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Abstract Pseudoelasticity and shape memory have been
recently discovered in single-crystalline FCC nanowires of
Cu, Ni, Au and Ag. The deformation mechanism respon-
sible for this novel behavior is surface-stress-driven
reorientations of the FCC lattice structure. A mechanism-
based continuum model has been developed for the lattice
reorientation process during loading through the propaga-
tion of a single twin boundary. Here, this model is extended
to the nucleation, propagation and annihilation of multiple
twin boundaries associated with the reverse reorientation
process during unloading. The extended model captures the
major characteristics of the loading and unloading behavior
and highlights the dominating effect of the evolution of
twin boundary structure on the pseudoelasticity.
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Introduction

Recent research has revealed a novel shape memory effect
and pseudoelastic behavior in single-crystalline face-cen-
tered cubic (FCC) nanowires of Cu, Ni, Au and Ag [1-6].
This behavior is associated with a reversible lattice
reorientation process within the FCC crystalline structure
and is driven by the surface stress and high surface-to-
volume ratios of the nanowires. The existence of this
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behavior or the lack of it depends on the twinnability of the
material, wire size and temperature [2, 7]. A micro-
mechanical continuum model has been developed to
characterize the loading process of this unique tensile
behavior [8, 9]. This model focuses on the lattice
reorientation that occurs through the propagation of a
single twin boundary. Although the initial (110)/{111}
configuration [Fig. 1(a)] and the deformed (001)/{100}
configuration [Fig. 1(b)] of the nanowire have the same
FCC structure, the former has a lower free energy level than
the latter primarily because {111} surfaces have lower
energies than {100} surfaces and surface energies dominate
the total energy. Since different crystalline directions
exhibit different physical responses, the lattice reorientation
process can be phenomenologically considered as a phase
transformation which is necessary for pseudoelastic and
shape memory behaviors. In the treatment in [8, 9], this
process is decomposed into a non-dissipative part and a
dissipative part, in accordance with the first law of
thermodynamics. The non-dissipative part describes the
smooth equilibrium transition between the (110)/{111}
and (001)/{100} configurations and was studied via
constrained strain energy minimization. The dissipative
part relates to the process of twin boundary propagation
which involves overcoming the energy barriers between
phase-equilibrium states.

In this paper, we extend the analysis to the reverse lattice
reorientation during unloading. The dissipation arises from
the propagation which also occurs during loading and the
nucleation and annihilation of multiple twin boundaries
which occur only during unloading. The twin boundaries
have the same crystalline orientation, surface area and
structure and, therefore, are assumed to possess the same
amount of interfacial energy. They are also assumed to have
the same energy dissipation rate as they propagate. The

SEM



184

Exp Mech (2009) 49:183-190

Loading

——
Unloading

Fig. 1 Configurations of FCC metal nanowires: (a) a self-equilibrated
<110>/{111} wire with rhombic cross-section (aw=70.5° and $3=109.5°)
and (b) a stretched <001>/{100} wire with square cross-section [8§]

model prediction is in good agreement with the results of
molecular dynamics (MD) simulations for wire sizes
between 1.5 and 2.5 nm and for temperatures between
150 and 450 K.

Tensile Loading and Unloading Behavior of Cu
Nanowires

During isothermal, quasi-static tensile deformation, Cu
wires with the (110)/{111} configuration [Fig. 1(a)] and
lateral dimensions under approximately 5 nm exhibit a
stress—strain behavior drastically different from that of the
corresponding bulk Cu, as shown in Fig. 2. Specifically, the
stress—strain curve consists of four elastic deformation
stages (O—A, C—»D, C—E, and F—O0) and two
intervening stages of inelastic deformation over wide
ranges of strain (B—C and E—F). This behavior arises
from a unique underlying deformation process:

1. Between O and A, the (110)/{111}-structured wire
undergoes elastic stretching;

2. Between B and C, a gradual transform from the
(110)/{111} configuration to the (001)/{100} config-
uration [Fig. 1(b)] occurs through lattice reorientation
via the propagation of a single twin boundary;

3. Between C and D, the (001)/{100}-structured wire
undergoes elastic stretching;

4. Between C and E, the (001)/{100}-structured wire (if
unloading is carried out after the completion of
transformation under loading) or the wire with a
(110) /{111} region and a (001)/{100} region (if un-
loading is carried out before the completion of transfor-
mation under loading) undergoes elastic recovery;

5. Between E and F, reverse transformation from the
(001)/{100} configuration to the (110)/{111} config-
uration occurs through reverse lattice reorientation.
This process involves the propagation, nucleation and
annihilation of multiple twin boundaries which cause
significant oscillations in the stress in the nanowire;

SEM

6. Between F and O, the (110)/{111}-structured wire un-
loads elastically and returns to the original undeformed
state, thus completing the pseudoelastic hysteresis loop.

