110), (111), and (112), respectively.
The shock experimental data for polycrystalline NiTi are also
used for comparison [21-26]. In addition, our previous exper-
imental work has given the Hugoniot relation Uy = 4.351 +
1.588U, for 0.1 km s™! <U, < 1.4 km s™' [26]. Although
there is no clear relationship to build polycrystalline Hugoniot
from single crystalline Hugoniot, our sc-NiTi NEMD simu-
lations show reasonable agreement with the polycrystalline
experimental results, especially at high shock loading veloc-
ities [30]. It should be noted that the deviation at relatively
low U, is a common phenomenon in shock loading NEMD
simulation for sc-NiTi [31].

Figures 1(c)-1(f) show snapshots for different shock load-
ing direction at# = 10.0 ps (U, = 1.0 km s~1). The calculated
results exhibit obvious anisotropy in elasticity and plastic-
ity for diverse loading direction. For the (110), (111), and
(112) shock, the elastic-plastic phenomena appears obviously.
While for the (100) shock, only elastic wave occurs. We adopt
the von Mises shear strain (nlMiS“) analysis [32] to sc-NiTi
model after shock wave passing through. The nM¢ = 0 in-
dicates that only elastic deformation, n}\’“m could increase
with the rise of plastic deformation, this means that nf"“ses can
be used to identify dislocations, twins, etc. For example, the
nf.\"ises for (100) loading is around zero and it remains elastic
until 1.8 km s~

The Voronoi tessellation method is used to construct
a columnar nanocrystalline NiTi (nc-NiTi) model [33]
[Fig. 2(b)]. Each grain is oriented with [011] direction along
7z axis, but with various rotations in the x-y plane. Referring to
our previous experimental work [26], we adopt the B2 NiTi
austenite structure in the initial model. The lattice constant of
the unit cell in the B2 austenite phase is 3.008 A [16], and
the average grain diameter is about 20 nm. The dimensions
of the configuration after the Voronoi tessellation division are
about 200 nm x 40 nm x 1.2 nm, then we replicate the model
along the x axis (shock direction) three times to produce
larger systems for shock simulations. Finally nanocrystalline

Nis, Tigg model is obtained by randomly replacing some Ti
atoms by Ni atoms in the nanocrystalline NisgTisg.

Of all the simulations in this study, immediately before
shock loading, the columnar nanocrystalline Nis,Tisg models
were relaxed for 20.0 ps in a constrained temperature and
pressure (NPT) integrator [34,35] to eliminate residual stress
and obtain GB conditions close to real state. To simulate one-
dimensional strain loading, periodic boundary conditions are
applied along the y-axis and z-axis directions, and free bound-
ary conditions are applied along the x axis (shock direction).
A time step of 0.5 ps is used throughout the simulations, and
a microcanonical (NVE) ensemble is utilized [36]. Note that
the stress unloading (release) is often ignored by MD simula-
tions, but it exactly exists in experiments [37]. In this study,
a piston shock method generating shock waves is utilized for
simulation, where the piston moves at a constant speed for
35.0 ps, and then it is withdrawn to enable the stress release
along loading direction.

B. Molecular simulation analysis methodology

Data visualization and microstructure analysis are based on
the common neighbor analysis (CNA) and von Mises stain
methods of the oviTO software [38,39]. The CNA method
could characterize the local state around the atoms and it has
been proven to effectively distinguish between B2 austen-
ite and B19" martensite phases [40]. The von Mises shear
strain nMi*es describes the atom deformation tensors for better
resolution of deformation and structure [32,41]. X-ray diffrac-
tion (XRD) intensity is also calculated to confirm that the
phase transformation does not occur in our NEMD simulation
[42]. The radial distribution function (RDF) measures the
probability of finding atoms as a function of distance r from an
a particle position r = 0 [43]. In addition, changes in crystal
orientation, such as twins, new grains, etc., can be resolved by
orientation mapping (OM) analysis [44,45].

