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Abstract: Nanoporous Shape Memory Alloys (SMA) are widely used in aerospace, military industry,
medical and health and other fields. More and more attention has been paid to its mechanical
properties. In particular, when the size of the pores is reduced to the nanometer level, the effect of
the surface effect of the nanoporous material on the mechanical properties of the SMA will increase
sharply, and the residual strain of the SMA material will change with the nanoporosity. In this work,
the expression of Young’s modulus of nanopore SMA considering surface effects is first derived,
which is a function of nanoporosity and nanopore size. Based on the obtained Young’s modulus, a
constitutive model of nanoporous SMA considering residual strain is established. Then, the stress—
strain curve of dense SMA based on the new constitutive model is drawn by numerical method. The
results are in good agreement with the simulation results in the published literature. Finally, the
stress-strain curves of SMA with different nanoporosities are drawn, and it is concluded that the
Young’s modulus and strength limit decrease with the increase of nanoporosity.

Keywords: shape memory alloy; nanopores; surface effect; young’s modulus; constitutive model

1. Introduction

Functionally gradient materials and porous materials are new smart materials devel-
oped to meet the needs of modern aerospace industries and other high-tech fields [1-4]. A
porous shape memory alloy (SMA) is a porous material with SMA as the frame structure,
which can be prepared by powder metallurgy, as shown in Figure 1 [5,6]. It not only has
the shape memory effect and super elasticity [7], but also has excellent damping properties
and biocompatibility [8]. In general, porous SMA has good performance and can be used
in different fields, especially in the medical field.
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Figure 1. Schematic diagram of the preparation mechanism of porous intermetallic compounds.
(a) Process of creating porosity (b) Process of increasing porosity [5].
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As the size of the material decreases, the properties of the material will change.
For example, microcarbon has higher power storage performance and is often used as a
supercapacitor [9-11]. Porous materials also have this characteristic. When the porous
materials are reduced to the nanoscale, due to the change of the material structure, they will
have the characteristics of low density, high specific strength, large specific surface area and
low thermal conductivity [12]. The reason is that as the size of the porous material shrinks,
the surface effect is enhanced, which has a great impact on the mechanical properties of
the porous material [13].

Research into the macro-mechanical properties of nanoporous materials with inter-
facial effects has attracted more and more attention from scholars at home and abroad in
recent years. Sharma predicted that the effective elastic modulus of nanoporous materials
depends on the size of pores [14,15]. Xun et al. had studied the effective elastic modulus
of micro polarized materials with inhomogeneous spherical and cylindrical pores and
found that the effective elastic modulus of micro-polarized materials depends on the size of
inhomogeneous pores [16]. Duan et al. had established a general micromechanical model
considering interface effect [17,18]. Quang et al. developed the minimum potential energy
and complementary energy theorems of linear elasticity for inhomogeneous materials with
interface effect [19]. Feng et al. estimated the effective modulus of perforated material [20].
Xia studied the macroscopic mechanical properties of open-ended nanoporous materials
with surface elasticity and surface residual stress [21].

Most of the above studies are about porous carbon or single metal nanoporous materi-
als, but the research on nanoporous SMA is rarely mentioned, especially the effect of size
on material properties. In view of this, the relationship between the mechanical proper-
ties of SMA materials with nanopores and the surface effects, especially the relationship
between the mechanical properties of SMA materials and different nanopore diameters
or nanoporosities, respectively, is discussed in this work. Combining the framework of
micromechanics theory including surface effect, firstly, the effective Young’s modulus
of nanoporous SMA is calculated by composite material equivalent method. A consti-
tutive model of SMA with nanopores considering surface effect and residual strain is
then established.

2. Young’s Modulus of SMA with Nanopores

When the size of the material reaches the nanometer level, the surface effect needs to
be considered. The stress corresponding to the surface effect is the surface stress, which can
be defined in many ways. Nix et al. proposed an atomic interpretation of surface/interface
stress, in which the relationship between surface stress and strain is attributed to the change
in the bonding environment of atomic bonds [22]. Bottomley and Ogino proposed a linear
expression between surface stress tensor T and surface elastic strain tensor €° [23], which is
called Hooke’s law in their paper

T=C%:¢% 1)

where C° is the surface stiffness tensor. When considering material isotropy, constitutive
Equation (1) can be simplified to the following

T = A (tre®)1?) 4 2565, )

where As and ys are the surface modulus, and 1?) is the second-order unit tensor in
two-dimensional space.

