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Abstract A unique property of Nickel–Titanium (NiTi)

shape memory alloys is their ability to dissipate the shock

loading energy by two complementary mechanisms:

(a) through deformation-induced phase transformations

caused by the structural vibrations, and (b) through the

phase transformations caused by the stress wave propaga-

tion in the material. Despite extensive research work on the

former mechanism, the latter one is still highly unknown,

particularly at the atomistic scale. In this paper, the phase

transformation, and consequently the energy dissipation,

caused by the propagation of stress waves in single-crystal

and polycrystalline NiTi alloys under shock wave loadings

are investigated using molecular dynamics (MD) method.

The nanostructure and dynamic response of the material,

when subjected to a shock loading, are studied at the ato-

mistic level. The effects of various nanoscale properties,

including the orientation of lattice with respect to the shock

loading direction, average grain size, and the effect of grain

boundaries on the stress wave propagation, phase trans-

formation propagation, and the energy dissipation in

polycrystalline NiTi alloys are studied.

Keywords Nickel–Titanium (NiTi) � Phase

transformation � Plastic deformation � Energy dissipation �
Shock wave propagation

Introduction

During the past decade, shape memory alloys (SMAs),

particularly Nickel–Titanium (NiTi) alloys, have received

increasing attention mainly because of their two distinctive

properties, the shape memory effect and pseudoelasticity.

Both these exceptional properties are based on the inherent

capability of NiTi alloys to have two stable lattice struc-

tures at different stress or temperature conditions, and the

ability of changing their crystallographic structure by a

displacive phase transformation between a high-symmetry

austenite phase and a low-symmetry martensite phase, in

response to either mechanical or thermal loadings [1, 2].

Many novel devices are developed by NiTi alloys in a

broad variety of applications such as biomechanical [3],

aerospace engineering [4], civil engineering [5], earth-

quake [6] and shock wave loading conditions [7] and their

unique performance relies on either the shape memory

effect or pseudoelastic response of NiTi alloys. The pseu-

doelastic response of NiTi alloys is hysteretic [8–10]. This

phenomenon provides ideal energy dissipation and damp-

ing capabilities for NiTi alloys and enables them to be used

in passive control of structures under earthquake loads

[6, 11, 12] or in conditions which materials are subjected to

shock waves or high-strain-rate loads [13]. Hence, it is

interesting to investigate the energy dissipation in NiTi

alloys under shock wave loadings. Despite extensive

research work reported on the energy dissipation in SMAs

due to quasistatic vibrations, studies on the shock loading

and stress wave propagation in NiTi alloys are limited to

few researches. Among these, computational methods are

prominently used to investigate the energy dissipation,

stress wave propagation and phase transformation propa-

gation in SMAs [14, 15], and experimental investigations

are barely reported [16–22] due to the limitation of
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measurement devices to capture the complicated transfor-

mation and plastic behavior of NiTi alloys at very high-

strain-rates loads [14].

Molecular dynamics (MD) method, due to its ability to

capture the fundamental details of intrinsic deformation

mechanisms at the atomic level, is a superior candidate to

study the nano and microstructure and the dynamic

response of materials under shock wave loadings. In recent

years, the dynamic response of various metals and alloys

subjected to shock loading, in absence of phase transfor-

mation, have been extensively investigated using MD

simulations [14, 23–32]. There have been a number of

experimental and computational studies on the dynamic

behavior of NiTi alloys subjected to high-strain-rate load-

ings [33–42]. In a pioneer work, Lagoudas et al. [15]

studied the wave propagation problem in a cylindrical

polycrystalline NiTi rod induced by an impact loading. In

this work, both experimental and continuum based studies

(based on a simplified finite element model) have been

reported. Despite these studies, there has been only one

computational work at the atomistic level which Yin et al.

[14] investigated the dynamic behavior and phase trans-

formation of NiTi nano pillars subjected to shock loadings

using MD simulations. We have also recently studied dis-

sipation of the energy of cavitation-induced shock waves

through phase transformation in NiTi alloys, experimen-

tally and using finite element method [43].