To better identify the dislocation evolution, the maximum
relative displacement (MRD) based on the slip vector method
is applied [46—48]. The term slip vector is not the Burgers
vector in material science, the definition is as follows:

N
Si= = > g — X, M
" i
n is the number of the nearest neighbors to atom i, n; is
the number of the slipped neighbors j, x;;, and X;; represent
the vector difference in position (between atoms i and j) in
current and reference configurations, respectively [46]. The
reference configuration is the initial simulation model without
stress or strain. The MRD is defined as the above slip vector
with the maximum amplitude instead of the average of sliding
vector sum, the definition is as follows [47,48]:

Si = xij — Xij ¢ Ixij — Xijlmax, (2)

the modulus of S; is |S;],

For each trajectory file generated by MD simulations, we
divided the entire simulation cell into uniform unit along
the x axis (1D binning analysis) or both the x and y axes
(2D binning analysis) [49,50]. Side length of binning cell is
0.5 nm. Physical properties such as von Mises shear stress ©
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were calculated [32], defined as:

T = /30, 3

where
_ 1 2 2 2
J, = 6{(Uxx - Uyy) + (Uyy —0)" + (0 — 0xx)”}
+ oxzy + oyzz + ozzx’ “4)

Oxx» Oyy, Oz, Oxy, Oy, and oy are the stress tensor.

C. Materials and experiment techniques

The polycrystalline Nis; Tiqg alloys used in this study come
from Chinese Northwestern SMA Incorporation. Samples
have a density py = 6.42 g cm~3, longitudinal sound speed
C; = 5.434 km s~!, shear sound speed Cg = 1.775 km s1,
bulk sound speed Cgz = 5.032 km s~! and Poisson’s ratio v =
0.436 at room temperature. The starting and finishing phase
transformation temperatures for the martensite and austenite
phase are My = —14.6 °C, My = —19.7 °C, A, = —11.4 °C,
Ar = —0.7 °C, respectively, which are obtained by differential
scanning calorimetry (DSC). The x-ray diffraction (XRD) re-
sults show no martensite phase in the samples as received, and
NiTi alloys are in B2 austenite structure at room temperature.

The one-dimensional strain shock experiments are con-
ducted on pulsed power generator CQ-4, which can produce
peak current 3 ~ 4 MA with rising time of 400-600 ns and
accelerate the ~cm flyer plates to velocity 10 ~ 13 km s~!
without being melted [51,52]. The schematic configuration for
the shock experiment is shown in Fig. 2(a). The anode and
cathode panels of the device are composed of flat aluminum
plates, which are symmetrically distributed up and down. The
pulsed current J produced by CQ-4 flows through the surfaces
of anode and cathode panels as depicted in Fig. 2(a), and then
the Lorentz force o, that is the loading magnetic pressure
P, is generated from the interaction between current J and
its self-induction magnetic field B. By this force, the prefab-
ricated copper flyer plates are launched and accelerated to
high velocity to shock NiTi samples. In experiments, the NiTi
samples together with LiF and sapphire windows are glued on
a polymethyl methacrylate (PMMA) holder, which is fixed on
the anode panel. Dual laser heterodyne velocimetry (DLHV)
pins based on the windows are used to record the shock arrival
times and interface particle velocities between NiTi sample
and sapphire window. The sample recoveries are achieved by
impedance matching momentum trapping, which captures the
momentum and attenuates the loading stress waves for com-
plete recovery of NiTi samples, we use momentum trapping
ring tightly couple copper momentum traps and samples to
mitigate lateral rarefaction waves [53]. The microstructures
of initially received and shock recovered NiTi samples are
characterized by electron backscatter diffraction (EBSD).

III. RESULTS AND DISCUSSION

A. Shock-induced microstructure changes
in polycrystalline NiTi

Detailed experimental conditions can refer to our previous
work [26]. Two Nis;Tigg samples with sizes of ®8 mm x
0.877 mm are shocked by aluminum flyer plates with sizes
of 26 mm x 12 mm x 1.002 mm at velocity 2.592 km sL,

and the corresponding particle velocity U, was 0.927 km s~
In experiments, one sample is monitored continuously with
dual laser heterodyne velocimetry (DLHV) to obtain velocity
profiles for calculating macroscopic material responses such
as the elastic-plastic transition [Hugoniot elastic limits (HEL)]
and pressure-volume states. The other sample is recovered
after being shocked through copper momentum trapping and
then analyzed using x-ray diffraction (XRD) and electron
backscatter diffraction (EBSD) [Fig. 2(a)].

The results of XRD analysis show that there are only
B2 NiTi austenite structure in both as-received and de-
formed samples, no phase transformation after shock loading
[Fig. 3(g)]. And EBSD characterizations show lots of twins
and new grains in the recovered sample corresponding to
as-received sample [Figs. 3(a) and 3(b)]. Figures 3(c), and
3(d) are magnified region of the marked rectangular areas in
Fig. 3(b), which represent twins and new grains, respectively.
EBSD misorientation profiles of as-received and deformation
samples show a misorientation angle of ~70.5° occurrence
[Figs. 3(e) and 3(f)], compared to {112} austenite twins. In
summary, there is indeed no phase transformation in the shock
loading experiments on B2 austenite near-equiatomic NiTi,
and the plastic deformation modes at the high stain rates
include dislocations, twins and new grains. In particular, {112}
austenite twins in NEMD simulation are found in experi-
ments, which is evident as specific peaks in the misorientation
angle profiles.