Sun et al. pointed out that when considering the change of the stress field, the effective
elastic properties will be affected by the surface stress [24]. Therefore, surface stress must
be taken into consideration when calculating the elasticity of nanomaterials. Duan et al.
derived the effective bulk modulus and effective shear modulus of the composite containing
nano-inhomogeneous inclusion on the basis of the micromechanical framework [17,18].
The composite material with nano-inhomogeneous inclusion consists of an inclusion phase
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and a matrix phase, and there is surface stress between the surfaces of the two phases. The
bulk modulus of the composite material x3 is composed of the bulk modulus x; of the
nano-inhomogeneous inclusion phase and the bulk modulus «; of the matrix. The shear
modulus of the composite material y3 is composed of the shear modulus y; of the nano-
inhomogeneous inclusion phase and the shear modulus y; of the matrix. f and 1 — f denote
the volume fraction of the nano-inhomogeneous inclusion phase and matrix, respectively.
The expressions of the bulk modulus x3 and shear modulus 3 of the composite material
with nano-inhomogeneous inclusion deduced by Duan are as follows [18]

_ 31 (3x2 +4f o) + 2up[4f uakl + 312(2 — 2f + )]

3
= T BB f)m + 3k + 2ua(2 4 K — D] )
where «] = xs/(Ropa), ks = 2(us + As), Rp is the size of the nano-inhomogeneous
inclusion phase.
. p2[5 —8f83(7 —502)] )
5 f(5— 848 — 2082

where 15(1 — 05) (<% + 2310

_ — 02)(K; Hs
&1 = Al : ©)

—15(1 —

&= %[UW +50v1) — 801 (5 + 3k + pg) + 7(4 + 3k + 2pu5)]. (6)
&5 = 1o 2037+ 501) = 4(7 = 1000) (24 &) (1 — i) )

+1eg 1 [7(6 + 5k + 4ul) — v1(90 + 47x] + 4u)).

H = —2n2(7+ 5v1)(4 — 502) + 751 [—39 — 20} — 1644}, + 502 (9 + 5k} + 4pul)]
+17101[285 + 188«” + 164} — 50, (75 + 47x] + 4ul)] (8)
+4(7 — 1001 ){ =7 — 11pf — x5 (5 + 4ul) }-

with pl = ps/(Ropa), and 17 = p1/pz. v1 and v, represent the Poisson’s ratio of the
inclusion phase and the matrix phase, respectively. The subscript s indicates physical
quantities related to the surface. The effective modulus of composite materials with nano-
inhomogeneous inclusion depends on two dimensionless parameters «, and pj.

Applying the above theory to nanoporous SMA materials, using SMA as the matrix, and
degenerating the nano-inhomogeneous inclusion into nanopores, i.e., (1 = x; = 0, v; = 0),
the elasticity modulus of nanoporous SMA is derived using the micromechanical framework

_ 2usmal4fprsmars + 3xsma (2 — 2f +«7)]

n 9
’ 3[3fxsma +2psma(2 + L — fxl)] ©
__ Msmal5H +70f(7 — 50spma) (24 x5) (1 — p5)] (10)
Hnv = 5H — F(1 — ogma) (5H + 1260x7 + 4207 + 2100)
where
K; = Ks/(RVSMA>- (11)
ks = 2(ps + As). (12)
H = 28{~7 — 11l — (5 + 44}) + voma [5 + 134 + k(4 + 50)]}. (13)
ps = ps/ (Ropisma)- (14)

There are four unknown constants and two unknown quantities R, f. The constants
As, Hs, k2, and pp need to be determined. The bulk modulus and shear modulus of SMA
are as follows,
Esma
= ) 15
HSMA = 303 vrra) (15)
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Kopa = —SMA___ (16)
M 3(1 —2vspma)
where
Espia = EA+§(EM—EA). (17)

where E4, EM are the Young’s modulus of 100% austenite and 100% martensite phases
for dense SMA, respectively. The ¢ is the martensitic volume fraction. Suppose that the
Poisson’s ratio vsy 4 of SMA does not change during the deformation process, and ¢ is a
linear function of applied stress, which is slightly different from popular models [25].

0 o < 0y
¢=3 5o os <o <oy (18)
1 afg o

where 0 is the effective stress and 05, 0 are the threshold stress at the beginning and end of
the SMA transition, respectively. The martensitic volume fraction ¢ can be easily obtained
once the threshold stresses of the porous SMA are determined.