In spite of these computational efforts, there is still a

significant gap of knowledge and obvious need to study the

fundamentals of dynamic response and behavior of NiTi

alloys subjected to shock loadings at the atomistic level. It

is well known that the dynamic response of material

strongly dependents on the nano and microstructural

properties such as lattice orientation, grain sizes and grain

boundaries. To the best of our knowledge, the effects of

these nano- and microstructural properties on the stress

wave and phase transformation propagation in NiTi alloys

are not studied yet. Therefore, in this paper, the response of

single- and polycrystalline NiTi alloys subjected to shock

loadings are studied using MD simulations at the atomistic

scale, and the effects of lattice orientations, grain bound-

aries and grain sizes on the shock wave propagation and

shock-induced phase transformation propagation are

investigated.

Methods

A series of molecular dynamics simulations are performed

to investigate the effects of nanostructure on the shock-

induced stress wave propagation in NiTi alloys using a

many body interatomic potential, originally developed by

Lai et al. [44] and subsequently improved by Zhong et al.

[45]. The potential function has been modified with cubic

polynomial interpolations to smooth the discontinuities

near the cutoff radius. Through multiple case studies, it has

been demonstrated that the results of MD calculations are

in a good agreement with the experimental results and also

ab initio calculations [45, 46]. This potential is adopted in

our work. The total potential energy of NiTi is expressed

as:
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where, the first term in the curly bracket represents the pair

interaction between atoms i and j and the second term

describes the energy of embedding each atom in the elec-

tron cloud of the other atoms. The modified function F rij
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where parameters a and b represent the element types (here

Ni and Ti) of atoms i and j. The distance between atoms i

and j is denoted by rij. The parameters in this potential for

describing a NiTi alloy (i.e., values for Ni–Ni, Ti–Ti, and

Ni–Ti interaction) have been fitted to the properties of a

cubic NiTi system at 0 k [47]. The four coefficients ci;ab,

i = 1,2,3,4 are determined by imposing the continuity

conditions on F rij
� �

and its first derivative at r1 and rc. The

coefficients for this potential have been calculated and

reported by Zhong et al. [45] for cutoff radius rc= 4.2 Å.

In the present work, this widely used potential along

with large-scale atomic/molecular massively parallel sim-

ulator (LAMMPS) [48] is utilized for performing the

simulations, and Ovito [49] visualization tool is used for

postprocessing the results of MD simulations. The MD

simulations are performed for six different 3D computa-

tional cells with the average size of 500 9 500 9 500 Å

which are periodic only in x and y directions. In order to

simulate the computational cells, three different single

crystals with shock directions aligned with 001½ �, 1�11½ �, and

110½ � crystal orientations, and three polycrystalline struc-

tures with average grain sizes of 13.5, 18.4 and 25 nm are

considered. The single and polycrystalline structures are

stabled in the austenite phase. The polycrystalline cells are

created using Vorronoi Tessellation algorithm [50]. After

creating the single and polycrystalline bulks, the structural

energy is minimized using conjugate gradient method.

Then, thermal equilibrium is applied to the system using

time integration on Nose–Hoover style non-Hamiltonian
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equations of motion in canonical (nvt) ensembles to set the

temperature at T = 350 K for 100 ps. After temperature

equilibrium, the system is set to temperature and pressure

free using nve ensemble. In order to simulate the shock

loading, in a circular area with diameter of 100 Å, 5 layers

of atoms with total thickness of 2.2 nm at the bottom of the

bulk system is subjected to the wall/piston [26] loading

condition. The wall/piston loading duration is 3 ps with the

speed of 7 Å/ps. Figure 1 shows a single- crystal and a

polycrystalline NiTi bulks subjected to the wall/piston

loading condition. Finally, after removing the load, the

system is equilibrated for 5 ps to let the stress wave

propagates through the structure. The results of stress wave

propagation and phase transformation, in single crystals

with different orientations and also polycrystalline struc-

tures with different grain sizes are discussed thoroughly in

the following sections.