To seek microscopic explanations for the shock response
of polycrystalline NiTi alloys (Fig. 3), we carried out NEMD
simulations of nc-NiTi under shock loading at ambient tem-
perature 300 K and different shock loading velocities U,
including 0.6 km s~!, 0.8 km s~', and 1.0 km s~! (Fig. 4).
With the propagation of 35 ps-duration-pulse shock waves,
there are diverse stress states in nc-NiTi [Fig. 4(a)]. Different
stress states correspond to several stages are distinguished
by red dashed lines in Figs. 4(b)—4(d), and they are marked
as unshocked, shocked, unloading, and relaxed (completely
released). No phase transformation occurs in our entire simu-
lation [Fig. 4(e)], which is consistent with our experimental
results [Fig. 3(g)]. And very similar plastic deformation
characteristics of shocked NiTi samples are exhibited in
macroscale experiments and microscale MD simulations.

Therefore plastic deformation, especially austenite twins
and new grains are the focus of this study. To explain the
underlying mechanism of twins and new grains, we must
analyze their microstructural evolution. We also note that all
twins generated in the simulations are of {112} type. For
convenience, here we label twins at three different positions
and stages in the our NEMD simulation of nc-NiTi as twin
T1, T2, and T3. Meanwhile, NG represents new grain formed
under shock loading.

B. Shock loading velocity dependence of deformation mode
near the GBs triple junction

1. {112} austenite twins nucleation and propagation
atU, = 0.6 km s

Plastic deformation such as slip and twinning are often
thought to accompany the phase transformation of NiTi alloys,
on the other hand, the phase transformation may take prece-
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FIG. 3. (a)—~(b) EBSD characterizations of as-received and experimentally recovered polycrystalline NiTi samples at shock loading velocity
U, = 0.927 km s™' at room temperature. (c)—(d) The corresponding amplified configurations for the marked rectangular areas in (b), which
represent twins and new grains, respectively. (e)—(f) The histograms of frequency and distribution of the boundaries for (a) and (b), respectively,
the red circle corresponding to {112} austenite twins, 70.5° misorientation angle, and 5° for the maximum deviations. (g) The XRD analysis

of as-received and experimentally recovered polycrystalline NiTi samples at shock loading velocity U, = 0.927 km s~

dence over plastic deformation. That results in the complex
deformation mechanism of NiTi alloys [54-57]. Theoretical
calculations show that there are many slip systems in NiTi
austenite: (O11)[111], (011)[011], (011)[100], (001){010),
and (211)[111], etc. Among them the (011)[100] slip system
is most favorable and widespread with the minimum energy
barrier of about 142 mJ m~2 via generalized stacking fault
energy (GSFE) calculation [58]. The (211)[111] slip system
is considered important because twinning mode can occur in
this system. Its GSFE reaches the peak energy 847 mJ m~2
after gliding a displacement %[111] on (211) plane but for
the ¢[111] as 795 mJ m~2, and for metastable superspatials
S[111] as 692 mJ m~2. They are higher than the energy
required for activation of (011)[100] slip system [58], hence

I at room temperature.

it is far less likely to occur. In this study, due to high loading
strain rates and stresses, the activation of the (211)[111] slip
system is, however, still possible.

In the literature on the B2 austenite, {112} and {114}
twins have been reported [15]. While the formation of {112}
twin in B2 austenite has always been controversial. Goo
et al. proposed that by successively gliding a displacement
of 4[111] on (211) plane, according to the formation mode of
BCC metal twins, can form a new phase O structure in the
shear region, the corresponding magnitude of the twinning
shear Yaiii is 0.707 [59]. On the other hand, the perfect
twin in B2 austenite can formed by successively gliding a
displacement of 5[111] on (211) plane, although it is often
considered difficult to active for Yerig = 1.414. For this
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FIG. 4. The (a) 1D pressure profiles (oy,) in nc-NiTi under different shock-loading velocities U,. Comparisons of simulated results
corresponding to (a) at initial ambient temperature 300 K and different U,,: (b) 0.6 km s71(¢) 0.8 km s™!; (d) 1.0 km s~! (different states are
distinguished by red long dashes). The microstructures are characterized by CNA methods: twin T1, T2, T3, and new grain (NG). The shock
direction is labeled by black arrows. The simulated XRD patterns (e) of the nc-NiTi models for initial austenite [Fig. 2(b)], Fig. 4(b), 4(c) and