However, it is difficult to measure the elasticity Lame constants As and ys of the
surface of SMA. By linking the surface Lame constants As and p; with the overall Lame
constants Agpa and ugpa, the overall Lame constants can be assumed to be an integer
multiple of the surface Lame constants, namely

As = Asmal/cr. (19)
Hs = HsMA/ C2. (20)
where £
VSMAESMA
A = . 21
SMAT 1+ vsnia) (T — 2vspia) @1)

Then the Young’s modulus E;,;, of SMA with nanopores is obtained from the bulk
modulus x,, and the shear modulus p;,p,

9Knp]/lnp

= F 22
3Knp + Hnp ( )

Enp

3. Constitutive Model of SMA with Nanopores Considering Surface Effect and
Residual Strain

3.1. Residual Strain of SMA with Nanopores

Residual strain refers to the strain that the material cannot return to its original state
after being unloaded. Shape memory alloys with large porosity exhibit greater macroscopic
residual strain. It has been found that the residual strain increases approximately linearly
with the increase of porosity by Sourav Gur et al. [26]. In order to obtain an analytical
solution, the residual strain can be assumed to be a linear equation of porosity. For the
residual strain ¢}, of nanoporous SMA, it is assumed that ¢}, is a linear function of
nano porosity.

€np = (14 f)ehs: (23)

where the residual strain €], of the nano-scale dense SMA can be obtained by simulation.

3.2. Constitutive Model of SMA with Nanopores

The research on the constitutive model of SMA has been fully developed in recent
decades, and it has been reported in detail in theoretical research and experiments [27,28].
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In this paper, the following one-dimensional constitutive model of SMA is selected as an
example for analysis [29].

(o
CT EATE(EM —EA)

+o(T—Ty) +HE+¢€. (24)

where ¢, 0, « are total strain, stress and thermal expansion coefficient, T is temperature
and Ty is the temperature in the initial state, H is the largest phase transformation strain, &

is the residual strain, can be obtained from simulation or experimental data.
For SMA with nanopores, the constitutive model considering the surface effect and
the porosity of nanopores can be expressed as follows:

o
Enp = ET,, + otup(T — To) + HGnp + €3 (25)
where
0 o <o}
_P
=9 o % SOS0 (26)
1 (TJ’Z <

. . n
with o is stress, o5 ©

, (T}w are the threshold stress at the beginning and end of the nanoporous
SMA transformation, and ¢} and ¢}° are threshold stress at the beginning and end of
the transformation of the dense SMA, respectively. The superscript and subscript np are
used to indicate the nanoporous SMA. Shape memory alloys with larger porosity exhibit
smaller threshold stresses at the beginning and end of the transformation. According to
reference [26], it has been found that the threshold stresses decrease approximately linearly
with the increase of porosity. In order to obtain an analytical solution, the threshold stresses
can be assumed to be a linear equation of porosity.

np _ ns
Os = (1 - f )Us
. 27
{ O.J’IW — (1 *f)U'?S ( )
4. Numerical Results
4.1. Numerical Results of the Young’s Modulus SMA with Nanopores

In order to obtain the analytical solution of the model in this paper, the surface elastic
constants of aluminum are assumed to be the surface elastic constants of nanoporous SMA.
The surface elastic constants of aluminum are taken from the papers of Miller and Shenoy, in
which two sets of surface moduli are used, namely, xs = —5.457 N/m, ps = —6.2718 N/m
for surface <100>; ks = 12.932 N/m, us = —0.3755 N/m for surface <111>. The ratio coef-
ficient can be obtained as follow C% =14.92, C% = —5.58 and C% = 8.9527, c% = —92.41 [30].
The numerical results of SMA were given by Lagoudas D C,etal. (EM = 30GPa,
EA = 70GPa, vgya = 0.3 [31]).

For brevity, define E* = E;,/ E, where E represents the classical results without the
surface effect (ks = yus = 0). The normalized Young’s modulus E* for different surface
properties as a function of nanopore radius is plotted in Figures 2 and 3.

It is seen from Figures 2 and 3 that E* decreases (increases) with the increase of
nanopore size due to the surface effect, while the classical result (without the surface effect)
is independent of the nanopore size. When R is close to 50 nm, the Young’s modulus
of SMA with nanopores is in good agreement with that of porous materials obtained by
Zhao [32]. The surface effect on the Young’s modulus becomes negligible for nanopore
radius larger than 50 nm.

The variations of the Young’s modulus E* with nano porosity f for two different
nanopore radius are shown in Figures 4 and 5.
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Figure 2. Effective Young’s modulus of 100% martensite as a function of nanopore radius.