Stress Wave Propagation and Phase
Transformation in Different Crystal Orientations

Stress Wave Propagation

In this section, in order to study the effect of lattice ori-

entation on the shock-induced stress wave propagation,

three NiTi single crystals with shock loading directions

aligned with 110½ �, 1�11½ � and 001½ � crystallographic direc-

tions are simulated. The other two orthogonal directions

have been taken as �110½ � 001½ �, 21�1½ � 011½ � and 100½ � 010½ �,
respectively. The evolution and propagation of the normal

and shear stresses in the bulk material are shown in Figs. 2

and 3, respectively. The first two columns in Fig. 2 cor-

respond to the normal stress distribution during the loading

and the last three columns represent the stress propagation

in unloading (when the shock load is removed as shown

schematically in Fig. 1). For all the three single crystals,

two shock wave fronts are detected which start to propa-

gate in almost half-circular patterns. The outer circle cor-

responds to the elastic shock wave front and the inner one

represents the inelastic shock wave front, since the elastic

shock wave has higher propagation velocity than the

inelastic one [7]. As it will be discussed in Section ‘‘In-

teraction Between Plastic Deformation and Phase Trans-

formation’’, the inelastic deformation is a combination of

permanent plastic deformation and forward austenite to

martensite phase transformation. Comparing the three

crystal orientations, the elastic wave front which has the

magnitude of around - 7 GPa is propagated farther in the

crystal with the 1�11½ � shock direction. This result was

expected since 1�11½ � slip direction has the highest linear

density of atoms in body-centered-cubic (BCC) structures,

and having closer atoms along this direction promotes the

faster propagation of the stress wave. It is well established

that, since elastic material constants in an anisotropic

material depend on the direction, elastic wave propagation

velocity in an anisotropic material also depends on the

direction. That is the reason that the shock wave fronts do

not show a hemispherical surface. The elastic material

constants of austenite NiTi alloy, which is an anisotropic

medium, as reported by Brill et al. [51], are

C11 = 144 GPa, C12 = 112 GPa, and C44 = 22 GPa. The

velocity of the normal mode of elastic stress waves through

Fig. 1 Schematic

representation of the single-

crystal and polycrystalline bulks

subjected to the shock wave

loading
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the crystallographic directions of \110[ , \1�11[ , and

\001[ can be calculated as [52]

cn\110[ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2qðC11 þ C12 þ 2C44Þ

q
; ð3Þ

cn\1�11[ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=3qðC11 þ 2C12 þ 4C44Þ

q
; ð4Þ

cn\001[ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1=qC11

q
; ð5Þ

where, q and cn are density and normal mode elastic wave

propagation velocity, respectively. The calculated values of

cn for the three directions are 4804, 4836, and 4707 m/s,

respectively. The maximum calculated velocity belongs to

the second direction \1�11[ which is in agreement with

the contour plots of Fig. 2. Right after the onset of

unloading, another elastic shock wave initiates and starts to

propagate [7]. The unloading wave which is faster than

phase transformation wave contributes to the drop in the

phase transformation stress peak from - 25 GPa to - 10

GPa, when it reaches the phase transformation wave front.

A portion of the unloading wave reflects back toward the

wall when it hits the inelastic wave front, and then it again

reflects back toward the loading direction [7].

As a result of these several reflections, dark orange area

in the contour plots of t = 6 ps and t = 8 ps, where the

normal stress is positive, shows the propagation of the

unloading elastic wave.

Figure 3 shows the propagation of shear stress waves.

Unlike the normal stress waves which initiate and propa-

gate from the circle surface, the shear stress waves initiate

from the peripheral of the circle. In a 2D view like Fig. 3,

the wave-initiation region appears as a pair of points where

in one of them the shear stress is positive and in the other

one negative. Similar mechanism as in normal stress wave

propagation happens for shear stress wave propagation.

The first two columns in Fig. 3 show the initiation steps

and the last three columns represent the propagation steps.

Due to the different shock source geometries of shear and

normal stress waves, the shear stress wave propagation

Fig. 2 Normal stress wave propagation of the three single crystals for shock directions aligned with [110], 1�11½ �, and [001]. The stress values in

color bars are in GPa (Color figure online)
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pattern appears to be more complicated than the normal

stress.

