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Abstract

This paper presents a theoretical study of the thermally driven behavior of a shape memory alloy (SMA)/FGM ac-
tuator under arbitrary loading and boundary conditions by developing an integrated mathematical model. The model
studied is established on the geometric parameters of the three-dimensional laminated composite box beam as an actua-
tor that consists of a functionally graded core integrated with SMA actuator layers with a uniform rectangular cross
section. The constitutive equation and linear phase transformation kinetics relations of SMA layers based on Tanaka
and Nagaki model are coupled with the governing equation of the actuator to predict the stress history and to model the
thermo-mechanical behavior of the smart shape memory alloy/FGM beam. Based on the classical laminated beam
theory, the explicit solution to the structural response of the structure, including axial and lateral deflections of the
structure, is investigated. As an example, a cantilever box beam subjected to a transverse concentrated load is solved
numerically. It is found that the changes in the actuator's responses during the phase transformation due to the strain
recovery are significant.

Keywords: Shape memory alloy (SMA); Functionally graded material (FGM); Smart actuator beam; Classical lami-
nated beam theory (CLBT)

perature environments due to their better thermal
resistance, while the metal constituents provide
A new class of materials known as functionally  stronger mechanical performance and reduce the pos-
graded materials (FGMs) has emerged recently, in sibility of catastrophic fracture. Due to their superior
which the material properties vary continuously  thermo-mechanical properties, FGMs have been ex-
throughout the continuum and specifically in the  tensively applied in various industries with high tem-
plates along the thickness direction. In an effort to  perature environments.
develop super heat-resistant materials, Koizumi [1] The laminated composite structures can be tailored
first proposed the concept of FGMs which are typi-  to design advanced structures, but the sharp change in
cally made from a mixture of ceramics and metals  the properties of each layer at the interface between

1. Introduction

and are further characterized by a smooth and con-  two adjacent layers causes large interlaminar shear
tinuous change of the mechanical properties from one  stresses that may eventually give rise to the well
characteristic surface to the other. The ceramic con-  known phenomenon of delamination. Such detrimen-

stituents of the FGMs are able to withstand high tem-  tal effects can be mitigated by grading the properties
 This paper was recommended for publication in revised form by in a continuous manner across the thickness direction.
 Associate Editor Maenghyo Cho For example, Teymur et al. [2] carried out a thermo-
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the onset of delamination could be prevented by tai-
loring the microstructures of the composite plies.
Thus, the use of FGMs may become an important
issue for developing advanced structures and inten-
sive research has been already reported on the buck-
ling analysis (Feldman and Aboudi [3]), exact solu-
tions (Sankar [4], Batra and Vel [5], Zhong and
Shang [6]), dynamic analysis (Loy et al. [7], Yang
and Shen [8]) and nonlinear thermo-elastic analysis of
structures made of FGM (Woo and Meguid [9], Shen
[10]), but the works related to the monitoring and
vibration control of FGM structures are limited,
namely, the works of Aydogdu and Taskin in present-
ing Navier type solution method for the vibration of
simply supported FGM beam, using Hamilton's prin-
ciple [11], Zhong and Yu in improving a general two-
dimensional solution for a cantilever FGM beam [12],
and Sina et al. analyzing the free vibration of FGM
beams by means of new theory [13].

In addition to FGMs, over the last four decades or
so, a great number of researches have been proposed
in the literature in order to investigate the behavior of
shape memory alloys. Many researchers have con-
ducted investigations of the basic performance and
application of shape memory alloys (SMAs). There-
fore, there have been many results of research on
SMAs [14-19]. A general 3-D multivariant microme-
chanical model for shape memory alloy constitutive
behavior was developed by Gao et al. [14-16]. Brin-
son et al. [17] studied the evolution of temperature
and deformation profiles seen in SMA wires under
specific thermal and mechanical boundary conditions
using a macro-scale phenomenological constitutive
model for shape memory alloys in conjunction with
energy balance equations. She also developed a
nonlinear finite element procedure which incorporates
a thermo-dynamically derived constitutive law for
SMA material behavior [18]. Brocca et al. [19] pro-
posed a model for the behavior of polycrystalline
memory alloys, based on a statically constrained mi-
croplane theory.

