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Abstract.

The present study follows three main goals. First, an analytical solution with high accuracy is developed to assess

the effects of embedding pre-strained shape memory alloy (SMA) wires on the critical buckling temperatures of rectangular
sandwich plates made of soft core and graphite fiber/epoxy (GF/EP) face sheets based on piecewise low-order shear deformation
theory (PLSDT) using Brinson’s model. As the second goal, this study compares the effects of SMAs on the thermal buckling of
sandwich plates with those of carbon nanotubes (CNTSs). The glass transition temperature is considered as a limiting factor. For
each material, the effective ranges of operating temperature and thickness ratio are determined for real situations. The results
indicate that depending on the geometric parameters and thermal conditions, one of the SMAs and CNTs may outperform the
other. The third purpose is to study the thermal buckling of sandwich plates with advanced hybrid SMA/CNT/GF/EP composite
face sheets. It is shown that in some circumstances, the co-incorporation of SMAs and CNTs leads to an astonishing
enhancement in the critical buckling temperatures of sandwich plates.
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1. Introduction

The extraordinary features of sandwich structures,
especially their high strength-to-weight ratio, have attracted
the attention of various industries including aerospace,
marine, civil, automotive, railway, and sport (Birman and
Kardomateas 2018). Depending on their applications, these
structures may be exposed to thermal environments
(Mekerbi et al. 2021, Daikh et al. 2021), which may even
buckle due to the thermal stresses (Watanabe et al. 1997,
Babu and Kant 2000). Therefore, the analysis of the
stability of sandwich structures under thermal environments
is of great importance. The authors (Kamarian et al. 2020)
showed three main approaches to delay thermal buckling
phenomenon in composite structures: 1) using materials like
SMAs to generate tensile stress to counteract the
compressive thermal stresses, 2) application of materials
like CNTs to change the thermo-mechanical properties of
composites, and 3) design optimization (like stacking
sequence optimization) of composite structures. Regarding
the first two strategies, choosing the right type and amount
of materials is of crucial significance.

SMAs are advanced materials capable of recovering
large strains without plastic deformation, as well as
producing tensile stress if prevented from returning to their
general state (Brinson 1993). These two outstanding
properties have encouraged the use of SMAs to enhance the
performance of structures (Lecce and Concilio 2015,
Bhaskar et al. 2020). Concerning heat-exposed sandwich
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structures, Asadi et al. (2015) developed an analytical
method to examine the thermal stability of sandwich
cylindrical shells containing SMA wires. Katariya et al.
(2017) used the finite element method (FEM) to assess the
effect of SMAs on the thermal buckling of sandwich shell
panels. Nejati et al. (2019) also analytically examined the
thermal vibration of SMA hybrid composite double curved
sandwich panels based on first-order shear deformation
theory (FSDT). Lal and Markad (2021) studied the thermal
post-buckling of smart sandwich plates with the
incorporation of SMAs and shape memory polymers
(SMPs). The critical buckling temperatures were obtained
based on a higher-order shear deformation theory (HSDT)
using FEM.

CNTs are a class of advanced materials with exceptional
properties and wide applications, especially in composite
structures (Garg et al. 2021, Bendenia, 2020). Even small
amounts of CNTs can significantly enhance the thermo-
mechanical properties of the composites (Siddiqui et al.
2010, Barai and Weng, 2011, Kamarian et al. 2021a). Over
the last decade, the effects of CNTs on the behavior of
composite structures have been extensively explored.
Among them, some studies deal with the influence of CNTs
on the thermal buckling of sandwich structures. Sankar et
al. (2017) investigated the nonlinear dynamic thermal
buckling of sandwich spherical and conical shells with
CNT-reinforced face sheets. Ebrahimia and Farazmandnia
(2018) examined the buckling of functionally graded CNT-
reinforced sandwich beams under thermal loads. Mehar et
al. (2019) evaluated the thermal buckling of graded CNT-
reinforced composite sandwich shells based on a higher-
order shear deformation theory (HSDT). Tung and long
(2019) assessed the buckling and post-buckling of CNT-
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Fig. 1 Schematic of a soft-core sandwich plate with
advanced hybrid SMAJ/CNT/GF/EP composite face
sheets

reinforced cylindrical sandwich panels under thermo-
mechanical loadings. Kamarian et al. (2021b) evaluated the
role of CNTs in the variations of critical buckling
temperatures of sandwich plates. Based on Reddy’s HSDT
and by using the Galerkin and Runge-Kutta methods, Dat et
al. (2021) investigated the nonlinear thermal dynamic
buckling and global optimization of smart sandwich plates
composed of a porous homogeneous core, two CNT-
reinforced intermediate composite layers, and two
piezoelectric face sheets.