Figure 4 shows the normal stress wave propagation (for

convenience, the values of the compressive and tensile

stresses are shown positive and negative, respectively) over

length for different times in the shock direction. Figure 4a

illustrates the evolution of maximum peak stress in the bulk

of crystals, for the three orientations, over the time of

simulation. The maximum normal stress values for all the

crystal orientations show rapid increase shortly after the

start of loading. However, for the first orientation, [110],

(showing in blue), the maximum stress drops quicker than

the other two directions. Right after the end of loading

(3 ps) the stress drops at an almost constant rate for all the

directions. The curves reach constant values after 6 ps.

Figure 4b–d show the distribution of normal stress along

the length of the crystals at different times of simulation for

the three single crystals with different shock directions

110½ � and 1�11½ � and [001], respectively.

For the majority of the curves, two distinctive peaks can

be observed. The left peak corresponds to the phase

transformation shock wave front and the right peak to the

elastic shock wave front. As time passes, these two peaks

move to the right (the loading direction), but since the

elastic wave moves faster than the phase transformation,

the two peaks take apart. From the time and locations of

these peaks, the shock wave propagation speeds for elastic

and phase transformation waves can be calculated for the

three crystal orientations. The phase transformation shock

wave speeds are calculated as 1229.5, 1025 and 568 m/s,

and the elastic shock wave speeds calculated as 5563, 5797

and 5241 m/s for the first [110], second 1�11½ �, and third

[001] orientations, respectively. The elastic wave speeds

calculated from the MD simulations are in agreement with

the values calculated from Eqs. (3), (4), and (5). The

maximum phase transformation speed is for the shock

direction 110½ �, and the maximum elastic wave speed is for

the shock direction 1�11½ �.

Fig. 3 Shear stress wave propagation of the three single crystals for shock directions aligned with 110½ �, 1�11½ � , and 001½ �. The stress values in

color bars are in GPa (Color figure online)
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At the first three curves (1–3 ps), the phase transfor-

mation peaks are at high levels (above 14 GPa). This high

stress level propagates the phase transformation and

plastic deformation through the bulks. Although from 1 to

3 ps some drop in the peak of stress is observed, which

could be due to energy dissipation through phase trans-

formation and plastic deformation. However, as discussed

before, at the onset of unloading, another elastic wave

with an opposite direction starts to propagate at the elastic

wave speed. At the time of * 4 ps, this unloading wave

partially reaches the phase transformation peak and,

therefore, causes a significant drop in the stress level.

This is why at the time of 5 ps the phase transformation

peak drops below 5 GPa for all the directions. This

unloading wave then partially reflects back to the wall

and again reflects back toward the loading direction. As a

combination of these several interactions of unloading

elastic wave with the phase transformation wave, this

peak drops even more up to the point that for the first

orientation, the compressive normal stress drops below

zero. Same observation was reported in Ref. [7]. Figure 5

shows the maximum recorded stress values correspond to

elastic wave front at different times and their corre-

sponding positions over the length of the crystals, for the

three considered crystal orientations. The calculated stress

values are obtained from averaging over the cross sections

of the middle cylinder along the loading direction. It can

be seen that the third orientation shows the highest stress

level and the first orientation the lowest. In Fig. 5, the

first crystal shows greater decay in elastic wave front

peak compared to the other crystal orientations. To clar-

ify, at the length of 200 Angstrom, the stress in the first

orientation drops under 5 GPa, while for the other two

directions, the stress level is around 10 GPa. Moreover, as

shown in Fig. 4b, the first crystal also shows greater drop

in inelastic wave front peak which causes the shortest

phase transformation region along the loading direction,

and it will be discussed more in the next section.

Phase Transformation Propagation

For an austenite NiTi alloy to transform to a B190

martensite phase, a specific strain condition is needed. The

deformation matrix which defines the required deforma-

tions of phase transformation from austenite phase to

martensite phase is called deformation gradient matrix F.

