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A multiscale nonlocal continuum model is proposed to describe the superelastic deformation of gradient nano-grained NiTi
shape memory alloys (SMAs). At the mesoscopic scale, the polycrystalline aggregate is regarded as a composite, i.c., the grain-
interior (GI) phase is assumed to be a cuboidal inclusion embedded in a matrix of grain-boundary (GB) phase. An intrinsic
energetic length and a gradient energy are introduced into the Helmholtz free energy of the GI phase. The criterion of
martensite transformation (MT) is derived based on the principle of virtual power and second law of thermodynamics. The
hindering effect of GB on MT in GI phase is addressed. By deriving the analytical solution of the proposed model and
introducing a scale transition rule, the overall and local stress-strain responses of the specimen at the macroscopic scale are
obtained. The prediction capability of the proposed model is verified by comparing the analytical solution with the experiment.
The influences of the distribution form for the grain size (GS) on the superelastic deformation of gradient nano-grained NiTi
SMAs are further predicted and discussed. The analytical form and low computational cost of the proposed model make it an
appropriate theoretical tool to design the gradient nano-grained SMAs with desired mechanical property.
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Introduction

SMAs with large stress-strain hysteresis loop are needed to

Shape memory alloys (SMAs) exhibit unique superelasticity
and shape memory effect, and have been successfully uti-
lized as core-component materials in various engineering
fields such as aerospace, biomedical, mechanical engineer-
ing, and microelectromechanical systems [1]. The diverse
engineering applications of SMA structures and devices
pose distinct requirements on their service performances.
For instance, in the field of solid-state refrigeration, it is
expected that SMAs can exhibit significant isothermal en-
tropy change or adiabatic temperature change during mar-
tensite transformation (MT) [2-4]. As a seismic damper,
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ensure the sufficient energy absorption capacity [5,6]. As an
actuator, SMAs should exhibit obvious transformation
hardening and small strain-temperature hysteresis loop to
achieve the accurate driving control [7-10]. Moreover, in
long time service, the cyclic stability of SMAs is an im-
portant evaluation indicator [11-13]. Since these service
performances at the macroscopic scale are determined by
the microstructure characteristics, the mechanical properties
of SMAs can be tailored by changing the grain size (GS).

Grain refinement has been commonly employed in con-
ventional metallic materials as a means to enhance the
strength of material. As the GS decreases, conventional
metallic materials can exhibit higher yield strength, which is
often inversely proportional to the square root of the GS,
i.e., the well-known Hall-Petch relation [14,15]. GS also
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significantly influences the stress-induced MT in SMAs.
Through a severe plastic deformation process such as cold
rolling or cold drawing, as well as subsequent annealing, the
GS of NiTi SMA can be reduced to the nanometer scale
(< 100 nm). Due to the strong effect of GS on the MT when
the GS < ~80 nm, as the GS decreases, the superelastic
stress-strain curve of NiTi SMAs changes from the “plateau-
type” to a “hardening-type”, with an increase in transfor-
mation hardening modulus and a significant reduction in
dissipation energy [16-19]. The GS-dependent super-
elasticity of NiTi SMAs has been widely investigated in the
last decade [10-12,20-29].