In the continuation of the authors’ previous studies
(Kamarian et al. 2020, Kamarian and Song, 2022), the
present work is mainly aimed to investigate the effects of
two advanced materials, namely SMAs and CNTs, on the
critical buckling temperature of sandwich plates. Based on
PLSDT and using Brinson’s model, the thermal buckling of
sandwich plates with SMA hybrid composite face sheets is
first studied using an analytical solution. Then, the
performances of SMA wires and CNTs in enhancing the
buckling temperature of sandwich plates are compared.
Moreover, the thermal stability of sandwich plates
composed of advanced hybrid SMA/CNT-reinforced face
sheets is examined.

2. Governing equations

Consider a rectangular sandwich plate made of an
aluminum core and GF/EP composite face sheets, as shown
in Fig. 1. The face sheets may be reinforced with CNTs or
SMA wires. As observed, &g, hc, h, a and b denote the
face sheet thickness, core thickness, total thickness, length,
and width, respectively.

According to PLSDT (Li 2015, 2018), the displacement
components of the sandwich structure are expressed as:
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where, t, b and ¢ indices stand for the top face sheet, bottom
face sheet, and core, respectively. Furthermore, ; and i,
show the rotation angles of the straight line that connects
the midpoint of the face sheets in xozand yozplanes,
respectively. The strain-displacement relations may be
expressed as:
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Similarly, the linear strain components of the core may
be written as:
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The governing stability equations in the present study
are obtained using energy method (Reddy 2003).

S(W—-U)=0 )

where U and W represent the total strain energy and the
total work of external loads. It should be noted that the
effects of thermal stresses as well as the recovery stresses
appear as external load work in the present study. Therefore,
the stress components in the k™ layer of the face sheets and
core can be defined by:

Otx “ Qi1 Q12 Q6 “ Etx “

Oty = sz Q_ze Ety ’

Ttxy Sym 066 thy

Opx @ Qi Q1 Qs 0 Epx kb

Oby = sz st by

Toxy Sym Q_es Vbxy (%)
Ocx ke Qi1 Qiz Q6 ke Eex ke

Ocy = sz st ey ’

Tcxy Sym Q66 }/cxy

{Tcyz}kc _ (?44 (?45} {Vyz}kc
Texz Qus  Qss] Waz
where @.j denote the reduced stiffness coefficients (Reddy

2003). Moreover, kt, kb, and kc denote the k™ layer in top
face sheet, bottom face sheet, and the core, respectively.
The strain energy of the structures is obtained as follows
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The total work done by the external loads (thermal stress
and recovery stress) can be calculated by:
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where the thermal forces (Nfand Ny) and the recovery
forces (Ny and Ny) are defined as follows:
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where a;;,AT,V; and @represent the coefficient thermal
expansion, temperature difference relative to the reference
temperature (T,.r), SMA volume fraction, and the angle
that the graphite fibers and SMA wires make with x-
directions, respectively (Asadi et al. 2014). Additionally,
o” represents the tensile recovery stress generated by SMA
wires which is briefly described in Appendix 1, based on
the Brinson’s model (Brinson 2003). Note that the
embedded SMA wires ae considered to be aligned parallel
to the longitudinal direction of the graphite fibers (Tsoi et
al. 2003). By inserting Egs. (6) and (7) in to Eg. (4), the
thermal buckling equations may be obtained. For the case
that the temperature is uniformly distributed in the
structure, and the top and bottom faces sheets are similar
cross-ply laminates, the governing equations take the
following form:
a*w (3 0*w

g @2 (10)
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where the coefficients of g{’ are presented in Appendix 2.

Note that, the SMA wires are assumed to be embedded only
in the face sheets. In cases where the core is reinforced with
SMA wires, the recovery force generated in the core needs
to be considered. The related boundary conditions are also
derived as follows
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3. Solution method

Assuming that the sandwich plate is simply supported at
all the edges, an analytical solution is proposed in the form
of:
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where m and n denote the number of half-waves in x and y-

directions. The suggested solution satisfies the boundary
conditions of Eq. (11). After inserting Eq. (12) into Eq. (10),
the following equation is obtained.
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where k;; are can be found in Appendix 3. Now, a
nontrivial solution is sought for Eq. (13).
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Solving Eqg. (14) yields the following relation
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From Eqg. (15), the buckling temperatures of the
structure are calculated for different values of m and n. The
minimum obtained value is considered as the critical
buckling temperature, as denoted by the symbol of AT,,.