As is well known, if the alloy is trained to have a
particular shape in austenite phase, it is capable of
remembering this shape. A large plastic deformation
can be produced when the alloy is subjected to exter-
nal force due to martensite transformation. If it is then
heated above the austenite transformation temperature
and restrained to contract, a large recovery force
arises out of the phase transformation from martensite
to austenite. Because of this unique property, SMA is

prospective in many exciting and innovative engi-
neering applications such as structural vibration con-
trol, buckling control and shape control.

In the quest for developing lightweight high per-
forming flexible structures, a concept emerged to
develop structures with self-controlling and self-
monitoring capabilities. Expediently, these capabili-
ties of a structure were achieved by exploiting the
converse and direct innate effects of smart materials
as distributed actuators or sensors, which are mounted
or embedded in the structure [20-22]. Therefore, ad-
vances in design and manufacturing technologies
have greatly enhanced the use of advanced composite
materials for aircraft and aerospace structural applica-
tions. Due to their structural advantages of high stiff-
ness-to-weight and strength-to-weight ratios, compos-
ite materials can be used in the design of smart struc-
tures and hence significantly improve the perform-
ance of aircraft and space structures. In recent years,
some researchers have studied shape memory alloy
composites (SMACs), which consist of SMA rein-
forcement and a metal or polymer matrix [23-30]. In
particular, considerable attention has been paid to
development of several analytical and numerical
models for the laminated composite structures with
integrated SMA sensors and actuators. Lagoudas et al.
[23] and Kawai et al. [41] proposed the constitutive
equation of SMAC to predict its mechanical behavior.
The present authors [25] reported the fracture behav-
ior under uniaxial tension and the deformation behav-
ior under thermo-mechanical loading on NiTi fiber-
reinforced polycarbonate composites. Khalili et al [26,
27] investigated the effect of some important parame-
ters on low-velocity impact response of the active
thin-walled hybrid composite plates embedded with
the shape memory alloy wires, employing the first-
order shear deformation theory as well as the Fourier
series method. Sepiani and Ghazavi presented a
thermo-micro-mechanical model for studying elastic
behavior of woven plain composites embedded with
SMA fibers [28]. Zhou et al. [29] Investigated
through-the-thickness mechanical properties of smart
quasi-isotropic carbon/epoxy laminates and Dano et
al. [30] developed a theory and designed experiments
to study the concept of using shape memory alloy
wires to effect the snap-through of unsymmetric
composite laminates. Ghomshei et al. [31, 32] pre-
sented a mathematical model for analysis of a ther-
mally driven shape memory alloy/elastomer actuator
under arbitrary loading and boundary conditions.
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Balapgol et al. [33] studied the free vibration analysis
of an SMA surface laminated composite cantilever
plate by means of a finite-element method. Chen and
Levy [34] proposed the mathematical model of a
flexible beam covered with SMA layers.

Although the laminated composite structures with
integrated SMA elements have been taken up by
many of the aforementioned researchers, to the au-
thors’ best knowledge no researches dealing the mod-
eling of FGM structures embedded with smart shape
memory alloy layers have been reported in the litera-
ture, thus motivating the authors to present a theoreti-
cal model to study the thermally driven behavior of
an SMA/FGM actuator under arbitrary loading and
boundary conditions by developing an integrated
mathematical model.

The model studied in this research is established on
the geometric parameters of the three-dimensional
laminated composite box beam as an actuator that
consists of FGM core and SMA bonding layers with a
uniform rectangular cross section (Fig. 1). The consti-
tutive equation and linear phase transformation kinet-
ics relations of SMA layers depicted by Tanaka and
Nagaki are coupled with the governing equation of
the actuator to predict the stress history in smart
SMA/FGM beam and to model the thermomechanical
behavior. Based on the classical laminated beam the-
ory, the explicit solution to the structural response of
the structure, including axial and lateral deflections of
the structure, is investigated. As an example, a canti-
lever box beam with uniform square cross-section
subjected to a transverse concentrated load is solved
numerically. The effect of some parameters such as
activation temperature, FGM layer thickness and
FGM index factor is investigated.