4(d), respectively.

reason, some researchers consider the formation of {112}
twins is possible by combining shuffle among atoms on the
basis of successively gliding a displacement of ¢[111] on
(211) plane, which provides a hypothesis for the formation
of {112} twins [60]. Our NEMD simulations prove that {112}
austenite twin in shock loading nc-NiTi can indeed be formed
by successively gliding a displacement of $[111] on 211)
plane.

Figure 5, represents the nucleation and propagation of de-
formation twin T1 under shock loading at U, = 0.6 km s~'.
It can be seen from the atomic arrangement that the twin
T1 belongs to {112} type. Under the compression of shock
waves, twins nucleate from the GBs triple junction and
the three layers twin embryo is formed at 39.0 ps. After

the nucleation of twins, dislocations continue to glide on
(211) plane along the (111) until reaching a distance of
@ (corresponding to ‘5’[111] partial dislocations, Yepnn =
1.414). Then twin of three layers are formed completely in
the sheared region without phase transformation (40.0 ps).
Then another 5(111) partial dislocation neighboring twins

boundaries is activated, and a displacement of @ is glided,
which leads to formation of five layers twin (41.5 ps). Fi-
nally, twin growth (thickening) is accomplished by repeating
the process between 40.0-41.5 ps. That is, {112} austenite
twin can be formed by successively gliding a displacement
of 5[111] on (211) plane. To better identify the twin T1
at 41.5 ps, CNA and OM analysis are used as shown in
Fig. 5.
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FIG. 5. Nucleation, propagation and growth of {112} twin T1
in austenite phase at shock loading velocities U, = 0.6 km s~ in
nc-NiTi, which is formed by successively gliding a displacement of
%[1 11]on (211) plane. The atom color coding is based on the MRD
magnitude of s, the cyan (corresponding to “4”) represent dislocation
§[111]. The arrows denote slip vectors and it is also colored by MRD
magnitude of s.

2. Competition between twins and dislocations
atU, =0.6 km s~ and 0.8 km s~!

Twin T1 can be formed at U, = 0.6 km s~! and 0.8 km s~
[Figs. 4(b) and 4(c)]. However, twin T1 is divided into two
separate parts at U, = 0.8 km s~!. Detailed atomic defor-
mations are shown in Fig. 6. For U, = 0.6 km s™!, twin T1
already propagated into the grain interiors at 43.5 ps. As
introduced in the previous section, it is caused by 5[111]
partial dislocations. Note that there is a total displacement
of ?a ([111] + g[111] — S[111], yeqi1n) = 2.121) on the
(211) plane along (111) direction (the red part, number 6)
under continuous shock loading until 70.0 ps [58]. Although
B2 struture is distinct from BCC for its full dislocation on
{112} plane is a(111) instead of 5(111), $(111) in this study
also leads to partial detwinning at 46.0 ps hke BCC metal Ta

e atom in plane
atom out of plane

0.8 knv/s-34.0 ps

*17 layers twin

9 layers twm
0.6 km/s-46 0 ps

NN

0.6 km/s-46.0 ps (CNA)

11 layers twm
0.8 km/s 54.5 ps

0.8 km/s-54.5 ps (CNA)

FIG. 6. Growth of {112} twin T1 in austenite at different shock
loading velocities U, in nc-NiTi. The first four pictures corresponds
to amplified configurations for the marked rectangular areas in the
last two. The atom color coding is based on the MRD magnitude of
s, the cyan and red (one each for 4 and 6) correspond to dislocations
5[111] and 5[111], respectively.

[48,61]. Nevertheless, that leads to the local incompatibility
and hinders the §[111] dislocation emission, this means that
it can inhibit the thickening of twin T1 in this region. For
U, =0.8km s~!, the displacement of ‘/T§a on the (211) plane
along (111) direction (the red part, number 6) causes the fully
detwinning in the corresponding area (54.5 ps).