4. Results and discussion
4.1 Verification study

Two comparative examples are provided to verify the
accuracy of the proposed analytical method. In the first
example, the critical buckling temperatures of a square
sandwich plate with a soft-core and single-layered
orthotropic face sheets (0°/Core/0°) are obtained and
compared with the results of Zhai et al. (2020). The
material properties used in this example are as follows:

Isotropic Core:
o

E =10MPa, v,, =03, a=0.18x10"%— (¢

Orthotropic Face sheets:

E, =132GPa, E, =10.3GPa,

Gy, = 6.5GPav;, =03 ,

a, =12%x107%/°C , a,=24%x107%/°C
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Table 4 Material properties of GF/EP composite free of
CNT and with 0.3 wt% CNT (Kamarian et al. 2021)
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Fig. 2 The critical buckling temperatures of a sandwich
plate with a soft-core and single-layer orthotropic face
sheets (a = b = 0.3m, hy = 0.1mm)

Table 1 The material properties of the NiTi wires used by
Asadi et al. (2014)

. Composite type
Property Unit
GF/EP CNT/GF/EP
E; GPa 129.62 129.74
E, GPa 7.23 7.71
G2 GPa 2.71 2.89
Vg - 0.27 0.27
a; 1078/ °C 0.18 -0.02
a, 1078/ °C 29.13 21.7
T, °C 112.5 110.5

Table 5 Material properties of SMA wires (Gao et al. 2006)

Properties
M, =6.2°C Ea Cy = 8MPajC P
s =2717GPa M = 5719kg/m3
_ or Em Cy _
Ms=20.5°C _3586Pa = 138MPasc U= 033
A; =53.6°C @ = 0MPa/°C of" =100MPa & = 0.067

Ar = 61.3°C

af" = 170MPa

Properties
—0g° _ Cym — 3

My =9°C E, =67GPa — 8MPa/"C p = 6450kg/m

Ms — CA —

= 18.4°¢ Em = 263GPa 3 gy s v =033

Ag ] af" as

= 34.5°C = 0.55MPa/°C = 100MPa =10.26X%107%/°C
O.CT

A- = 49°C f =0.067

U = 170MPa e

Table 2 The material properties of the composite used by
Asadi et al. (2014)

Properties
Elm 0o _ Ellm
= Efn(1+ Elpam), im0 = Ta531074
E2m 0 _ E2m
= B9, (1+ELAT), Fam=807GPa T, 00w 10-1c
Gram . ¢,
=61 G = 4.55GPa, m 4
=—6.06 x 107*/°C
+ GLnAT),
A1m a?m a%m
=al,(1+al,AT), = —0.07 x 107¢/°C, = —1.25 x 1073/°C
Xo2m Aom a%m
=ad,(1+a},4T), =301x107%/°C, =0.41x107*/°C
VUiam = 0.22

Table 3 The critical temperatures of a [90°/0°/90°/
0°]scomposite plate with embedded SMA wires (a/b =
1,a/h =50,&y = 0.01

Vs

Ref. 0% 5% 10% 20%
Present 209.6 237.3 262.7 318.3
Asadi et al. (2014)*  206.3 232.0 259.0 3131

* Data have been extracted from Fig. 12 of the research by Asadi et al.
(2014) using a digitizing software

In Fig. 2, the critical buckling temperatures are plotted
for different values of a/h ratio. As observed, the results
obtained by the present study are very close to those

* The units have been converted to the metric system

reported by Zhai et al. (2020) with a negligible difference.

In the second example, the critical buckling
temperatures of a laminated composite plate with embedded
SMA wires in its outermost layers are calculated. The
results are obtained for lamination scheme 0f[903,,,/0°/
90°/0°],. To verify the present model, the structures can be
assumed as a sandwich plate with 6-layer core with lay-up
[0°/90°/0°]s and two 90° single layer face sheets with
embedded SMA wires. The thermo-mechanical properties
of the SMA wires and composite are tabulated in Tables 1
and 2. As observed from Table 3, the developed model in
the present study can predict the buckling temperatures of
laminated SMA hybrid composite plates with enough
accuracy.