Although not the focus of this paper, further extension
beyond D results in the yielding, necking and fracture
of the (001)/{100}-structured wire [10]. The unique
(110) /{111}-to-(001)/{100} lattice reorientation and the
reverse (001)/{100}-to-(110)/{111} lattice reorientation
processes [B—C and E—F in Fig. 2(a)] are the key to the
pseudoelastic behavior. The forward lattice reorientation
occurs through the propagation of a coherent twin boundary
separating the initial (110)/{111} phase and the new
(001)/{100} phase. The twin boundary propagates through
successive nucleation, glide and annihilation of a partial
dislocation. These events are the source of energy dissipa-
tion during loading [11]. As the twin boundary sweeps
through the wire, the wire progressively transforms into
the new (001)/{100} phase. Upon arrival of the twin
boundary at the far end of the wire [corresponding to point
C in Fig. 2(a)], the whole wire is in the (001)/{100} phase
[2, 3]. During unloading, the (001)/{100}-structured wire
first deforms elastically and then spontaneously transforms
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Fig. 2 A 1.8x1.8 nm Cu wire under quasi-static tensile loading and
unloading at 200 K, (a) stress—strain curve, (b) configurations at
different stages of deformation
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back to the original (110)/{111} configuration via the
reverse lattice reorientation process. This spontaneous
lattice reorientation occurs because the (110)/{111}
configuration has a lower total energy and is more stable
than the (001)/{100} configuration. Such a novel pseu-
doelastic behavior and associated shape memory effect are
driven by high surface stresses due to the high surface-to-
volume ratios of the nanowires. The extraordinarily large
reversible strains (up to 50%) of the wires are primarily due
to the large transformation strain (£,=0.414) associated
with the forward and reverse lattice reorientations [2, 3].

Thermodynamics of Loading and Unloading

The reversible lattice reorientation process can be decom-
posed into a thermodynamically reversible part and a
thermodynamically irreversible part. For the reversible part,
it is assumed that the wire smoothly goes through a series
of phase-equilibrium states. However, the actual transitions
between the equilibrium states are not smooth because there
are barriers associated with the propagation of a twin
boundary during loading and with the nucleation, propaga-
tion and annihilation of twin boundaries during unloading.
The work required to overcome the barriers is released
when the system settles into a metastable state. This release
produces heat which is dissipated and constitutes the
irreversible part of the deformation process.

The first law of thermodynamics relates the change in
internal energy, work input and dissipation as

dw =dU+dQ, (1)

where dW is the work done by applied load, dU is the
change in internal energy in the nanowire and dQ is the
energy dissipated in the form of heat. During the elastic
deformation [0— A, C—D, C—E and F—O in Fig. 2(a)],
there is no dissipation (i.e., d0=0). Hence,

AW =dU. (2)

However, when phase transformation occurs [B—C and
E—F in Fig. 2(a)], [dO[>0.

Table 1 lists the signs of the three thermodynamic
quantities during loading and unloading. In this convention,
work done on the system and heat dissipated (flowing out
of the system) are considered positive and vice versa.