3. Amorphous shear band at U, = 1.0 km s™!

Different from the situations at U, = 0.6 km s~! and 0.8
km s~!, amorphous shear band is generated from the GBs
triple junction, instead of twins [Fig. 4(d)]. Its formation
process is illustrated in Fig. 7. When the shock wave passes
through the GBs triple junction, there is accumulation of local
stresses in this region (27.5 ps). Once the resolved shear stress
on the GB 1,5 exceeds the corresponding critical resolved
shear stress 7.5, GB sliding occurs (35.0 ps). In essence, the
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(=] N - [} ©
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FIG. 7. Formation of amorphous shear band at grain boundaries
(GBs) triple junction at shock loading velocity U, = 1.0 km s™!,
characterization by CNA analysis and distribution of von Mises shear
stress ™ in the same region. We also calculate radical distribution
function [g(r)] of the B2 structure sc-NiTi and amorphous shear band
in nc-NiTi.

advanced twinning modes at U, = 0.6 km s~! and 0.8 km s~!
(Figs. 5 and 6), contribute to additional strain accommodation
when slip systems are unavailable.

When the local stress continues to increase and finally
exceeds the strain accommodation capability of the twin (and
dislocation) mode, and it leads to the nucleation of amor-
phous shear band from the GBs triple junctions (35.0 ps) [62].
To identify that amorphous in the region mentioned above,
we calculate radial distribution function (RDF) of the B2
structure sc-NiTi and amorphous shear band in nc-NiTi at
U, =1.0km s™! (Fig. 6).

C. Other twins formed in the different loading
stages and locations in MD

Like twin T1 at U, = 0.6 km s~! and 0.8 km s~!, twin
T2 is also formed during the shock loading process, but it is
not generated from the GBs triple junction. The evolution is
detailed in Fig. 8. Dislocations inside the left grain propagate
to the GB, and then they are absorbed by GB. Then GB
plays roles as the nucleation site of new dislocations, and
newly formed dislocations propagate into the right grain with
other slip systems [63,64]. New dislocations with {112}(111)

@ atom out of plane
e atomin plane

'S

[N

FIG. 8. Details

of twin T2 at
U, =0.8 km s™'. The atom color coding is based on the MRD
magnitude of s.

shock loading velocity

and {110}(100) slip systems are emitted at U, = 0.8 km 57!
(43.0 ps), and more dislocations are generated at higher veloc-
ity. At 48.0 ps, dislocations with {112}(111) slip system can
interact with two parallel dislocations of same {110}(100) slip
system, which then results in twin formation. Twin T2 also
can be formed at a higher shock loading velocity U, = 1.0
km s~!, but not at U, =0.6km s~L.

In our NEMD simulations, twins are not only formed dur-
ing shock compression, e.g., twin T1 and T2, but also in the
unloading process, e.g., twin T3 (Fig. 4). Twin T3 evolution at
U, = 0.8 km s~ is detailed in Fig. 9. At 34.5 ps, there are slip
bands in the grain due to plastic deformation with {112}(111)
slip system before start of unloading. New dislocations emit-
ted from the interaction of slip bands during release process,
and eventually evolve into stable twin (47.5 ps) [65]. Shock
loading velocity U, has an important influence on the gen-
eration of twin T3, which is specifically manifested in that
more slip bands generated at higher U, are more conducive
to twin formation. After the unloading waves have completely
traveled through the region, there are still twins in the region
at U, =0.8 km s~' and 1.0 km s~!. But twin will not be
generated at U, = 0.6 km sl
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« atom in plane
@ atom out of plane
T8vezese

34.5 ps

FIG. 9. Details of twin T3 at shock loading velocity U, =
0.8 km s~'. The atom color coding is based on the MRD magnitude
of s.

D. Nanoscale rotational deformation leads
to new grain in nc-NiTi

Typically, new grains (NGs) under high strain rates shock
loading are interpreted as undergoing several stages: amor-

phous, recrystallization, and grain refinement, caused by
homogeneous activation of slip system and their interaction
inside the grain [66,67]. Our NEMD simulations indicate that
there may be another formation mode of NGs in nc-NiTi: NGs
can be formed by the nanoscale rotational deformation (NRD)
at high stresses [68—70].

As shown in Fig. 1(a), the parental grain (PG) is com-
posed of a large angle grain boundary (LAGB) and a
small angle grain boundary (SAGB). At U, = 0.8 km s/,
after the shock wave passes through this area, the collective
events of nanoscale ideal shear occur at both LAGB and
SAGB. This results in several dislocations with the same
{112}(111) slip system excited from the LAGB (and SAGB
with {110}(100) slip system), and the distance between the
adjacent dislocation slip planes is only about two lattice
widths [Fig. 10(b)].