Based on the above two examples, the results of the
present study are sufficiently accurate to estimate the
thermal buckling behaviour of soft-core sandwich plates
with hybrid SMA composite face sheets.

4.2 Thermal buckling of soft-core sandwich plates
with advanced hybrid composite face sheets

In this subsection, the thermal buckling behavior of soft-
core sandwich plates with GF/EP face sheets (see Fig. 1) is
assessed. The composite face sheets may be reinforced with
CNTs, SMA wires, or both. Before analyzing the structure,
the following assumptions need to be considered:

» The material properties of the GF/EP composite
without/with 0.3 wt% CNT are tabulated in Table 4, based
on the authors’ previous research.

« The material properties of SMA wires are listed in
Table 5, based on Gao et al. (2006).

+ The lamination scheme of the face sheets is assumed to
be[0°/90°/0°], .
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Fig. 3 The effects of different types of reinforcements in the GF/EP face sheets on the critical buckling temperatures

of the sandwich plate (a/b = 1),

a) a/A=30 ,b) a/4=50 ,c) a/4=100 ,d) a/s= 150

Table 6 The effects of different types of reinforcement of the GF/EP face sheets on the critical buckling

temperatures of the sandwich plate (a/b = 1)

No reinforcement CNT SMA CNT/SMA
/b I reey mode  ATCC)  mode 5223?;3 AT(CC)  mode Eg;‘fr(‘;s ATCC)  mode E[rﬁirztce
005 2175  (1,1) 3022 (1,2) 389 2579  (1,6) 186 3470 (16) 595
30 01 1207 (12) 1633 (1,2) 353 1510 (1,4) 251 2040 (14) 690
02 795  (1,2) 1081 (1,20 360 1216 (1,3) 530 1658  (1,3) 1086
005 1654  (1,1) 2305  (1,1) 394 2486 (14) 503 3346 (15 1023
50 01 1011  (L,1) 1406  (1,1) 391 1384  (1,5) 369 1865 (15 845
02 640  (1,1) 883 (1,20 380 974 (1,4 522 1322  (14) 1066
005 794  (1,1) 1109  (1,1) 397 1804  (1,2) 1272 2457  (12) 209.4
100 01 577 (L1 806  (1,1) 397 1250  (14) 1166 1685  (14) 1920
02 388 (1,1) 541  (1,1) 394 783 (15  101.8 1057  (15) 1724
005 427  (1,1) 598  (1,1) 400 1311  (1,2) 2070 1786  (1,2) 3183
150 01 340  (L,1) 476  (1,1) 400 1059  (1,3) 2115 1432  (1,3) 3212
02 244  (11) 341  (1,1) 398 248  (1,1) 1.6 948  (15) 2885

» SMA wires are assumed to be embedded in the outermost
layers of the composite face sheets.

» The volume fraction and pre-strain value for the SMA
wires are considered to be 20% and 1%, respectively, unless
the values are mentioned.

» The material properties of the core are assumed to be
as follows: E = 10MPa,v = 0.3,a = 0.18 x 107%/°C

* For the sake of simplicity, the buckling temperature is

considered as the difference between the temperature at
which the structure buckles and the reference temperature
(ATCT =T — TrefﬂTref = ZOOC )

Table 6 presents the effects of different types of
reinforcements in the face sheets on the critical buckling
temperatures of the structure. The results are provided for
various a/h and hg/hratios. As expected, with the
increase of a/h ratio, the structure gets thinner, its total
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stiffness decreases, and its buckling temperature declines.
Furthermore, by enhancing /,/h, the structure buckles at
lower temperatures, which is not always the case as will be
later shown in Fig. 3. Based on Table 6, CNTs enhance the
critical buckling temperatures by about 35~40% at all a/A
and hg/h ratios. Therefore, CNTs have the advantage that
they can lead to a relatively constant increase in buckling
temperature, regardless of the geometry of the structure and
the thickness of face sheets. Similar results (Kamarian et al.
2021) were observed for non-sandwich laminated composite
plates where CNTSs could increase the buckling temperature
by 35 to 42%. Knowing that the glass transition temperature
for the considered composite is about 112.5°C, (4T, =
Ty — Trep = 92.5 °C), incorporation of 0.3 wt% CNT to the
face sheet of sandwich plates with buckling temperatures of
68.5 °Cor higher can sufficiently postpone the buckling
phenomenon to the glass transition temperature. On the
other hand, such a constant improvement may not be
efficient for the low critical buckling temperature of the
base sandwich plate (without CNT and SMA in the face
sheets). Concerning a sandwich plate with a/# = 100and
he/h = 0.2, the comparison indicates that CNTs can only
increase the buckling temperature by 15.3 °Cfrom 38.8 °C
to 54.1 °C. Another interesting point is that CNTs do not
significantly alter the buckling modes of structure, and
buckling occurs at m =1, n=1, 2 similar to the base
sandwich plate.