Gradient-grained metals and alloys have manifested
themselves with excellent mechanical properties as com-
pared to their homogeneous counterparts, which have at-
tracted much attention [30]. Interestingly, due to the GS
dependence of MT in SMAs, the gradient nano-grained
SMAs can show unprecedented mechanical and functional
properties [31-35]. Huang et al. [31] fabricated the gradient
nano-grained NiTi SMA sheet with the GS ranging from 25
to 175 nm along the axial direction in an approximately
linear distribution. The quasi-static loading experiments
indicated that, compared to the specimens with uniform GS,
the superelasticity of gradient nano-grained NiTi SMA ex-
hibited a wider range of response stress. Chen et al. [32]
prepared a series of uniformly fine-grained, uniformly nano-
grained and gradient nano-grained NiTi SMA sheets, and
further investigated the rate-dependent superelastic de-
formation of these materials. Experimental results showed
that the transformation hardening modulus of coarse-grained
specimen increased with the strain rate due to the strong
thermomechanical coupling effect. However, such rate de-
pendence is significantly weakened in nano-grained speci-
men owing to the weaker temperature variation together
with the weaker transformation temperature dependence.
Meanwhile, the rate dependence of superelasticity in the
gradient nano-grained specimens fell between those of fine-
grained and nanocrystalline ones. Recently, Chen et al.
[13,33,34,36] prepared the NiTi SMA plates with the GS
gradients in the thickness and width directions, which
showcased superior elastocaloric effect and cyclic stability,
compared to the coarse-grained NiTi SMAs. So far, it has
been revealed that the mechanical properties of NiTi SMAs
can be significantly improved by introducing the gradient
nano-grained microstructures.

To assess the service performance of SMA devices, it is
essential to establish appropriate theoretical models. In the
last decades, significant efforts have been devoted to de-
veloping the continuum models of SMAs. Comprehensive
reviews of this topic can be found in Refs. [37-39], and
recent representative works can be referred to Refs. [40-58],
and so on. However, few works incorporated the GS effect.
Sun and He [59] constructed a multiscale continuum model
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and successfully described the dependence of energy dis-
sipation on the GS. Li and Sun [60] developed a one-di-
mensional (1D) core-shell model for nanocrystalline SMAs.
The predicted results showed that with the reduction of GS,
the energy of grain-boundary (GB) phase gradually became
dominant during MT, and brought a fundamental change in
the growth mode of martensite. Qiao and Radovitzky [61]
and Qiao et al. [62] constructed 1D and three-dimensional
(3D) non-local models by introducing two intrinsic length
scales. The increased transformation hardening modulus
with the decrease of GS and specimen size was well cap-
tured. Meanwhile, a 3D constitutive model based on mi-
cromechanics was also developed, and reasonably captured
the GS-dependent stress-strain responses of SMAs [63].
However, the aforementioned models are only applicable for
SMAs with uniformly distributed GS. Although few phase
field models have been developed in recent years for the
gradient nano-grained SMAs and revealed the synergic de-
formation mechanism of the coarse-grain and nano-grain
[64,65], it was difficult to reflect the real gradient micro-
structure in the materials due to the huge computational cost
for such type of model. As a result, the experimental stress-
strain responses of the gradient nano-grained NiTi SMAs
cannot be accurately reproduced.

In this work, we will develop a multiscale nonlocal con-
tinuum model aimed at describing the superelastic de-
formation of gradient nano-grained NiTi SMAs and
providing a theoretical tool to design this type of material
with desired mechanical property. At the mesoscopic scale,
the polycrystalline aggregate is regarded as a composite, i.e.,
the grain-interior (GI) phase is assumed to be a cuboidal
inclusion embedded in a matrix of GB phase. An intrinsic
energetic length and a gradient energy are introduced into
the Helmholtz free energy of the GI phase. The criterion of
MT is derived based on the principle of virtual power and
second law of thermodynamics, and the hindering effect of
GB on MT in GI phase is addressed. By deriving the ana-
lytical solution of the proposed model and introducing a
scale transition rule, the overall and local stress-strain re-
sponses of the specimen at the macroscopic scale are ob-
tained. The prediction capability of the proposed model is
verified by comparing the analytical solution with the ex-
periments.