2. FG and SMA materials
2.1 Functionally Graded Materials (FGM)

Several available analytical and computational
models have discussed the issue of finding suitable
functions for material properties, and there are several
criteria for selecting them. They should be continuous,
simple and have the ability to exhibit curvature, both
concave upward and concave downward [35]. In this
study the simple power law, which has all the desired
properties, is used. Nowadays not only can FGM be
easily produced but also one can control even the
variation of the FG constituents in a specific way. For
example in an FG material made of a ceramic and

metal mixture, we have

Vo+V.=1 (D
in which V, and V,, are the volume fraction of the
ceramic and metallic part, respectively. Based on the
power law distribution [36], the variation of ¥, versus
thickness coordinate (z) with its origin placed at the
middle of the thickness can be expressed as

V.=(z/h,+1/2)%, g=0 2)
in which %, is the FG core plate thickness and g is the
FGM volume fraction index (see Fig. 1). Note that the
variation of both the ceramics and metal constituents
is linear when g = 1. Moreover, for the value of g =0,
a fully ceramic plate is intended. All other mechanical,
physical and thermal properties of FGM media follow
the same distribution as for V.. We assume that the
inhomogeneous material properties, such as the
modulus of elasticity E, the density p, thermal expan-
sion coefficient, and thermal diffusivity &, change
within the thickness direction z based on Voigt’s rule
over the whole range of the volume fraction [37] as
follows, while Poisson’s ratio v is assumed to be con-
stant in the thickness direction [38] as

E(z)=(E.-E,)V.(2)+E,
p2)=(p.—pIV.(2)+p,
a(z)=(a,-a,)V.(2)+a, 3)
k(z)=(k.—k,)V.(2)+k,

v(z)=v

where the subscripts m and ¢ refer to the metal and
ceramic constituents, respectively. After substituting
V. from Eq. (2) into Eq. (3), material properties of the
FGM beam can be determined in the power law form
which are the same as those proposed by Reddy and
Praveen [36], i.e.,

E(z)=(E.—E,)(z/h,+1/2)*+E,

p(2)=(p. = p,)(z/ 1 +1/2)"+p, “4)
etc.

Contrary to most published papers on FG beams, in
this paper we choose a beam with the upper part as
being metallic and the lower part as ceramic. This
makes us exchange the subscript m in Eq. (4) with ¢
and vice versa. In this way, when g = 0 the FG beam
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Fig. 1. A schematic illustration of the shape memory alloy/
FGM actuator beam.

becomes completely a metallic isotropic beam. The
stress—strain relations for the FGM are similar to
those of isotropic beams.

2.2 Shape memory alloy actuators

During martensitic transformation of SMA, the
bulk of the metal is uniformly blended with the mart-
ensite and austenite phases. The stresses in the SMA
layer during this phase transformation are formulated
using a “variable sub-layer’ model [39] as follows:

o ()=01-¢)o/ +0o/ Q)

where ¢ is the martensite fraction of SMA during
phase transformation. Stress-Strain equation in 3-D
applications can be presented in matrix form as

o)} =Dy e} 6)

where [Dgya] is the constitutive matrix for the SMA
layer. Young’s modulus of SMA layer is given by

E(Q)=(1-0)E,;+TEy @)

3. Method

The geometrical configuration of the proposed
SMA/FGM beam is shown in Fig. 1. SMA layers are
assumed to be isolated from each other, so that each
one can be activated separately. External faces of
actuator, i.e., the outward sides of the SMA layers are
in contact with a heat sink with a constant tempera-
ture, 7). It is also assumed that only the upper and the
lower SMA layers can be activated simultaneously.
Therefore, the beam displacements, including an axial
displacement and a lateral deflection, occur only in a

plane orthogonal to the activated faces of actuator (xz
plane in Fig. 1).

We assume the temperatures in top and bottom
SMA layers, T; and T3, are constant, so the tempera-
tures at the upper interface and lower interface of the
FGM and SMA layers will be 7; and T3, respectively.
Neglecting the longitudinal heat conduction, the tem-
perature distribution inside the beam section is deter-
mined by solving the 1D unsteady heat conduction
problem

oT(zt) _ 0 (k ) aT(z,t)j @

a oz oz

Under the steady-state condition, the above relation
is equal to zero. Under the boundary and initial condi-
tions

T(z,t)=T, atz="h,/2
T(z,t) =T, atz=—-h, /2 )
T(x,t)=T, whent =0

where T, is the initial temperature. The temperature
distribution, when assuming steady-state condition,
within the FGM part of the beam along the z-
coordinate is found to be:

Tz(z)=T3+AT{[2Z+hzj_ (kc—km)[22+hz]

c|\2n, ) (g+0k, ( 2h
L U —k,) (22+h, k) (2248 )
Qg+ VK2 2h, Gg+Di | 2h,
L U=k (224 m ) =k, (220 m )
(4g+ Dk 2h, Gg+Dk (| 2h,
(10)
In which
(ke =hy) (ke —ky)
(g+Dk,  (2g+D)k,
_ 3 _ 4
_ (K km)3 n (k. km)4 11
(Bg+Dk,  (4g+Dky,
(ke —ky)’
(Sg+Dk,,

and AT =7, -7, is defined as the temperature dif-
ference between metal-rich and ceramic-rich surface



H. Sepiani et al. / Journal of Mechanical Science and Technology 23 (2009) 3179~3190 3183

of the plate. Note that the temperature variations
along the length and width of the actuator are consid-
ered to be negligible. In this study, the classical lami-
nated beam theory is implemented in which the strain
field is given by

e=e"+:zx (12)
where
e’ =u,, K=-w. (13)

and u, and w are axial and lateral displacements of
neutral axis of the beam, respectively. The effective
axial force N and effective bending moment M E
can be expressed as

NE = 4¢° + Bx, ME =B’ + Dk (14)
where 4, B and D are extensional stiffness, coupling

stiffness, and bending stiffness of the beam (actuator)
respectively, are given by Gibson [40]

(4,B,D)= J.E(l,z,zz)dA -
A+A+4 (15)

.[ E(2)(1,z,2%)dA+ J'E(T,Q(1,z,z2)dA
4, A+

Here A is cross section area and subscripts /, 2 and 3
refer to top layer, core and bottom layer, respectively.
Young's modulus of FG material is a complicated
function of temperature, but can be approximated by
a linear function of 7

Ey(T,2) = S(T = Tp) + Eo(2) (16)

In which S is the slope of change of the FGM’s elastic
modulus with temperature. Substituting 7, from Eq.
(10) into Eq. (16), one can express the modulus of the
FGM layer, as functions of the z coordinate.

Then, we need explicit expressions to be deter-
mined for SMA layers' modulus of elasticity.
Young’s modulus of the SMA layers can be ex-
pressed as follows [41]:

E =GBy +(1-8)DE,

17)
Ey =GBy +(1-83)E

where E),, and E, are the martensite and austenite
Young’s modulus, respectively, and ¢; (i =13)
indicates the martensite fraction for ith SMA layer. In
this work, a linear model for the phase transformation
kinetics presented by Lin and Rogers [42] is imple-
mented. For M — A transformation with ¢, the
model is expressed as

1 forT<A4 +|o|/C,
$=4n for A +|o|/C,<T <4, +|o|/C,
0 forT=A4, +|o|/C,

T-4 |o]
- +

(18)
A/’ - Av CA(A/ - Av)

n=1

in which 4, and A, represent austenite start and aus-
tenite final temperatures, respectively, and C, repre-
sents stress-temperature slope for austenite start tem-
perature. In the second temperature interval, ¢ is a
function of o and is unknown. In addition, the lim-
its of the temperature intervals are variable and
change according to the amount of stress. In this
study, it is assumed that in the equilibrium condition
of actuator, in each activated SMA layer, only one
part of Eq. (18) is satisfied throughout its total length
and thickness.

3.1 A, B and D matrixes

Now, by expanding the integrals of the Eq. (15),
the following expressions for the stiffness coefficients
A, Band D are

2 2
3 3
in which
hy /2 -
[:j E(z)z " dz (20)
~hy/
and
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2 2
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o) 3)
3 3
(o] (3

where b is width of the beam.

H)

Hy

3.2 Mathematical model

Three different factors affect the axial forces and
bending moments in the actuator: (1) external loads,
(2) thermoelastic stresses induced by temperature
changes, and (3) stresses created by phase transforma-
tion in SMA layers. Thus, Eq. (11) can be written as
follows:

NE=NM 4+ NT + N” = 4¢° + Bk
22)