Now, consider a sandwich plate whose composite face
sheets are reinforced with SMA wires. Table 6 indicates
that, unlike CNTs, SMA wires show a non-constant effect
on the thermal stability of sandwich plates. For example, it
may lead to 18.6% enhancement for the plate with a/h =
30,h¢/h = 0.05 but a 127.2% increment for the case
witha/h = 100, hs/h = 0.05. Thus, the performance of
these wires highly depends on the geometry of the
structures (a/h and h¢/h ratios). The important point is
that embedding SMAs in the face sheets does not
necessarily have a significant positive influence on the
thermal buckling of the structure. Take a sandwich plate
with a/h =150 and hs/h=0.2 for example. If AT
reaches 24.4 °C, the base structure starts to buckle. In this
case, embedding SMA wires does not affect the critical
buckling temperature and AT,.can change only around
0.4 °C. This is because their critical buckling temperatures
are lower than the austenite start temperature (see Table 5).
This implies that buckling occurs before the martensite-
austenite phase transition. Thus, the tensile recovery force is
not generated by the SMAs to counteract the thermal
compressive stress, and the little difference between the
buckling temperatures can be assigned to the slight changes
in the total stiffness and coefficient thermal expansion of
the structure due to incorporation of 20% SMA in the
outermost layers of the face sheets. Previous studies
(Kamarian et al. 2020, 2022, Yas et al. 2021) showed that
SMAs may even have a destructive effect on the thermal
stability of composite beams, rectangular plates, and
trapezoidal plates. Moreover, unlike CNTs, SMA wires may
significantly affect the buckling modes. As observed, mand
n can take different values from 1 to 6 which strongly

depend on the geometric parameters. Another interesting
conclusion is that although in some cases, using only SMA
wires or CNTs does not notably affect the thermal stability
of the plate, the simultaneous use of these materials may
remarkably raise the critical buckling temperature. Again,
consider a sandwich plate with a/h =150 and hs/h =
0.2. Based on Table 6, AT, is 34.1°C and 24.8 °Cfor
the GF/EP face sheets reinforced with 0.3 wt% and 20%
SMA wires, respectively. However, the critical buckling
temperature is 94.8 °Cfor sandwich plates with SMA/CNT/
GF/EP face sheets. The reason is that in the latter case,
CNTs can sufficiently enhance AT,.to a temperature above
Aq, therefore, SMAs can produce the recovery stress to
further delay the buckling temperature. Similar results can
be obtained from Fig. 3 regarding the variations of buckling
temperature against a/h and h./hratios. First, depending
on a/h, the graphs may experience a downward-upward
trend with the increase of face sheet thickness, i.e. an initial
decline of the buckling temperature followed by an
increment (see Fig. 3a). To explain this behavior, it should
be noted that the total stiffness of the structure, as well as
the generated thermal stress, enhance with the increase of
face sheet thickness. Therefore, up to a certain value of
he/h, the negative effect of thermal stress may be more
dominant than the positive effect of the stiffness, hence, the
buckling temperature decreases in the thicker face sheets.
Similar behavior was predicted by Babu and Kant (2000) in
studying the influence of face sheet thickness on the
thermal buckling of sandwich plates. However, after that
specific value of ¢ /h, the effect of stiffness overcomes the
effect of thermal environments, thus, the critical buckling
temperature starts to increase with raising & /h ratio.
According to Fig. 3, depending on the geometric
parameters, one of the CNTs and SMAs may outperform the
other one. Fig. 3a is related to the sandwich plate with
a/h = 30. As seen, the use of CNTs leads to better thermal
stability when &¢/h < 0.14, but SMAs are preferable for
the structure with thicker face sheets. For the case with
a/h =50 (see Fig. 3b), SMA wires and nanotubes have the
same effects on the critical temperature when 0.008 <
he/h < 0.014 while SMAs are more powerful in
enhancing AT, out of this thickness range. Fig. 3c for
a/h = 100 indicates that SMAs play a more prominent
role in increasing the buckling temperature at all 4./h
ratios. In the last case for a/h = 150, embedding SMAS in
the GF/EP composite face sheets is effective only for
he/h < 0.014, it is ineffectual for sandwich plates with
thicker face sheets. In the mentioned#,/hrange, embedding
SMAs can sufficiently delay the buckling temperature to
temperatures above AT,. Thus, unlike Fig. 3a, for sandwich
plates with thinner face sheets, the use of shape memory
wires takes precedence over CNTs. Despite the more
dominant influence of CNTs for a/h =150 and hs/h >
0.14, the critical buckling temperature is not sufficiently
increased in the presence of nanotubes as the power of
CNTs to enhance buckling temperature is limited to around
35-40%. Thus, in such cases, none of the SMAs and CNTs
are effective. Interestingly, co-incorporation of CNTs and
SMAs leads to an astonishing enhancement in critical
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temperature compared to the cases at which only one of
CNTs or SMAs is used except for very thin plates with