2. Multiscale nonlocal continuum model

The gradient nano-grained NiTi SMA specimen can be
prepared by gradient heat treatment after severe plastic de-
formation [32]. As shown in Fig. 1(a), the average GS varies
from a few nanometers at one end of the specimen to one
hundred or even a few ten hundred nanometers at the other
end along the axial direction. Thus, at the macroscopic scale,
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Figure 1 Schematic of the multiscale model. (a) The gradient nano-
grained NiTi SMA specimen at the macroscopic scale; (b) polycrystalline
aggregate, a representative 3D grain and the simplified effective 1D grain at
the mesoscopic scale.

we can divide the specimen into a series of sub-domains
with an identical length, i.e., [, =1/ N, where [ is the gauge
length of the specimen, N is the total number of the sub-
domains, /, denotes the length of the Q-th sub-domain. The
GS in a given sub-domain can be regarded as uniform if N
is large enough. In a smaller spatial scale (mesoscopic
scale), the microstructure of a sub-domain emerges. It
means that a sub-domain in the macroscopic scale becomes
a polycrystalline aggregate containing a large number of
grains at the mesoscopic scale. From a modelling point of
view, the polycrystalline aggregate can be described as a
core-shell type “GI-GB composite”, i.e., the GI phase is
assumed to be a cuboidal inclusion embedded in a matrix of
GB phase, as shown in Fig. 1(b) (this approach was also
adopted in Refs. [60,62]). However, in order to obtain the
analytical solution of the proposed model, further simplifi-
cation is necessary. Firstly, the polycrystalline aggregate can
be regarded as the repeated arrangement of the grains in the
space. Thus, the deformation response of the polycrystalline
aggregate can be replaced by a representative grain. Sec-
ondly, generally speaking, the strain field along the axial
direction in such a grain is 3D. However, when the grain is
subjected to a uniaxial mechanical loading as shown in Fig.
1(b), inspired by the work of Li and Sun [60], we can as-
sume that the axial strain is uniformly distributed in the
square cross section perpendicular to the axial direction, i.e.,
& =¢&(x) (to avoid confusion, the spatial coordinates at the
macroscopic and mesoscopic scales are denoted as X and x,
respectively). In this case, the 3D grain is reduced into an
effective 1D grain (see Fig. 1(b)). Such 3D—1D effective
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modelling is expected to retain the key features of the 3D
polycrystalline aggregate such as the volume fraction of GB
and its deformation constraint to the GI phase.

Consider an effective 1D grain in the 2-th sub-domain of
the specimen. The local stress applied on this sub-domain is
denoted as o,,. The volume fraction of the GB phase can be

3
calculated as fopo = 1- (1 —ty/ lg’g) , where [, ,, represents

the grain size of the Q2-th sub-domain, ¢, is the thickness of
GB, which is a constant. According to the geometric and
deformation features of the 1D grain, we further divide the GB
phase into two categories, the type I GB and type II GB, as
shown in Fig. 1(b). For a point x at the mesoscopic scale, when

Lol 2<x<—(lgg—t,)/ 201 (lug—1,)/2<x <l 012, it
belongs to the type I GB phase; when f(lg,gftb)/ 2<x

< (lgygftb)/z, it belongs to the GI-type II GB mixture
phase. The volume fractions of these two GB phases can

be, respectively, calculated as fop o =1/, and

fanpo = (1= 1/ 1,0)(2 = ty/ ly0)to/ - The Helmholtz

free energies of type I GB (l//GBI’Q), type II GB (‘//GB”,Q) and
GI (y, o) phases can be formulated as

VaB,0(X) = %EGB[EQ()C)]Z’

lyo Lot |lgo—t Lo
X€IT T (1)
1 2
'//GBH,Q(X) = jEGB[EQ(x)] )
lgo—ty lgo—ty
X € *gT, £ 2 N (lb)
1 tr 2
Varo(X) = jEGI[gg(x) e, (x)]
1 2
TAsG(0— 0p) o) + jSolez(f o, x) )
lgo—ty lgo—ty
X € *gT, £ 2 , (IC)

where Egp and Eg; represent the elastic moduli of GB and
GI phases, respectively. ¢,(x) represents the total strain at
point x. &5(x) and &,(x) are the transformation strain and
the volume fraction of martensite phase at point x in the GI
phase (noted that 0 < &, (x) < 1), and there is a linear re-
lationship between &g (x) and &4(x), i.e., &5 (x) = g"¢o(x),