ME=M" +MT + M" =B + Dk

Each of three upper indexes M, T and P refer to
each three above-mentioned effects. Using Hooke's
law for the FGM layer, and the time-independent
form of Tanaka and Nagaki's constitutive relation for
the SMA layers [43], o can be determined by the
following equations:

o=E,e—E,aAT for FGM layer
o=E()e+OAT +Q({ —1) for SMA layers

(23)

where AT =T -T,, and e=¢—¢, is the relative
strain in the SMA layers. ® and Q are thermal
and phase transformation modules for SMA, respec-
tively. By employing the above constitutive equations,
the stress resultants due to temperature change and
the phase transformation in SMA layers, can be de-
termined as follows:

(NT M7y = J—@Aﬂ(l,z)dA
4
+ J-Ez(z)a(z)ATz(l,z)dA
4,
+ J' _OATy(1,2)dA
A3

(24)

H. Sepiani et al. / Journal of Mechanical Science and Technology 23 (2009) 3179~3190

(NT M7y = J'Qa —&Y(1,2)dA
4

(25)
+ J' Q- &)(1,2)dA
A3
where AT =T1-T, , AL;=T3-1, and

AT, =T,(z) Ty, which T,(z) is defined in Eq.
(10). Also, the mechanical stress resultants (N, A"
can be determined by equilibrium equations of the
actuator. By expanding the integral of the first part of
Eq. (24), the following expressions for the thermal
axial force can be written as

N =az{hi(ﬂ IS, —2T,)10]

2

_G)b((]; - Tf)hl + (T3 - T/ )hz) (26)

Similarly, the following expressions are obtained
for the thermal bending moment, by integration of the
second part of Eq. (24):

M= az{hi(n -, +§<Tl T, - 2T,,)11]

2

—Ob((T, - T)H, —(T, = T))H,) @7

Substituting Eq. (18) into the first part of Eq. (25),
and noting that the upper and lower SMA layers can
be activated with two different input loads, the fol-
lowing expressions for the phase transformation axial
force can be obtained:

NP = N[+ NE¥

28
(i=1lor2or3), (28)

(k=1or2or3)

where, N " and NY k are given in Eq. (29). The
superscripts i and & are referred to one of the three
temperature intervals in Eq. (18).

NT=0

NP2 =AM + A +T, (29-a)
N2 = Qbn

N =0

N2 = A6’ + Ay + Ty (29-b)
NE3 = Qbh,
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where, the coefficients A;, A, and I are given
by

_ JEbRQ
Ca(4, —4)- jQ
3 JE\LiQ
Cy 4y —A4) - jQ

[CA(TI—AQ—J'@ATI
Fl =

1=
(30-a)

A

(30-b)

- bh Q
CA(Af —4y) - jQ

In the above equations j =sgn(c) represents the
sign of stress in the SMA layer. The coefficients Aj,
Az, and T are determined by similar expressions,
except that 7}, h; and L, should be replaced by T3, &3
and L; respectively. Similarly, for the phase transfor-
mation bending moment, M, one has

MP = MFP P

31
(i=1lor2or3), (k=1or2or3)
in that
M =0
M{? =N’ + A+ T (32-a)
M1P3 =QL,
M =0
MP? = A6 + AL+ T (32-b)
M3® =L,
where
M="¢ (AjEle; Q
—A)—j
o (33-2)
r_ ]EIIIQ
1= .
Cy(dy —4y) - jQ
C(T; - A,) — jOAT,
ry = Cahiz4) ZjOAT |, (33-b)
Cyldy —45)-jQ

Expressions for A3, A}, and I'; are the same
asthose for A}, Aj,and I presented by Eq. (33),
except that 7, h; and L, should be replaced by T3, &3
and L; respectively. If the martensitic residual strain,
&, , initially constituted in the SMA layers is less than
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the recovery strain limit, &;, in Egs. (29)-(33), Q
should be replaced by a corrected value Q,., which
can be computed from Q, =Q¢, /g, . In Egs. (28)
and (31), N*, M” can be represented by general ex-
pressions as follows:

NP =Ae® + A +T

(34
MP =N + Ak +T
where
A=A +Ay; A=A +A;;  T=0+0,
N =Aj+Ay; A =Aj+Ay; T =T+
(3%5)

Here, for each of the heated SMA layers, in the first
and third temperature intervals of Eq. (18), the coeffi-
cients A, A and A', A’ are equal to zero. As
can be seen in Eq. (34), the force and moment due to
phase transformation are functions of £% k. This
indicates nonlinearity in the actuator behavior. In this
study, a linear approximation is presented. After de-
termining the mechanical, thermal and phase trans-
formation forces and moments, and their substitution
into Eq. (22), Eq. (34) is derived, which can be solved
simultaneously for &, x