a

thick face sheets like when o= 150, h¢/h > 0.25. For

hg/h > 0.25, however, embedding SMAs does not affect
the buckling temperatures even in the presence of CNTs
since the buckling temperature of CNT-reinforced sandwich
plates is still less thanA,. Therefore, the graph for CNT-
reinforced face sheets and SMA/CNT-reinforced face sheets
are almost the same. In such situations, the use of only
CNTs is preferable.

Here, the influence of CNTs and SMAs on the design of
sandwich structures are addressed. The main purpose is to
find the minimum required core thickness (4,,;,) to form a
sandwich structure to withstand the thermal load and does
not buckle. Fig. 4 shows the variations of #,,;, against the
operating temperature. Note that the results of this figure ae
obtained for face sheets with a thickness of 1 mm. As
expected, for the sandwich plate whose GF/EP face sheets
are neither reinforced with CNTs nor with SMAs, the
required core thickness increases with the elevating the
environmental temperature due to the generation of more
compressive thermal stress at higher temperatures,
therefore, the total stiffness of the structure needs to be
increased. Then, a sandwich plate with CNT-reinforced face
sheets is examined. Again, an increasing trend is observed

for the variations of minimum allowable core thickness
versus the operating temperature. However, the numerical
results state that CNTs lead to structures requiring thinner
cores to withstand buckling. A different trend is observed
for the sandwich plate with SMA wire-embedded face
sheets. The graph of this case follows an ascending-
descending-ascending trend. Until AT = 35 °C, i.e., before
the austenite temperature, the graph is almost the same as
the case without CNTs and SMAs. For higher temperatures
up to 75°C (AT =55 °C), the SMAs begin to produce
recovery stress, therefore, the structure requires a thinner
core. By further temperature enhancement, the thermal
stresses overcome the recovery stress, thus, thicker cores
are needed. The sandwich plate with face sheets made of
advanced hybrid SMA/CNT/GF/EP composite is also
considered. The graph of this case exhibits an ascending-
descending-ascending trend, similar to the previous case,
except that the minimum required core thickness is lower as
the structure takes the advantages of both CNTs and SMAs.

Finally, the effects of CNTs and SMAs on the variations
of thermal buckling of sandwich plates are examined versus
a/b parameter for a/h =150, hy =2mm and hg/h =
1/6. Fig. 5 reveals that in the absence of CNTs and SMAs,
the buckling temperature is about40 °Catb/a = 0.5. Then,
the diagram experiences a downward-upward trend with the
increase of b/a parameter and finally converges to
26.5 °C. According to this figure, the incorporation of 0.3
wt% CNTSs to the GF/EPP face sheets leads to a 35-40 %
upward shift of the graph which eventually converges to
37 °C. For the sandwich plate with SMA wires in the
outermost layers of face sheets (V; = 20%), the critical
buckling temperatures are considerably enhanced only
when b/a < 0.8. For plates with b/a > 0.8, the structure
buckles before the SMA wires start to generate recovery
stress. Therefore, the shape memory wires fail to change the
graph of the base sandwich plate. Moreover, Fig. 5 depicts
that the simultaneous use of 0.3 wt% CNTs and only 10%
SMA wires in the face sheets gives rise to a superb
performance. In this case, the buckling temperature is very
close to the highest required value, i.e., AT, at almost all
values of b/a parameter.