. . . . 0, -
gtr is maximum transformation strain. Asg’ is the entropy

difference between austenite and martensite phases. 0, is the
balance temperature. /, is the intrinsic energetic length. S, is
a parameter with the dimension of stress. It should be
pointed out that in the GI phase, both the elastic and
transformation strains are taken into account, i.e.,
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eo(x) = e5(x) +e5(x), and the term eo(x) —e5(x) in Eq.
(1c) represents the elastic strain. However, owing to the non-
transformable feature of GB, such a phase is modelled as a
linear elastic body.

By Egs. (1b) and (1c), the Helmholtz free energy of the
Gl-type II GB mixture phase can be formulated as the
mixture rule

1-fep.0 ~foB.0 S0

V/mix,Q(x) =

+
1-fcB.0 Vare() * g —fGB.0
1 N2 A
= jEGI-GB,Q[SQ(x) —&g (x)] + AT(0— 00)¢ o)
1 1 2
+540E50)+5B(¢0 L) s 2)
where

1-feB,0 ~foB.0
1-feB.0

JSaBo

Egrgpo™ [l—fm Egpt
1>

]EGI,Q7 (33)

T 1 _- 1> _- 11> E
e

1 — —
As_go _ [ foB.0 ~faBye ]As({jl‘), (3¢)

1-fGB.0

1-foB.0 Egrcpo

. 2(1=fap.0 ~foeBy0 E,
Ao = Egrapa(8") [ : - al

1 —feB.0 ~foB.0 E,
J1- I 11 GI , 3d
[ 1—f GBLQ [EGI—GB,Q} (3d)
1-feB.0 ~foBre | 2
By = b L A 3
Q [ 1 _fGB[,Q oe (3e)

Egrgn00 £o(x) and A5y are the effective elastic modulus,

transformation strain and entropy difference between aus-
tenite and martensite of the Gl-type II GB mixture phase,
respectively. Noted that 4, and B, are always positive. The
hindering effect of GB on the MT in GI phase is partly
reflected by Egs. (3b) and (3d). On one hand, it can be easily

proven that £5(x) is a monotonic decreasing function of

faB,.0» Which means the maximum transformation strain in

the Gl-type II GB mixture phase decreases with increasing the
volume fraction of type II GB phase; on the other hand, the

term %A of 2()c) in Eq. (2) represents an additional transfor-

mation hardening energy, which is also governed by faB,.0
Considering any segment of the Gl-type II GB mixture

l,o—t l,o—t
2,Q b 2.Q b the

phase x € [x,x,] [ 5 — <x<E5—, internal

power in this segment can be defined as [62,60]

PSi?m(éQ’ég’éf?) - J.,:z 59(3'97 ég)+kﬂéQ+W959,x dx, (4)
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where k, and w,, are the work conjugates to the martensite
volume fraction &, and its gradient &, , respectively. The
external power expended on this segment can be formulated as

X2

) &)

X

Pg(t(”gsfg) = (fgﬂg +]€Qé.(2)

where f,, is the applied boundary traction, IFQ is work con-

jugate to the martensite volume fraction &, at the boundary,
u g is the displacement. We further introduce the principle of
virtual power, i.e.,

1 . ot 2 xtf < s
P{]_l)n(g{_h E'Tg)ra éQ) = P[S t(uQ, f,{))a (6)

where i, £, &g and &, are the virtual displacement, strain,

transformation strain and martensite volume fraction, re-
spectively, and they satisfy the constraint of deformation
compatibility, i.e., g, =&, &g +85<, (Where gg re-
presents the effective maximum transformation strain, ac-
1-f, GBQ —f GBy.2 ]