1.0

1.00

,,

1
I~

1
LI

i |- - -surface[100], f=0.13]
1
. R surface[111], f=0.13]
1
I \ No surface effect]

1 1 1 1

1 10 20 30 10 50

R (nm)

2

0.98 Vhe

096 - +

E*

0.92

0.88
086 |-

0.84 L

Figure 3. Effective Young’s modulus of 100% austenite as a function of nanopore radius.

1.02

1.0

0.9

0.96

E*

0.94

I
1
0.90 H
]
|
I

0.94 !

1
! |- - -surface[100], f=0.13]
\ ----- surface[111], f:0.13\

No surface effect\

1 10 20 30 40
R (nm)

0 b= er P

8

surface[100], R=5nm\

50

0%z - surface[111], R=5nm|
0.90 k- \ ~~~~~ surface[100], R=20nm\
\-"-~ surface[111], R=20nm\
0.88 L ! ) .
0.0 0.1 0.2 0.3 0.4 05
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f

The value of E* represents a deviation from the classical result without the surface
effect, and it is seen from Figures 4 and 5 that the smaller the nanopore, the larger the
deviation, showing that the smaller the nanopore, the more obvious the surface effect.
The relationship between the normalized Young’s modulus E* and the volume fraction
¢ of martensite at different transformation stages is shown in Figure 6. It is seen that the
effective Young’s modulus of nanoporous SMA is independent of the volume fraction

of martensite.



Micromachines 2021, 12, 529

7 of 10

1.02

2,00 | tm erm t e S e

0.98

0.96

Ex

0.94 |
surface[100], R:Snm\

092 [ - -surface[111], R=5nm|
0.90 _\ ----- surface[100], R=20nm\

|- - - surface[111], R=20nm|
0.88
086 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5

Figure 5. Effective Young’s modulus of 100% austenite as a function of nanoporosity.

1.02

101

Lap Fm e e
Ey ook

008 L \ surface[100], R=10nm, f=0.13|

|- - surface[111], R=10nm, f=0.13|
0.97 |-
096 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

§

Figure 6. Effective Young’s modulus of nanoporous SMA as a function of the martensite volume
fraction ¢.

From Figures 1-6, it is seen that the effective Young’s modulus increases for the surface
<100>, while for the surface <111>, the effective Young’s modulus decreases. The surface
effect has a significant effect on the effective Young’s modulus of the SMA with nanopores
on the surface <100>, but has no obvious effect on the effective Young’s modulus of the
SMA with nanopores on the surface <111>.

4.2. Numerical Results of the Constitutive Model

In this paper, the effective Young’s modulus of SMA with nanopores can be obtained.
Gur et al. established a nanoporous NiTi shape memory alloy model with different porosi-
ties. The initial size of the model is 250 A x 250 A x 250 A, and the pore size is 10-50 A.
And through molecular dynamics simulation, the stress-strain curves of NiTi shape mem-
ory alloys with different porosities were obtained [26], from which the threshold stresses
of SMA with different porosities can be extracted. In the MD simulation of the cited refer-
ence [20], the <100> and <110> crystal orientation models of the NiTi porous shape memory
alloy were simulated. While, the Young’s moduli of the NiTi porous shape memory alloy
in the <100> and <111> crystal orientations are only obtained in this paper. In order to
verify the correctness of the model in this paper, the <100> crystal orientation is used for
numerical calculation and compared with the Gur’s simulation data. It can be seen from
Figure 7 that there is a high degree of agreement between the simulation data and the
numerical result.
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Figure 7. The stress-strain curves of simulation data and numerical result of (a) non-porous NiTi,
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5. Conclusions

In this work, based on the micromechanical framework and considering the surface
effect, the effective Young’s modulus of the SMA with nanopores is obtained. Based
on Young’s modulus and residual strain, a constitutive model of nanoporous SMA is
established. In the numerical results, the effective Young’s modulus is plotted against
nanopore radius, nanoporosity and martensite volume fraction, and the stress—strain curves
of SMAs with different nanoporosities are plotted.

1. The effective Young’s modulus of nanoporous SMA, which is independent of the
volume fraction of martensite, depends on the radius of nanopores and nanoporosity.

2. The surface effect decreases with the increase of nano pore size, and the effective
Young’s modulus of nanoporous SMA is close to the macroscopic theory when the
nano pore radius exceeds 50 nm.

3. The constitutive model of nanoporous SMA is derived, which is in good agreement
with the simulation data in the literature.
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