The deformation gradient matrix is calculated for the

martensitic phase transformation from B2 austenite phase

Fig. 4 a Maximum values of normal stress waves during loading and

propagation times for three different oriented single crystals. b Normal

stress wave propagation for x : �110½ �; y : 001½ �; z : 110½ � single crystal.

c Normal stress wave propagation for x : 21�1½ �; y : 011½ �; z : 1�11½ �
single crystal. d Normal stress wave propagation for x : 100½ �; y :
010½ �; z : 001½ � single crystal
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to B190 martensite phase of NiTi alloys [45, 53] and using

this matrix, the Lagrangian strain matrix can be calculated

which gives the required strain components for martensitic

phase transformation. The Lagrangian strain matrix of

atom i is expresses as [54]:

gi ¼
1

2
ðFiF

T
i � IÞ ð6Þ

In order to detect inelastic deformations, Von Mises

shear strain definition is utilized [14]. This strain condition

which is a good measure of local inelastic deformation can

be expressed as [54]:

gMises
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2
yz þ g2

xz þ g2
xy þ

gyy � gzz
� �2þ gxx � gzz

� �2þ gxx � gyy
� �2

6

 !vuut

ð7Þ

Using the required Lagrangian strain matrix for

martensitic phase transformation, the threshold value of

gMises
i is calculated as 0.11, which is also compatible with

the reported value in [55]. The regions correspond to this

value of Mises shear strain will have a completed phase

transformation to martensite, any region with an equivalent

shear strain above this threshold, could have a combination

of phase transformation and plastic deformation. Von

Mises strain distribution in the three crystal orientations

were calculated and shown in the contour plots of Fig. 6.

The green colored regions are just above 0.11 and the red

colored areas correspond to the strain levels of 0.2 and

above. These regions in the plots show the atoms which

have a combination of plastic deformation and phase

transformation.

Comparing the contour plots of t = 4 ps and t = 8 ps, it

can be seen that some areas are green first, but they return

to blue at the end. These regions are the areas in which the

forward phase transformation has propagated with no

plastic deformation, and the phase transformation has been

reversed back to austenite. The remaining areas, which has

not returned back to austenite at the end of t = 8 ps, are

either martensite regions which need more time to recover

to austenite, or the regions in which have experienced a

plastic deformation during the stress wave propagation. If

the simulation is extended to a very long time, the

remaining areas with pure plastic deformation and phase

transformations can be distinguished, as the martensite

areas will transform back to austenite and the equivalent

strain will become zero, while the plastic regions will hold

a nonzero strain. More details about this phenomenon are

given in Section ‘‘Interaction Between Plastic Deformation

and Phase Transformation’’.

The difference in the contours of the three different

orientations is due to the difference in their shear stress

wave propagation patterns shown in Fig. 3. The contour

plots of Fig. 3 are almost coinciding with the contour

plots of Fig. 6, revealing that phase transformation and

plastic deformation in NiTi are prominently governed

by shear stress, which means when the shear stress in

slip planes reaches the critical value, slip happens and

those affected regions are permanently deformed.

Moreover, when a defect such as plastic deformation is

generated in the structure, it can be a trigger for phase

transformation propagation. Therefore, we can say that

those red-colored regions show the plastic deformation

due to slippage on slip planes and also they show the

phase transformations which happen due to the presence

of the defects.

That’s the reason that we see some of the red colored

regions returned to blue at the end of the simulation. In

Section ‘‘Interaction Between Plastic Deformation and

Phase Transformation,’’ we will study the most favorable

slip systems of the single crystals with x : 100½ �y : 010½ �z :
001½ � as a representative crystal structure and we will

investigate the activated slip systems due to the shock

loading. Furthermore, we will propose a method to dis-

tinguish the plastic deformation and phase transformation

in the structure under shock loading.

Interaction of Stress Wave and Phase
Transformation Propagation with the Grains
in Polycrystalline NiTi

Stress Wave Propagation

In order to study the effect of grain sizes on the stress wave

propagation, three polycrystalline NiTi with different

average grain sizes of 13.5 nm, 18.4 nm, and 25 nm are

simulated. It is worth noting that the selected size of grains,

which actually represent nanocrystalline material, is due to

the restrictions in using MD simulations for large systems.

Fig. 5 Decay of normal stress wave for the three single crystals with

shock directions aligned with 110½ �, 1�11½ � , and 001½ �
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However, it is expected that the fundamental findings will

be expandable to polycrystalline structures with larger

grain sizes, with an acceptable accuracy.