1 _f GBLQ

tr

cording to Eq. (3b), we have g& =g

[% ). Substituting Eqs. (4) and (5) into Eq. (6), it

yields
. . otr 2 . <
Pgmt(ggs €0, 59) - Pg‘t(ug, 59)

.[ N
X

X 2

< otr z 3 oo -

X

= J‘xz O—Q’xﬁgdx+sz(kg 7ggggfwg,x)fng+(597tAQ)ﬁg x,
X X Rl
+(WQ - Eg)g Q K
X
=0. (7

Since Eq. (7) should be always satisfied for any integral
interval [x,x,], it requires

09 =0, (8a)
ko= 8500~ wo 0, (8b)
fo(x) = 0g(x)), fg(xs) = 0o(xy), (8¢)
ko(x1) = wo(x), ko(xy) = wo(xy). (8d)

Egs. (8a) and (8b) are the force and micro-force balance
equations, Eqgs. (8c) and (8d) represent the boundary con-
ditions. Considering the second law of thermodynamics

o pexf; 2 )_d
Iy =P§" (i é0)~ 5 >0, 9)

[ Vi 0@)dx
Rl

where I, is the rate of energy dissipation. Substituting Eqs.
(2) and (5) into Eq. (9), we can obtain
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: al//mix,g . GWmix,Q :
lo=|og~ Bes égt kg~ LR <o
anmQ
Hwo— oo fm 0, (10)
where 5 =e,— &g is the elastic strain of Gl-type IT GB

mixture phase. Since there is no energy dissipation in the
process of elastic deformation, we have

6 .
[og— “é‘;‘g‘)]gg - 0. (11)

Owing to the arbitrariness of &, to satisfy Eq. (11), it

requires

anix =tr
UQ:T;:EGI-GB,Qgé(X):EGI-GB,Q['?Q(X) —&g (X)]~ (12)
Equation (12) gives the relationship between the stress
and elastic strain of Gl-type II GB mixture phase. As a
result, Eq. (10) is reduced as

Wi, O mix,
:[kg 64‘ . 59 Wo™ 0 9]59‘( . (13)
To satisfy Eq. (13), it is assumed that
OWimix E
ko= l/éf £ 4 Y51gn(§9)
= S0~ 00) + Ag o)+ Ysign(¢y), (14a)
Wi,
Wo = 559’19 BoCa (14b)

where Y is a positive constant, which represents the energy
dissipation of MT and controls the width of the hysteresis
loop in stress-strain response, sign(+) is the sign function. By

Egs. (14a) and (14b), it is seen that when 5'9 =0, [5=0;
when &,#0, [ = Y‘fg‘ > (. Thus, the second law of

thermodynamics can be always satisfied. Combining Egs.
(14a), (14b) and (8b), the criterion of MT can be obtained

ggtgro'g - AS‘QHO(Q - 00) —Aglolx)+ BQ&Q,XX o YSign(ég) =0
(15)

— Ysign(). (16)

In the process of MT (¢ o # 0), considering the boundary

For simplification, let

Fo=58500— ASQ (6-6,)

- lgo—t
conditions: ¢ Q(x = *%

lgo—t
=0 and fg[x— = ]—0

(such boundary conditions are adopted to reflect that two
ends of the Gl-type II GB mixture phase are obstacles to
MT), the analytical solution of Eq. (15) can be formulated as

cosh ’;_;Jx
Aglaly
B, 2

ég()——g

cosh

]. (17)
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Equation (17) gives the distribution of &,(x), and the
maximum value of &, (x) occurs at the point x = 0. Noted
that £ ,(x) is always non-negative. Thus, when Fy <0, & (x)
should equal zero. Moreover, &,(x) must be less than or
equal to one, i.e., £,(x) < 1. Thus, Eq. (17) is only applic-

able when the maximum value of &,(x = 0) < 1, that is

Fgli 1

Agleals
B, 2

By Eq. (18), the critical value of F, is determined

Aglsoty
B, 2
Aglgoto| |
B, 2

When F <F g, the distribution of £,(x) can be fully
described by Eq. (17). However, when £, > F_ o, Eq. (17) is
not applicable. In this case, there are two real roots for the