Table 1 Signs convention for mechanical work, internal energy and
dissipation during loading and unloading

aw  dUu  do

Loading ({110)/{111} — (001)/{100}) + + +
Unloading (001)/{100} — (110)/{111}) - - +

During loading, external work dW is positive and part of it
goes toward increasing the strain energy dU and part of it is
dissipated as heat dQ. The relation can be written as

[dW|=[dU]+[dQ]. (3)

During unloading, the strain energy in the nanowire
decreases. Part of the decrease is expended on providing
work to the surrounding and part of it is dissipated as heat.
The relation is

ldW|=[dU|-[dQ|. (4)
The total mechanical work done by applied load is
£
W=7V, J ode, (5)
0

where V) is the initial volume of the wire in the unstressed
state, and o and € are the nominal stress and strain,
respectively. The nominal strain € is the overall average
nominal strain with the self-equilibrated (110)/{111} wire
as the reference state. Specifically,

)

-2 6
=1 ©)
where 0 is the total elongation and /; is the length of the
initial unstressed (110)/{111} wire. The nominal stress o
is given by

1 oW

= —_— 7
e V() Os ( )
Thus, the stresses during loading and unloading are,
respectively,

during loading; and

7o e~ 77 4 = Oc — Odissip; during unloading.

8

Here, 0. is the part of the stress needed to drive 'Ehf))
transition of the phase-equilibrium states and the elastic
deformation of the phases. It is associated with strain
energy. It so happens that during loading only equilibrium
transition of states occurs and the elastic strains in the
phases are constant. On the other hand, 0;sip is the part of
the stress associated with energy dissipation.

To analyze the transformation, a characterization of the
behaviors of the (110)/{111} and (001)/{100} phases in
the wires is needed. Similar to the overall strain €, £;;¢ and
€001 denote the engineering strains of the (110)/{111} and
(001)/{100} phases, respectively, with the reference states
being the corresponding unstressed self-equilibrium states.
Obviously, the stresses in the phases are

_ duyo
o110 — de 1o and
du (9)
— dugor
0001 = Gegp 2

1 du , 1 do -
O_:{?OE‘FVOE—O'e""O'dlsmpy
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where u;;9 and ugo; are strain energy density functions of
the two phases, respectively. Let 4,1 denote the area of the
rhombic cross-section of the (110)/{111} phase and Ago;
denote the area of the square cross-section of the
(001)/{100} phase. Since the volume change associated
with the transformation is extremely small, the average
Cauchy stress in the wire can be calculated as

oAy oAl odnol

CTTUA T A Aol

o(1+¢), (10)

where A is the average current cross-sectional area and / is
current length of the wire.

Elastic Part of Behavior

Consider a phase-equilibrium state corresponding to a
nominal strain € in which two phases coexist and are
separated by a single twin boundary. Each phase is
elastically stretched. Therefore, the following field equa-
tions are satisfied:

ds;
€ = d—i’ in each phase (11)
and

6% =6 at the twin boundary. (12)

Here, §; is the axial displacement of the wire. For the
(110)/{111} phase, i=110 and §=4;;0; for the (001)/{100}
phase, ;=001 and 6;=dgg;. Similarly, &; is the local strain in
the wire with £=¢&;¢ in the (110)/{111} phase and &=¢&y0,
in the (001)/{100} phase. 5" and § denote the limiting
values of the displacement on the two sides of the twin
boundary. Equations (11) and (12) imply that the displace-
ment is continuous within each phase and across the twin
boundary.

The total strain € includes contributions not only from
the elastic strains in the two phases (€19 and &) but also
from the strain (&,) due to the phase transformation.
Specifically,

c— l— l() (13)
lo

with

[ = Io + loor - (14)

Here, /110 and [y, are, respectively, the current lengths of
the (110)/{111} and (001)/{100} phases corresponding to
the total nominal strain €. Note that

110

Lo = /0 (1 +5110) and} (15)
loor =10 (1 + €001,

SEM

where 19, and [, are the lengths of the (110)/{111} and
(001)/{100} phases in their unstressed states, respectively.
Another kinematic constraint is that the sum of the equivalent
stress-free lengths of the untransformed (110)/{111} phase
and the transformed (110)/{111} phase must be equal to the
length of the initial undeformed wire, i.e.,

0

P oy 1001 - (16)
110 1+5tr 0-

Here, lgn/(l + 5t,) is the length of the transformed
(110)/{111} phase as calculated from the length of the
corresponding (001)/{100} phase. The above relation can
be regarded as a statement of the conservation of mass.

In addition to the above kinematic relations, the stress
field in each phase must satisfy the force balance condition.
Specifically,

do; .

d(jc = 0 in each phase (17)
and

1104110 = 00014001 at the phase boundary . (18)

Here, o; is the axial stress in the wire. For the (110)/{111}
phase, 0;=0119; for the (001)/{100} phase, o, =0¢0;.
Equations (17) and (18) imply that the force is continuous
within each phase and across the twin boundary, and the stress
is uniform within each phase.