The evolution and propagation of the normal and shear

stresses in the bulks are shown in Figs. 7 and 8, respec-

tively. As it is mentioned in the previous section, the first

two columns correspond to the stress distribution during

the loading and the last three columns correspond to the

stress distribution after removing the shock loading. In

Fig. 7 for all the three polycrystalline structures, two shock

wave fronts are initiated and started to propagate in almost

half-circular patterns, same as the single crystals. The outer

circle corresponds to the elastic wave front and the inner

one represents the inelastic shock wave front, since the

elastic shock wave has higher propagation velocity than the

inelastic one. Right after the removing the shock loading,

the unloading elastic shock wave initiates and starts to

propagate. The unloading wave which is faster than phase

transformation wave contributes to the drop in the phase

transformation stress peak from - 25 GPa to - 10 GPa,

when it reaches the phase transformation wave front, dark

red area in the contour plots of t = 6 ps and t = 8 ps, where

the normal stress is positive, shows the propagation of the

unloading elastic wave. Comparing the stress wave prop-

agations in three different polycrystalline structures, it can

be seen that the drops of shock wave fronts increases by

decreasing the grain sizes. Moreover, by decreasing the

grain sizes, the grain boundaries volume fraction in the

Fig. 6 Von Mises shear strain

parameter which shows phase

transformation propagation and

plastic deformation in three

different oriented single crystals

under shock loading. Von Mises

shear strain values 0 and 0.11

correspond to regions with

austenite and martensite phases,

respectively. The values

between 0.11 and 0.2 show

regions with combined phase

transformation and plastic

deformation
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bulk structures is increased and these grain boundaries not

only damp the stress shock wave propagations, but also

cause many reflections of shock stress waves. Since, in fine

grain sizes the volume fraction of grain boundaries

increases, then they can damp the stress waves more

compare to the coarse grain sizes.

Figure 8 shows the propagation of shear stress. The

shear stress wave initiates at the peripheral of the cylinder

which is a circle. In a 2D view like Fig. 7, the wave ini-

tiation region appears as a pair of points where in one of

them the shear stress is positive and in the other one neg-

ative, same as single crystals. It can be seen that the shear

stress wave front decreases after t = 4 ps when it reaches

the first grain boundary in the shock direction and similar

mechanism as normal stress wave propagation happens for

the shear stress wave propagation in polyscrstals.

Figure 9a illustrates the evolution of maximum peak

stress in the polycrystalline NiTi, for the three grain sizes,

over the time of simulation. The maximum normal stress

values for all the grain sizes shows almost the same trend.

However, during the loading it can be seen that, on aver-

age, the normal stress decrease by decreasing the size of

grains. It is worth noting that at the very beginning of the

loading, the stress peaks strongly depend on the impact

velocity and temperature, and are almost the same. From

another point of view, at late stages of loading, the reflected

waves can also affect the maximum stress waves. In

addition to these, the inevitable uncertainties of MD results

should also be considered. Therefore, making a concrete

conclusion is not possible, but instead we try to use the

average values to make acceptable conclusions on this

topic. As it is mentioned in the previous section, this can be

due to increasing the volume fraction of grain boundaries

in the bulk structure and the reflections from grain

boundaries. These grain boundaries act like an obstacle for

stress wave fronts in the shock direction. Figure 9b–d show

the distribution of normal stress along the length of the

bulk structures at different times of simulation for the three

different grain sizes. At the first three curves (1–3 ps), the

phase transformation peaks are at high levels (above

Fig. 7 Normal stress wave propagation in polycrystalline structures of NiTi for three different grain sizes: 13.5 nm, 18.4 nm, and 25 nm. The

stress values in color bars are in GPa (Color figure online)
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13 GPa). This high stress level propagates the phase

transformation and plastic deformation through the bulks.

Although from 1 ps to 3 ps some drop in the peak stress is

observed, which could be due to energy dissipation through

phase transformation and plastic deformation and also it

could be due to presence of grain boundaries which act like

an obstacle for shock stress wave. At the time of 4 ps and

after that, the peak of elastic wave and phase transforma-

tion wave for the coarse grain are greater compared to the

other grain sizes.