So(0) = =1L (18)

éﬂQ,max
cosh

Agcosh

(19)

c,Q
cosh

equation £,(x) = 1, which can be expressed as

Ao Ag ng Iy
(1 FQ)COSh( ’BQ 5
+ 1—@ 2cosh2 Ag —Zg’g_tb
) Fo B, 2

-1 ‘ (20a)

(20b)

lg,Q B

As a result, >

. . tb *
in the regions — <x<x o and

l, 0t
* g2 b
Y0 SXS =5

the distribution of &,(x) can also be

described by Eq. (17);

&o(x) = 1. In summary, in the process of MT, &, (x) is for-
mulated as

. . * *
in the region x, o <x<Xx,,,

Eo(x) =0, when F, <0, (21a)
F cosh %x
o) =41~ ° (21b)

cosh

Aglso ||
B, 2

when 0 < F, < F o,
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A
cosh |=€x
Fo B,
Al Io—ty|l
@ coshl @M
\B, 2
Colx) = lyo—ty o lyo—ty (21¢)
X €|~ 2 ’xl,.Q U x2’Q,T,
1,
X € [xl’g,xz’g},

when Fy, > F_ .
The overall strains of the GI- type II GB mixture phase
and the type I GB phase are defined as
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lyo—t

2.2 ‘b t

¢arae 7 _€aBLo (23)
8.Q

. =82 b
G,Q lg,Q
As mentioned above, only the elastic deformation of GB
phase is considered in this work. Without energy dissipation,
the stress-strain relationship of the type I GB phase can be
directly obtained by the Helmholtz free energy (Eq. (1a))

_ al//GBI,Q _
0o~ € ox) = Ego(x),
/ l,o—t l,o—t, [
_Q g0 by 17g0l b g

It is noted that since o, is uniformly distributed, the strain
field in the type I GB phase does not depend on the location

. __ 1 I (e tv)2 £ (r)dx (22a)  x. Substituting Egs. (12), (21), (22) and (24) into Eq. (23), it

GL-GBL [ »—t ~(lgotr)2 ’ .

& 82 b yields
1 ’(Ig,gf’b)/z lyo!2 e —gf 4l (25a)
-1 + ce=¢ceTéco

£GB.0~ 7, _Lg’g b e(x)dx J‘(lgygitb)/zs(x)dx. (22b)

Moreover, the overall strain of the whole grain at the elo= lg’lgith %9 +lt_b]g_9’ (25b)
mesoscopic scale is defined as gQ ~GLGBQ ‘4,0 =GB
e =0, when F,, < 0,

Ao oty
sinh| (£ & 5

tr FQ B Q
ego= Lo t,)2, |52 , when0 < F, < F, , (25¢)

6L dol, ( 88 b) Ao cosh élg tb] Q="

B 2
/
sinh| [A022 T\ giny @)@*91 ,

e :ﬂl(l *t)*x* - ,B—Q o 2 B0 .0 when F, > F,

G,Q A_ng,g 2\'g.Q b 2,0 AQ cosll Elg,{)itb lg,_Q B Q c,Q"

Bg
[

Equation (25) gives the analytical expression for the overall have

strain of the whole grain & ¢, at the mesoscopic scale. It should oo=2. (27)

be pointed out that & ,, also represents the local strain of the
0-th sub-domain at the macroscopic scale. The overall stress
and strain of the specimen at the macroscopic scale can be
obtained by the following volume average relationship

o0. (26a)

£6.0- (26b)

According to the geometric feature of the specimen, it is
assumed that the local stresses in sub-domains are identical,
i.e., 0, =0, =,...,0y. In this case, according to Eq. (26a), we

Equation (27) is the scale transition rule from mesoscopic
to macroscopic scale. Combining Egs. (25), (26b) and (27),
the analytical expression for overall strain of the specimen
can be obtained