5. Conclusions

The present work was mainly focused on the thermal
buckling behavior of sandwich plates with advanced
SMAJ/CNT hybrid composite face sheets. The stability
equations were derived based on PLSDT and solved
analytically for simply supported boundary conditions.
Some conclusions of this study can be listed as:

» The developed analytical approach is simple but
accurate enough to predict the thermal buckling behavior of
sandwich plates made of soft cores and advanced hybrid
SMAJ/CNT composite fac sheets.

« CNTs have an almost constant (35~40%) positive
effect on the critical buckling temperatures (AT,.) of
sandwich structures regardless of the geometric parameters
and operating temperature.

« For base sandwich plates whose buckling temperature
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is around 68 °C or more, 0.3 %wt CNTs can sufficiently
delay the AT, to its highest required level (4T).

* CNTs do not change the buckling modes (m, n)
significantly.

» The influence of SMAs on the thermal stability of
sandwich plates is highly variable and depends on the
geometry of the structure and working temperature.

» For sandwich plates with high a/h or b/a ratios,
SMAs were not effective to enhance the buckling
temperatures.

» Embedding SMA wires is almost ineffective if the base
sandwich plates are used at low-temperature environments
(T < Ay) or when their buckling temperature is less than
As.

* SMAs may considerably change the buckling modes.

+ Depending on b/a,a/h,hs/h ratios and the working
temperature, using one of the CNTs and SMAs may lead to
stronger performance compared to the other.

« In some cases (like Sz 1, %z 50,0.08 < hp/h <

0.14), CNTs and SMAs have almost the same impact on the
critical buckling temperatures of the structure.

* In some cases, using only one of the CNTs or SMAs
does not remarkably alter the buckling temperature, while
their simultaneous application significantly enhances the
thermal stability of the structure.

* The co-presence of SMAs and CNTs does not
necessarily lead to superb enhancement in the buckling
temperatures at all conditions. For plates with a high b/
aratio, no meaningful difference is observed between the
AT, of sandwich plates reinforced by only CNTs and those
reinforced by both CNTs and SMAs.

Selecting proper reinforcement can considerably
decrease the required core thickness and therefore the
weight of sandwich plates
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Appendix 1

The unique properties of SMAs can be assigned to the
phase transformation of austenite to martensite and vice
versa upon exposure to thermo-mechanical loads (see Fig.
Al). In the absence of mechanical load, there are four
important temperatures for SMAs, which are the martensite
start (M), martensite finish (M), austenite start (4,) and
austenite finish ( Ar ). Furthermore, by applying a
mechanical force, the conversion to detwinned martensite
can occur in SMAs, in which, the critical stresses for the
start and end of this conversion are constant when T < M
and almost linear when T > M, (see the slopes of curves
in Fig. Al shown by C, and C,). According to the
Brinson’s findings, the martensite volume fraction of SMAs
can be divided into two parts of stress-induced martensite
(&) and temperature-induced martensite (&), namely
(Brinson, 1993):

§=&+4&r (A1)

Brinson (1993) indicated that the recovery stress
generated by SMAs can be obtained based on the following
equation.

0 = E;(§)(e — &.85) + 04T (A2)

where E, &, © and ATdenote the Young’s modulus of
SMAs, maximum residual strain, thermo-elastic tensor, and
the temperature variations, respectively. In addition, E;can
be calculated by:

E,

Es@@)=—F7F——

1+ (ﬁ ~1)¢

in which, E, and E,, refer to the Yong’s modulus of
SMAs at pure austenite and martensite phases, respectively.
Based on the research performed by Brinson (1993), for the
region at which T > A; and C,(T — 4A;) < 0 < C4(T —
Ay), the martensite fraction during heating can be obtained

by:
$o T o 4
f_——z {cos[ ; S(T—As——CA>]+1} (A4)

(A3)
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In which, the subscript ‘0’ shows the initial state of the
parameters. More details about SMAs features and behavior
can be found elsewhere (Brinson 1993, Lecce and Concilio
2015, Bhaskar et al. 2020).
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where Ag;;, Acj . Drij and D;; denote the extensional
stiffness coefficients of the face sheets, extensional stiffness
coefficients of the core, bending stiffness coefficients of the

face sheets and bending stiffness coefficients of the core,
respectively, defined by:
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