NE=NY - NT +(Ae® + A +T)

=A4e% + Bk (36)
ME =M™ M (N + Ak +T)
=Be" + Dk
Rearranging of Eq. (36), one has
M T _
SOZ‘I'_INM+NT+F B-A
MY +M° +T" D-A
M T
=y A—A NM+NT+F 37)
B—-A" MY +M" +T'
where
Y=(A-A)(D-AN)-(B-A)(B-A") (38)

Eq. (37) can be solved for midplane strain and cur-
vature of the actuator. Finally, the axial midplane
displacement u, and lateral deflection w of the
actuator can be determined by solving Eq. (13).



3186

4. Numerical results and discussion

In order to solve the above relations, in this section,
an SMA bonded FG beam (as shown in Fig. 1) is
considered under clamped-free boundary condition.
The length (L), width (b) and the thickness of the FG
core are 200 mm, 30 mm and 1.5 mm, respectively,
and the SMA layers are considered to have the same
thickness, A; = h3. Thickness ratio of the SMA lay-
ers to the FG core layer is 0.2.

For the procedure outlined above, a code was de-
veloped in MATLAB workspace. This program is
executed for computing the behavior of the beam
shown in Fig. 1, with the physical properties listed in
Tables 1 and 2. The values of the physical properties
are for Nitinol as the SMA layers and Aluminium-
Ceramic as the core FG layer. In this example, only
the upper SMA layer is considered to be activated,
T, > T3 =T, . Estimating €% and x as one degree
functions of x

2=Cx+C,; K=Cx+C, (39)
and then integrating according to Eq. (13) gives
i’ =R+ Chx ; w=Cx} + Cpx? (40)

C; (i=1,2,3,4) are functions of the FGM volume
fraction index, activation temperature, thicknesses,
elastic modulus of metal and ceramic, slope of the
FGM. Elastic modulus changes with respect to tem-
perature, and martensitic residual strain in the SMA
layers.

The effect of each of the above-mentioned parame-
ters on the actuator displacements response was ex-
amined under a non-dimensional loading of

Table 1. Material properties for a Nitinol alloy [44].

H. Sepiani et al. / Journal of Mechanical Science and Technology 23 (2009) 3179~3190

p=p/ h22 =1. The results are illustrated in Figs. 2-7.
Fig. 2 shows the effect of activation temperature 7; on
non-dimensional deflection w and Fig. 3 shows the
effect of activation temperature 7; on non-
dimensional displacement u, . T; is assumed to be
300K and the beam is considered to be fully ceramic
(g= ). One can see a significant deflection during
phase transformation.

The effects of thickness of FGM layer on the actua-
tor responses are shown in Figs. 4 and 5. Substantial
nonlinear change in displacements can occur as this
parameter is varied. In these figures, no phase trans-
formation is considered and the SMA layers are as-
sumed to be fully martensitic. Increasing the FGM
layer thickness results in a significant decrease in
lateral deflection, while the axial displacement keeps
its trend to increase in absolute magnitude.

In the next step, we investigate the effect of the
FGM power index, g, on the displacements of the
compound beam. The obtained results in Fig. 6 and
Fig. 7 indicate that by increasing the value of gthe
lateral deflection decreases, while the axial displace-
ment of the system increases when 300K activation
temperature is applied. Moreover, as it is shown in
Table 3, this decreasing trend of w and increasing
trend of u, for smaller values of FGM index is
more pronounced. For example, in the case of a beam
under 300k activation temperature, by increasing the
value of g from 0.1 to 1 (about 1000%), the axial
deformation for the compound beam increases by
25.75%, but by increasing g from 1 to 10 (about
1000%) of the same beam and for the same activation
temperature, it increases by 20.49%. Similarly,
25.73% and 20.46% decrease can be seen for lateral
deflection. This can be seen better in the Figs. 8 and 9.

Module/Density T,;ZE;Z;?S;ZH Tr?;ﬁ:;itsion Other
E,=67 x 103 Mpa M9 °C Cy=8 Mpa/ °C Max. Residual strain g, =0.067
E,=26.3 x 103 Mpa M=184°C C,=13.8 Mpa/ °C Resistivity p.=09x10-6
60=0.55 Mpa/oC A~34.5°C o =100 Mpa Specific heat C,=920J/kg oC
p =6500 kg/m3 AF49°C o/ =170 Mpa Conductivity =18 W/moC

Table 2. Material properties and geometry of FGM core beam (Subscript ¢ indicates Ceramic and subscript m indicates Alumi-

num as metal).