N _
]l\, hoTh 5 | lt—bEi tegol (28)
2.2 ~GB

E=
&1 Lo Ecree

So far, the multiscale analytical model has been con-
structed. In the subsequent calculations, for a given applied
stress 2 at the macroscopic scale, we can respectively use
Egs. (25) and (28) to get the local strain in the Q-th sub-
domain and overall strain of the specimen.
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3. Model validation and discussion

The proposed model is verified by comparing the predicted
results with the corresponding experimental data of Chen
etal. [32]. In Chen et al. [32], the superelastic deformation
for three types of NiTi SMA specimens are investigated,
including the coarse-grained (GS = 235 nm), nano-grained
(GS = 10 nm) and gradient nano-grained specimens. The
gauge length of the specimens is 18 mm, and the loading
rate is set as 1 x 10 */s. The GSs in the coarse-grained and
nano-grained specimens are uniformed distributed. For the
gradient nano-grained specimen, the GS changes from
10 nm at one end to 180 nm at the other end, and the GS at
the central point of the specimen is 60 nm. Thus, in simu-

600

(@ o
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Model

500
400

300 o

Stress (MPa)

200 o 0o

100

0 L L ! L

Strain (%)
600
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200 -
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0 1 L ! 1
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400 -
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Strain (%)
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lations, a quadratic function /,(X) = a(X/ D?+bX/1)+c
(a =140 nm, b =-310 nm, ¢ = 180 nm) is employed to de-
scribe the GS distribution along the axial direction. The
material parameters used in the following simulations are
Eg =60 GPa, Eg =50 GPa, g" =0.0425, ASGHIO(Q_ 6,) =
11.1 MPa, Y= 4.0 MPa, Sy/2 = 6.0 x 10 ' Pa m’. The thick-
ness of GB is set as 2 nm by referring to the existing lit-
erature [67]. The details for the determination of material
parameters are provided in the Appendix A.

Figure 2(a) and (b) shows the experimental and predicted
stress-strain responses of the coarse-grained (235 nm) and

nano-grained (10 nm) NiTi SMA specimens. Figure 2(c)-(f)
shows the predicted results of NiTi SMA with other typical
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Figure2 Superelastic deformation of NiTi SMAs with different GSs (the GSs are uniformly distributed). (a) GS =235 nm; (b) GS = 10 nm; (¢) GS = 1000 nm;
(d) GS = 100 nm; (e) GS = 50 nm; (f) GS = 20 nm (The experimental data are cited from Ref. [32]).
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GSs (1000, 200, 50 and 20 nm). It is seen that the super-
elastic deformation of NiTi SMAs depends on the GS
strongly, i.e., for the coarse-grained specimen, the stress-
strain response exhibits transformation plateau and large
hysteresis loop. However, the transformation hardening
modulus/hysteresis loop increases/decreases monotonically
with decreasing GS. When the GS decreases to 10 nm, a
quasi-linear response with very small hysteresis loop can be
observed. These phenomena were also observed in some
other experiments [16,20] and were well captured by the
proposed model since (1) the increased volume fraction of
GB phase with decreasing the GS was reflected and (2) the
hindering effect of GB phase on the MT in GI phase has
been reasonably considered. Figure 3(a) shows the overall
stress-strain response of the gradient nano-grained speci-
men. Figure 3(b) gives the strain distribution along the axial
direction when the overall strain reaches 3%. It is seen that
the stress-strain response of the gradient nano-grained spe-
cimen exhibits high nonlinearity. Meanwhile, the strain field
in the specimen is inhomogeneous, i.e., the strain in the
region with large GS is much larger than that with small GS.
Comparing the predicted results with the experimental data,
it can be concluded that both the overall and local de-
formations of the gradient nano-grained specimen are rea-
sonably captured by the proposed model.