However, as discussed before, at the onset of unloading,

another elastic wave with an opposite direction starts to

propagate and at the time of 4 ps, this wave partially

reaches the phase transformation peak and therefore, cau-

ses a significant drop in the stress level. This is why at the

time of 5 ps the phase transformation peak drops below

5 GPa for all the grain sizes.

Figure 10 shows the maximum recorded stress values

correspond to elastic wave front at different times and their

corresponding positions over the length of the considered

polycrystalline structures. The calculated stress values are

obtained from averaging over the cross sections of the

middle cylinder along the loading direction same as single

crystals. It can be seen that the coarse grain size overall

shows the highest stress level and the fine grain size the

lowest. In Fig. 10, the grain size 13.5 nm shows more

decay in elastic wave front peak compared to the other

polycrystalline structures. For instance, at the length of

100 Å from the surface on which the shock loading is

applied, the stress in the grain size 13.5 nm drops under

10 GPa, while for the other two polycrystalline structures

the stress level is still above 10 GPa. In addition, the grain

sizes, 13.5 nm and 18.4 nm, show greater drop in inelastic

wave front peak compared to the 25 nm. In the next sec-

tion, the phase transformation propagation and plastic

deformation in these polycrystalline structures will be

discussed.

Phase Transformation Propagation

As it is mentioned before for an austenite NiTi to transform

to a B190 martensite, there is a threshold in the equivalent

Fig. 8 Shear stress wave propagation in polycrystalline structures of NiTi for three different grain sizes: 13.5 nm, 18.4 nm, and 25 nm. The

stress values in color bars are in GPa (Color figure online)
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Von Mises strain which is equal to 0.11. Above this strain

threshold, the state of the material could be a combination

of phase transformation and plastic deformation. The Von

Mises strain propagation for the three polycrystalline NiTis

with different grain sizes are shown in Fig. 11. This

parameter shows both phase transformation and plastic

deformation propagation. At the time of 8 ps, which is 5 ps

after removing the shock loading, some of the regions with

phase transformation are recovered back to austenite. More

time is needed to capture all the regions in which all the

phase transformation is recovered in the structures. How-

ever, it is not possible in practice due to the computational

restrictions. In order to solve this problem in the next

section, we propose a method to distinguish the regions

with plastic deformation and phase transformation in the

single- crystal and polycrystalline NiTi alloys. It can be

seen in Fig. 11 that the size of phase transformed regions

decrease by reducing the size of grains in polycrystalline

structures. As it is expected, grain boundaries volume

fraction increases when the grain sizes decrease and these

grain boundaries as obstacles prevent the phase transfor-

mation propagation in the polycrystalline structures. It can

be seen that the phase transformation and plastic defor-

mations initiate at the loading region and they start to

propagate but they are stopped when reaching the grain

boundaries. Also, the pattern of phase transformation

shows that when the phase transformation and plastic

deformation reach the grain boundaries they prefer to

propagate through the boundaries, over penetrating to the

neighbor grain. Since, grain boundaries are kind of defects

in the structure and they are a summation of several

Fig. 9 a Maximum of normal stress wave during loading and

propagation time for three polycrystalline structures with three

different grain sizes: 13.5 nm, 18.4 nm, and 25 nm. b Normal stress

wave propagation for average grain size of 25 nm. c Normal stress

wave propagation for average grain size of 18.4 nm. d Normal stress

wave propagation for average grain size of 13.5 nm

Fig. 10 Decay of normal stress wave for three polycrystalline

structures with three different grain sizes: 13.5 nm, 18.4 nm, and

25 nm
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dislocations, they could trigger the plastic deformation and

phase transformation propagation and deploy them to

propagate through the boundaries.

Interaction Between Plastic Deformation
and Phase Transformation

In this section, two methods are used to distinguish the

plastic deformation and phase transformation due to shock

loading in NiTi single crystal x : 100½ �y : 010½ �z : 001½ �,
which is selected as a representative direction.