A wall of nanodisturbance is generated in the disloca-
tion glide region [Fig. 10(b)], which consists of a dipole
of noncrystallographic dislocations with tiny Burgers vector
=+b (smaller than the corresponding perfect dislocations, e.g.,
a(111), a(100)). The parallel wall of nanodisturbance will

(&)

dislocation

dislocation

[211]
A

I—> [111]

nanodisturbance
= < disappear
J

FIG. 10. (a)~(c) The microstructural evolution of new grain NG for shock loading velocity U, = 0.8 km s™! at 15.0 ps, 21.5 ps and 46.0 ps,
respectively. The atom color coding is based on the MRD magnitude of s. (d)—(f) The corresponding region based on OM analysis along the x
axis. (g)—(h) Projection of B2 crystal position on (011) plane before (g) and after (h) deformation.
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cause the rotation deformation in this region. As the mag-
nitude of b increases to perfect dislocation by, the wall of
nanodisturbance finally disappears, and the entire region cor-
responding to the parallel dislocations eventually completes
the rotation. Considering that both the LAGB and SAGB of
PG emit dislocations towards the interior of grain at U, =
0.8 km s~!, the slip systems of dislocations emitted from
LAGB and SAGB are different, these dislocations meet and
interact in the PG interior. Then dislocation propagation is
hindered and GBs are generated in the dislocation interaction
region, that is, new grains are formed [69] [Fig. 10(c)]. The
formation process of new grain NG can be more clearly iden-
tified by OM method, the orientation of NG is clearly different
from the PG. Schematic diagram of the NRD by (111) dislo-
cation in NiTi is also illustrated in Figs. 10(g)—10(h).

The increase of shock loading velocity U, is conducive to
the generation of dislocations with the same slip system at the
GBs, and then the new grains caused by NRD are produced
(0.8 km s~! and 1.0 km s~!). At U, =0.6 km s~!, there
are only collective events of dislocations generated from the
LAGB, therefore, no dislocation interaction occurs and no
new grains will be produced.

In our dynamic shock loading experiments of NiTi on
pulsed power generator CQ-4, NGs are found in EBSD analy-
sis of samples recovered from the shock loading experiments
at U, = 0.927 km s~! [Fig. 3(d)]. The corresponding pressure
is 34.4 Gpa and the strain rate is about 10® s~!. In doing so,
materials may need NRD to provide high plastic strain rates
other than conventional dislocations generation mechanisms.
So it makes sense for the NRD leading to NGs when the
collective neighboring wall of nanodisturbances with different
shear direction are generated [69].

IV. CONCLUSION

We conduct NEMD simulations to study the shock-induced
{112} austenite twins and NGs in columnar nc-NiTi. The
shock loading experiments based on pulsed power generator
CQ-4 provide evidence of {112} deformation twins and NGs.
The results of NEMD simulation present very similar char-
acteristics of microstructure with the EBSD results of shock
recovered NiTi samples. The main conclusions are listed
below:

(1) No twins occur in the sc-NiTi under shock loading,
while GBs triple junction and the slip bands interaction of

different slip systems in nc-NiTi serve as nucleations for {112}
austenite twins.

(i) Shock-induced {112} twins in austenite in our NEMD
simulations can be formed by successively gliding a displace-
ment of §[111] on (211) plane.

(iii) New grains NGs in our NEMD simulations are formed
by nanoscale rotational deformation (NRD) under shock load-
ing at extreme high strain rates.

(iv) The shock loading velocity U, related shear stress T
plays key role in twins and NGs. As the U, increases, amor-
phous shear bands instead of twins T1 are generated from GBs
triple junction. On the other hand, the increase of U, leads to
more types and quantities of slip bands, which provides more
possibilities for twins T2 and T3 generated at the intersection
of slip bands. Similarly, higher U, is beneficial to the collec-
tive events of ideal nanoscale rotational deformation on the
both sides (LAGB and SAGB) of parental grain PG.

Some limitations exist in our work, such as its relatively
small sizes and limited number of configurations. Despite this
we believe our work could be a springboard for understanding
the microstructure deformation mechanism of NiTi alloy at
high strain rates, which helps to build physics-based strength
models.

Due to the limitation of potential accuracy, MD simula-
tions can only reproduce the experimental phenomena in the
limited pressure range. Moreover, given the small simula-
tion sample size, caution must be exercised. Future studies
can focus on improving the potential function and further
increasing the scale of the simulation system, which could be
used to simulate the properties of NiTi under higher pressure
and more complex extreme conditions, including consider-
ing the effects of initial defects and radiation simulation,
etc.
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