The influence of the distribution form for the GS on the
superelastic deformation of gradient nano-grained NiTi
SMAs is further predicted. Figure 4(a) shows the first five
different distributions, i.e., the GSs at the two ends of the
specimen are fixed (180 and 10 nm), and the distributions
satisfy the quadratic function relations. Figure 5(a) shows
the latter five different distributions, i.e., the GS at the right
end of the specimen is fixed (10 nm), and the distributions
satisfy the linear function relations. Figures 4(b) and 5(b)
show the predicted overall stress-strain responses. Figures 4
(c¢) and 5(c) show the predicted distributions of strain field
when the overall strain reaches 3%. It is concluded that the
superelastic deformation of gradient nano-grained NiTi
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SMAs can be tailored by changing the distribution form of
GS, and the proposed model provides a theoretical tool to
design the gradient nano-grained NiTi SMAs with desired
mechanical property.

It should be pointed out that in this work, we only focus
on the isothermal superelastic deformation of gradient nano-
grained NiTi SMAs in one loading-unloading cycle. The
shape memory effect, superelasticity degradation during
cyclic deformation, and the rate-dependent deformation
originated from the thermo-mechanical coupling effect are
also important phenomena observed in NiTi SMAs. A more
comprehensive constitutive model is needed to describe
these phenomena in gradient nano-grained NiTi SMAs, and
this will be done in our future work.

4. Conclusion

(1) Based on the nonlocal continuum theory, a multiscale
analytical model is proposed to describe the superelastic
deformation of gradient nano-grained NiTi SMAs. The
proposed model is first constructed at the mesoscopic scale
by addressing the hindering effect of GB on the MT in GI
phase, and then transited to the macroscopic scale by em-
ploying a scale transition rule. The main advantages of the
proposed model are its analytical form and low computa-
tional cost.

(2) For the coarse-grained NiTi SMA specimen, the su-
perelastic deformation exhibits transformation plateau and
large hysteresis loop. In contrast, a quasi-linear response
with a very small hysteresis loop can be observed for the
nano-grained specimen. However, different from the coarse-
grained and nano-grained NiTi SMAs, the stress-strain re-
sponse of the gradient nano-grained specimen exhibits high
nonlinearity. All these phenomena are well predicted by the
proposed model since the underlying mechanisms for the
GS-dependent deformation of NiTi SMA are reasonably
captured.

(b) © Experiment
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Figure 3 Superelastic deformation of gradient nano-grained NiTi SMAs (10-180 nm). (a) Stress-strain responses; (b) strain distribution along the axial

direction (The experimental data are cited from Ref. [32]).
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(3) The influence of the distribution form for the GS on
the deformation of gradient nano-grained NiTi SMAs is
further predicted by the proposed. It is concluded that the
superelasticity can be tailored by changing the distribution
form of GS. The proposed model provides a theoretical tool
to design this type of materials.

Appendix A

The material parameters used in the proposed model can be
determined from the stress-strain curves of NiTi SMA
specimens with two different grain sizes. For instance, the
elastic modulus of GI phase can be obtained from the linear
stress-strain response of NiTi SMA specimen with a GS of
235 nm at the beginning of deformation, as shown in Fig. 2
(a). Then, the elastic modulus of GB phase can be obtained
by fitting the initial linear stress-strain response of the
specimen with a GS of 10 nm, as shown in Fig. 2(b). The
parameter g" controls the maximum transformation strain,
and is set as 0.0425 by referring to Ahadi and Sun [12]. The

parameter As2°(0—0,) controls the critical stress of MT.

The parameter Y controls width of the hysteresis loop. These
two parameters can be determined by fitting the start stress
of forward and reverse MTs for the specimen with a GS of

235 nm, as shown in Fig. 2(a). The parameter SOIC2 controls

the additional transformation hardening effect caused by
grain refinement, and can be determined by fitting the
transformation hardening modulus of the specimen with a
GS of 10 nm.
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