E. (GPa)

E, (GPa)

2 (kgm?)

P (kg m*)

Poison's ratio

205

70

8900

7000

0.3
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Fig. 2. The effect of activation temperature (K), 7}, on the
non-dimentional lateral deflection (w/L) of the actuator beam
(hg/L=7.58-3, h]/h2=h3/h2=0‘2, g=00)

% 10"

© 01 02 03 o4 05 08 07 08 08 1

Fig. 3. The effect of activation temperature (K), 7}, on the
non-dimensional axial deflection (u»/L) of the actuator beam
(hz/L:7.5€-3, h]/hzzh3/h2:0.2, g:w)

—— h2=1.5mm
—— h2=2mm
—w— h2=2.5mm
—=— h2=3mm

Fig. 4. The effect of FGM layer thickness, h,, on the non-
dimensional lateral deflection (w/L) of the actuator beam
(T;=300k, g=).

Fig. 5. The effect of FGM layer thickness, 4., on the non-
dimensional axial deflection (uy/L) of the actuator beam
(T,=300k, g=x).
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Fig. 6. The effect of FGM index, g, on the non-dimensional
lateral deflection (w/L) of the actuator beam (7,=300k).
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Fig. 7. The effect of FGM index, g, on the non-dimensional
axial deflection (u,/L) of the actuator beam (7,=300k).
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Table 3. The effect of FGM index to the tip deflection of the actuator beam (h/L=7.5¢-3, hi/h,=hs/h,=0.2).

g T, (k) w (L)L w (L)L g T, (k) w(LyL u (L)L
300 0.67588 -0.04055 300 0.47626 -0.02858
0 325 0.042242 -0.00253 0.1 325 0.029766 -0.00179
365 -0.84485 0.050691 365 -0.59532 0.035719
300 0.64351 -0.03861 300 0.36766 -0.02206
0.001 325 0.040219 -0.00241 1 325 0.022979 -0.00138
365 -0.80439 0.048263 365 -0.45958 0.027575
300 0.57883 -0.03473 300 0.2994 -0.01796
0.01 325 0.036177 -0.00217 10 325 0.018712 -0.00112
365 -0.72354 0.043412 365 -0.37425 0.022455
o fies tive equation and linear phase transformation kinetics
o e relations of SMA layers depicted by Tanaka and Na-
- T1e320 . . . .
04 - T1e300 gaki are coupled with the governing equation of the
oA — actuator to predict the stress history in smart
a.:; e e 1 SMA/FGM beam and to model the thermomechanical
3 — behavior. Based on the classical laminated beam the-
~l’--:uz ----- -+

FOM novwar Indey [}

Fig. 8. non-dimensional lateral deflection for the tip of the
actuator beam (h/L=7.5e-3, h;/h,=h3/h,=0.2).

UL

3 4 $ L] t L] -] 10
FOM power Index ()

Fig. 9. non-dimensional axial displacement for the tip of the
actuator beam (hy/L=7.5e-3, hi/h,=h3/h,=0.2).

5. Conclusion

A theoretical study of the thermally driven behav-
ior of an SMA/FGM actuator under arbitrary loading
and boundary conditions was presented by develop-
ing an integrated mathematical model. The constitu-

ory, the explicit solution to the structural response of
the structure, including axial and lateral deflections of
the structure, is investigated. As an example, a canti-
lever box beam with uniform square cross-section
subjected to a transverse concentrated load is solved
numerically. The effect of some factors such as acti-
vation temperature, FGM layer thickness and FGM
index factor is investigated and showed diagrammati-
cally. It can be inferred from the results that the de-
flection during phase transformation is significant and
increasing the FGM layer thickness results in decreas-
ing the lateral deflection, while the axial displacement
keeps its trend to increase in absolute magnitude. The
obtained results also indicate that by increasing the
value of g the lateral deflection decreases, while the
axial displacement of the system increases when
300K activation temperature is applied. Moreover,
decreasing trend of  and increasing trend of
for smaller values of FGM index are more pro-
nounced.
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