A system in equilibrium has the minimum strain energy.
Therefore, the phase equilibrium state of the wire can be
obtained by minimizing the total strain energy subject to the
force balance and kinematics constraints. The twin bound-
aries have the same crystalline orientation, surface area and
structure, therefore, they are assumed to possess the same
amount of interface energy (u;,). Thus, the total strain
energy of the wire is composed of the strain energy of each
phase and the interface energy, i.e.,

uoo1 (001)d V'

U:J u110(6110)dV+J
Vito Voot (19)

+ Nuim7

where Vo :Anol?lo and Voo :Aomlgm are the initial
unstressed volumes of the (110)/{111} and (001)/{100}
phases, respectively, and N is the total number of mobile
phase boundaries. During loading, N=1. During unloading, N
changes whenever a nucleation or annihilation event occurs.
Let €{, €5, - - - €, denote the values of the overall strain £ of the
wire at which twin boundary nucleation or annihilation
occurs. These events are associated with abrupt changes in
the length fractions (/;10/l and ly1/]) of the two phases. Note
that between any two successive events [(ef >e> 85),
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(65 >e>¢5), - and (5, > & > ¢¢)], N is constant. The
overall variation of N is,
0 elastic deformation (O — A,C — D, Fig.2a);
N = 1 lattice reorientation during loading (B — C); (20)
constant reverse lattice reorientation during unloading (Ef_l >e> sf)

Prediction of the critical strains (sf) requires a quantifi-
cation of the energy barriers for the nucleation, annihilation
and interactions of twin boundaries. This quantification is
not available at this time without knowledge of the actual
structural evolution paths or without a comprehensive
characterization of the energy landscape accounting for all
possible structural states. Here, these critical strain values
are taken from the results of MD calculations and used to
obtain the corresponding stresses in the wires through
minimization of the total strain energy of the wire [equation
(19)] for each and all stages of deformation during which the
number of twin boundaries N is piecewise constant
(6§ >e>€8),(e5>e>¢), - and (5, >e>ef)].

During the lattice reorientation in loading, the length
fraction of each phase changes continuously and phase
transformation is a smooth process. Details of the con-
strained energy minimization defined by equations (11)—
(19) can be found in [8, 9]. The solution yields the elastic
stresses (0119 and ogo1), strains (€179 and £yo1), and the
length fractions (/110// and lyy1/[) of the two phases at each
level of €. It is found that in each period of constant N, oy1¢
and o0go; are constant. For the transformation via the
propagation of twin boundaries, equations (13)—(16) yield
the lengths of the phases as

Lo = (1+5110)(Etr+8001+€tr5001*5)l and

(ew—e110+€001 +Eur€001) (21)
l _ (1+5!r)(5*5110)(1+5001)l
001 = “(ey—eri0+e001 +ercoo)

Consequently, the volumes of the phases are

Voor = ((J + bE) Vo and
22
Vi = (¢ + de) Vo, (22)

with the constants (note that the strains in the phases &y,
and £;( remain constant) being

__ (+ex)(I+eoo1)ero  Aoor
(ew—€r10-+eoo1 +ewcoor) Ao ?

bh— (I+ew) (1+€001) Aoo
(ew—e110+€001 +etrc001) Ar10 (23)
_ (I4eni0)(enteoor +Euwcoor)

and

(ew—¢110+€001 +ewco01)
d— — (1+e110)
(ew—e110+€001 +Ewc€001) ©

After the stresses in the phases [equation (9)] are
determined from the constrained energy minimization, the
elastic stress component o, in the wire can be obtained as

LU _ 19
oe = 35 = 77 5 (Viounio + Voortoor + Nitiny)

dujo G110 dugor Ogo01

_ 1

o 7()(VHO deyg  Oe + Voot deqor  O¢ ) (24)
_ (Vo e10 Voo =001

(2 ono (2 2

This stress component describes the thermodynamically
reversible part of the deformation process. Note that
equation (24) is also applicable to the wire as it deforms
fully elastically in the (110)/{111} configuration before
the initiation of the transformation (Vpo;/Vo =0 and €=
€110) and in the (001)/{100} configuration after the
completion of the transformation (Vi10/Vp =0 and &=
€o01)- For example, for the loading and unloading of a
single (110)/{111} phase, V110/Vo = 1 and Oe119/0c = 1.
Consequently, the stress reduces to that in the (110)/{111}
phase, i.e., 0=011¢. Similarly, for the loading and unloading
of a single (001)/{100} phase, Von/Vo=1 and
0001 /0 = 1/(1 4+ &4), and 6 = 0001 /(1 + &4).