In the first method, after applying the shock load for

3 ps, the load is removed and the structure is relaxed for

enough time (200 ps). During this relaxation time a reverse

phase transformation happens in martensite regions with no

plastic deformation, and the material transforms back to

austenite, while plastic deformations remain in the struc-

ture. It is worth noting that in addition to the remained

plastic deformation, even after a long time of relaxing the

structure once the load is removed, some defects in the

structure, including dislocations and grain boundaries,

might prevent the reverse phase transformation in some

regions of the material. Studying the interaction between

the defects and reverse phase transformation is the subject

of a future communication by the authors [1, 56]. However,

in this work, this effect is ignored with an acceptable ac-

curacy since the fraction of such regions is not significant.

Fig. 11 Von Mises shear strain

parameter which shows phase

transformation propagation and

plastic deformation in three

different polycrystalline

structures under shock loading.

Von Mises shear strain values 0

and 0.11 correspond to regions

with austenite and martensite

phases, respectively. The values

between 0.11 and 0.2 show

regions with combined phase

transformation and plastic

deformation
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Figure 12a shows the single crystal under shock loading. It

is worth noting that the load is applied on a circle (with its

center at x = y = 250 Å) on the lower surface. Three sec-

tions A, B and C are shown in this figure which correspond

to the beginning, middle and the end of loading regions.

The permanently deformed regions are illustrated at these

three sections in Fig. 12b–d, respectively. The overlaid

sections which shows all the permanently deformed regions

is shown in Fig. 12e. In the second method, we consider

the most favorable slip systems of a B2 NiTi alloy structure

[57, 58]. These slip systems and the corresponding critical

stress values are expressed in Table 1 [57]:

The shear stress in these slip planes are calculated every

0.1 ps for the total time of simulation and in each slip

system which shear stress reaches the critical value, slip

happens and the corresponding region is assumed to

experience a plastic deformation which is permanently

deformed. Figure 12f shows the superposition of those

permanently deformed regions. This contour plot also

illustrates the intensity of the slippage during the time of

simulation which means the red colored areas show those

regions that the slip systems were activated more than once

during the time of simulations. Comparing Fig. 12e and f,

it can be seen that there is a good agreement between the

two methods. We could say that in order to detect and

distinguish the plastic deformation and phase transforma-

tion in the NiTi structures under shock loading, we could

Fig. 12 a Single crystal of NiTi

with crystal orientations of

100½ � 010½ � 001½ �. b–d Plastically

deformed region on x–z planes

at y = 200, 250, and 300 Å.

e Overlaid plastically deformed

regions. f Plastically deformed

region from theory of plasticity

Table 1 Critical shear stress values of B2 NiTi alloys in austenite

phase for the 011ð Þ½100� and 011ð Þ½1�11� slip systems

Slip plane Slip direction ðsShearÞCritical (GPa)

(011) [100] 0.71

(011) ½1�11� 1.2
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use the second proposed method since it is computationally

cost effective.

Conclusions

In this paper, the energy dissipation and the phase trans-

formation caused by the stress wave propagation in single-

crystal and polycrystalline austenite NiTi alloys under

shock wave loadings are investigated. Molecular dynamics

(MD) simulations are utilized as a superior method to study

the effect of microstructures such as lattice orientations,

grain sizes and grain boundaries on the patterns of stress

wave and phase transformation initiation and propagation

at the atomistic level in NiTi alloys. A criterion based on

equivalent shear strains is used to detect the inelastic

deformation in the NiTi structures. This parameter is used

to detect the regions with martensitic phase transformation

and plastic deformation. Regions with phase transforma-

tion and plastic deformation in the structures are distin-

guished by implementing two proposed methods. It is

expected to observe the dissipated energy in NiTi struc-

tures being caused by both phase transformation and plastic

deformation. The next step would be calculating the total

energy dissipated during the stress wave propagation, and

finding the contribution of phase transformation in the

dissipated energy compared to the energy which is dissi-

pated by the plastic deformation in the material. This will

be the topic of a future communication by the authors,

where a method will be proposed to quantify the dissipated

energy due to the phase transformation in NiTi alloys under

shock loading.
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