In order to calculate 0€1,0/0€ and 0€yg,/0€ for the lattice
reorientation (loading) process, we consider an infinitesimal
strain increment d€ in the wire. This total deformation
increment consists of contributions from the two phases
[equations (13)—(15)], i.e.,

lyde =1,y derio + L5, d oo - (25)

Also, the force balance condition in equation (18) can be
rewritten as

do do
10 dejiodi0 = d€001 deoo14oo1 - (26)
1

dero

Equations (24), (25), and (26) combine to give

0. = 1100110 + Aoo10001 (27)
where

lO
/111() = — and

0 Jr(A“llo) (d“no/df’om)lo
1107\ g0 110/ Tgor ) oot
(28)

0
1001

Aoo1 = .
0ol dogor [ doio ) 0 Ao ) 0
Too1 / Frro ) o\ T00 ) oo
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Equation (28) specifies that, for any strain

A
Ao+ oot =2 = 1.

= 29
Aoot (29)

The implication of this relation is that o, is constant for the
lattice reorientation (loading) process. This finding is
consistent with the fact that the total force is constant in
the analysis. The fact that o, is constant during the phase
transformation can also be verified using strain energy
which varies linearly for the lattice reorientation (loading)
process. This fact significantly simplifies the constrained
strain energy minimization calculation in that only the
minimization at one strain during the phase transformation
is required.

In the unloading process, reverse lattice reorientation takes
place by the propagation of existing twin boundaries and,
more importantly, by the nucleation and annihilation of twin
boundaries at the critical strains, causing precipitous changes
in the length fractions of the phases and resulting in rapid
changes or discontinuities in stress. MD results show that the
reverse lattice reorientation is accomplished primarily by the
nucleation and annihilation of twin boundaries and these
events define the critical strains [1-3], the propagation of the
twin boundaries plays only a secondary role. Because of this,
the length fractions of the phases do not change significantly
from that at € = €;,_, during the strain segment of _; >
€ > ¢, and the overall response of the nanowire is largely
dominated by the elastic deformation of the phases. At the
end of each segment (e=¢?), another nucleation or
annihilation event occurs and the length fractions of the
phases change precipitously, leading to a new phase
equilibrium state. The stresses and length fractions of the
phases at the phase equilibrium states and throughout of
period of &, > e > ¢, can be obtained via constrained
energy minimization embodied in equations (11)—(19).

Dissipative Process

The thermodynamically irreversible part of the transforma-
tion process involves the initial nucleation and propagation
of a twin boundary during loading, and the nucleation,
propagation and annihilation of twin boundaries during
unloading. The evolution of the total number of twin
boundaries N for the 1.8 x 1.8 nm Cu wire during unloading
from a strain of £€=0.34 at four different temperatures
between 150 and 450 K is shown in Fig. 3. The fully
transformed (001)/{100} wire does not contain any twin
boundary and undergoes elastic recovery at the beginning
of the unloading process. The number of twin boundaries
increases as unloading progresses and reaches a maximum
approximately half way through the process. The number
subsequently decreases and approaches zero when the wire
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Fig. 3 The total number of twin boundaries as a function of strain
during unloading of a 1.8x1.8 nm Cu wire

returns to the (110)/{111} state and its original length
before the load cycle.

During loading, the single twin boundary propagates
along the wire axis through sequential nucleation, glide and
annihilation of partial dislocations [12, 13]. During unload-
ing, multiple twin boundaries nucleate, annihilate and
propagate. In this study, the interest is not in the mobility
of individual twin boundaries or the local environments
(e.g., local stress and available free energy) for individual
twin boundaries. Rather, the interest is in capturing and
quantifying the aggregate effect of the twin boundaries on
the behavior of the nanowire. In an average sense, the
dissipation stress associated with propagation of twin
boundaries is assumed to be proportional to the total
number of twin boundaries (N), i.e.,

Odissip = qu (30)

Here, g, is the average contribution to the engineering stress
o by the propagation of one twin boundary for each unit
increase in €.

Equations (8), (10) and (30) combine to yield the stress—
strain relation in terms of the Cauchy stress & as

~ [ (oetqy)(1+e),
’ {(O'e_NQP)(1+E)v

loading;
unloading.

(31)

Comparison with Results of MD Simulations

The continuum model derived above is fitted to the results
of a series of MD simulations of isothermal, macroscopi-
cally equilibrium tensile deformation of Cu nanowires. The
hyperelastic responses of the pure (110)/{111} and
(001)/{100} phases are required input for the continuum
model. These functions are obtained from separate MD
calculations for each wire size and temperature [8, 9]. The
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critical strains (&f), the critical stresses associated with
them, and the total number of twin boundaries in the wire
(N) are also determined from MD simulations. The elastic
part of the stresses in the phases (o119 and o) associated
with the equilibrium phase transition and the strains (&;1¢
and &) of the two phases are determined through the
constrained strain energy minimization. These elastic stress
components allow o, in the wire to be obtained. The
dissipative part of the total stress associated with propaga-
tion of one twin boundary (g,) is obtained by fitting the
model to the results of MD simulations.

The elastic responses of the phases are only weakly
dependent on temperature over the temperature range of
150-450 K and, therefore, are not the source for the
significant temperature dependence of wire behavior seen
in the MD simulations. The effect of temperature on
behavior comes primarily through the nucleation, propaga-
tion and annihilation of twin boundaries and is quantified
by 04issip- Specifically, ogisip is lower at higher temper-
atures because thermal fluctuations facilitate overcoming
the energy barrier for nucleation and annihilation of partial
dislocations. For the same reason, the yield strain and the
associated yield stress are also lower at higher temperatures.
The behavior of a (110)/{111} Cu nanowire with the
lateral size of 1.8x1.8 nm over 150-450 K is shown in
Fig. 4. Obviously, very good agreement is obtained between
the model and the MD data over the range of temperature
analyzed. In the lattice reorientation during loading, the
nominal stress is constant and the slow increase in the

Cauchy stress (Fig. 4) is due to the decrease in the average
cross-sectional area with the strain. This characteristic of the
nominal stress can also be found in phase transformations of
other shape memory materials such as single-crystalline
CuAlINi [14] and nano-grained NiTi [15]. Detailed analyses
show that the contribution of the propagation of one twin
boundary to the dissipative part of the stress (g,) during
loading is larger than that during unloading. This difference
reflects the fact that the reverse lattice reorientation is
primarily through the nucleation and annihilation of twinned
boundaries and the forward lattice orientation occurs solely
through the propagation of a twin boundary from the
(001)/{100} region into the (110)/* {111} region. Funda-
mentally, the activation of propagation or nucleation/annihi-
lation has to do with the relative magnitudes of the energy
barriers associated with these processes. Obviously, the
relative magnitudes are different for loading and unloading,
giving rise to the different behaviors observed here. The
quantification of these energy barriers is challenging and
beyond the scope of the current paper.

Concluding Remarks

A continuum model is developed to characterize the tensile
loading and unloading behavior of shape memory metal
nanowires. This model decomposes the lattice reorientation
and the reverse lattice reorientation processes into reversible
smooth transitions between metastable phase-equilibrium
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states and irreversible dissipative twin boundary nucleation,
propagation and annihilation events. During the lattice
reorientation in loading, the length fractions of the phases
vary smoothly. During the reverse lattice reorientation in
unloading, discontinuities arise due to the nucleation and
annihilation of twin boundaries. The energy dissipation
associated with the nucleation, propagation and annihilation
of twin boundaries is the primary mechanism responsible for
the hysteresis stress—strain loop and the underlying pseu-
doelasticity. It is worthwhile to point out that similar
pseudoelastic behaviors can be induced by other phase
transformations, such as the one in ZnO nanowires reported
and characterized in [16, 17].
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