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Abstract: In this paper, experiments and finite element analysis methods were adopted to study the
flexural performance of shape memory alloy hybrid composites (SMAHC). The effect of embedding
content and position of shape memory alloy (SMA) wire on the flexural properties of composite
laminates was analyzed, and the optimal content and position of SMA wire were obtained. The
optimal number of SMA wires for SMAHC laminates (B-2) is four. Compared with GFRP laminates,
the flexural modulus of B-2-4 laminates increases by 5.19%, while the strength decreases by 5.76% on
average. The finite element model of the SMAHC laminate was established by using ABAQUS finite
element analysis software, and the validity of the model was verified by the comparison between the
simulation results and the experimental results. The microscopic morphology results show that the
weak interface between the matrix and SMA has a certain influence on the flexural performance of
SMAHC specimens.

Keywords: SMAHC; finite element model; flexural properties; optimal content; optimal position

1. Introduction

Smart materials and structures have brought forth a paradigm shift in design, mostly
to the fields of structural engineering, robotics, and aerospace, due to which the demand for
highly functional and lightweight, adaptive systems is continuously growing [1,2]. Shape
memory alloys (SMAs) are a unique class of metal exhibiting two fundamental properties,
namely, superelasticity (SE) and shape-memory effect (SME) [3,4]. Due to the two special
characteristics, SMAs have been successfully commercialized in the aerospace, medical,
electrical, and oil industries.

The fiber-reinforced resin-based composite material is embedded with SMA; the
composite material can acquire the ability to adapt to the environment under the control of
the induction unit [5,6]. Due to the excellent superelasticity and shape memory effect, the
performance of low-speed impact resistance, damage resistance, vibration, noise reduction
and flexural resistance can be significantly improved by embedding shape memory alloy
into the composites [7,8].

Many scholars have systematically studied the shape memory effect. Lagoudas and
Tadjbaksh [9] studied the bending performance of a flexible rod embedded with SMA
wire, obtained the deformation shape of a flexible rod, and determined the critical value
of phase transition-induced strain. Auricchio et al. [10] used numerical methods to study
the shape memory effect of SMA beams under complex stress conditions and calculated
the deformation of beams under bending and thermal cycling loads. Lal and Markad [11]
considered the finite element governing equation-based higher order shear deformation
theory with the principle of virtual work. They used micromechanical methods to calculate
the mechanical properties of composite plates, revealing the effects of SMA volume fraction,
restoring stress, presence or absence of SMA layers, and temperature on critical buckling
loads. Lu et al. [12] presented a theoretical model for the bending of a laminated beam
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embedded with an SMA fiber-reinforced layer. They discussed the bending of the laminated
beam and provided the relationship between bending moment, curvature and temperature.
Viet and Zaki [13] proposed a bending model for a laminated composite cantilever beam
with multiple embedded SMA layers presenting tensile–compressive asymmetry. They
highlighted the necessity of considering asymmetry in the accurate simulation of laminated
beams with SMA layers. Tsukamoto [14] investigated the mechanical behavior of NiTi
long-fiber reinforced aluminum (Al) matrix composites, experimentally and numerically. It
was concluded that internal stresses in the composites, which were introduced during the
fabrication processes, highly affected the subsequent mechanical behavior of the composites.
Zhang et al. [15] prepared epoxy resin matrix composites filled with NiTi alloy staple fibers
and particles and studied their mechanical properties. Due to the addition of SMA filler, the
flexural stiffness of SMA/ epoxy composites is increased. Experimental results show that
adding only 3.5% SMA filler to epoxy resin results in a significant increase in energy storage
modulus, which is six times larger than the epoxy resin body (ER3). Scholars’ research
mainly focused on the control of SMA on the bending deformation of its composites and
the influence of SMA short wires and particles on the bending properties of composites.
The influence of SMA content and position on the overall properties of the composite was
not considered.

In terms of superelastic research, Viet and Zaki [16] propose a novel and simple
exact semi-analytical model for superelastic SMA wire-reinforced composites subjected to
bending loads. The composite is found to behave superelastically under certain conditions
of temperature, SMA volume fraction, and elastic stiffness of the matrix. Viet et al. [17]
also proposed a new analytical model for a superelastic shape memory alloy prismatic
cantilever beam subjected to a concentrated force at the tip. Analytical moment curvature
and shear force–shear strain relations are also derived during the loading and unloading of
the beam. Pattar et al. [18] researched the mechanical properties of glass/epoxy composite
by embedding shape memory alloy and nanoclay. Results show that the flexural strength
of SMA/MMT/glass/epoxy composite was improved by 21%, when it was compared
with composite with glass/epoxy composite. Aslani et al. [19] used four different codes to
calculate the flexural toughness of the shape memory alloy, polypropylene and steel fiber-
reinforced self-compacting concrete. It is found that the shape memory and superelasticity
of NiTi SMA are effective in delaying initial crack formation and limiting crack width.
Pazhanivel et al. [20] adopted the method of embedding nickel–titanium SMA in the cross-
section below the neutral axis of glass fiber-reinforced polymer (GFRP) composites to
enhance the bending resistance of the composites. Under static loading condition, up to 4
wt% of shape memory alloy reinforcement, the GFRP exhibit enhanced flexure resistance.
Katsiropoulos et al. [21] improved the damping behavior of fiber reinforced polymer
composites with embedded superelastic SMA. It was found that the addition of Ni-Ti
wires into the aramid/epoxy composite leads to a significant modification of its damping,
which depends strongly on wire volume fraction. Taheri-Behrooz et al. [22] developed
research to predict stress transfer and interfacial behavior between shape memory alloy
wire, interphase, and matrix. Inhomogeneous interphase and different radial and hoop
stress components in each phase are considered to achieve deeper physical understanding.
Khalili et al. [23] investigated the flexural properties of sandwich composite panels with
glass laminate aluminum-reinforced epoxy facesheets strengthened by SMA wires. The
results represent the advantage effect of shape memory alloy wires on the behavior of
sandwich composite panels in bending. Although there have been many studies on the
influence of SMA content on the mechanics of composite materials, the current researches
on the influence of SMA wire embedding position and content on SMAHC laminates and
the finite element modeling of SMAHC laminates are not detailed enough.

Debski [24] and Wysmulski [25] studied the influence of eccentric compression load
on the stability and bearing capacity of thin-walled composite profiles by experimental
study and finite element method. They investigated the effect of laminate layup and cross-
sectional shape on the buckling load, postbuckling equilibrium path and failure load of
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the structures under compression. Numerical postbuckling equilibrium paths were used
to estimate the critical loads with an approximation method. The experimental results
were used to validate the numerical models. Then, Rozylo and Wysmulski [26] analyzed
the phenomenon of failure of axially compressed thin-walled composite structures with
channel shapes. They carried out experimental tests and advanced finite element numerical
calculations on actual columns. The cohesive zone model (CZM) was used in numerical
studies. The obtained results of the numerical tests showed a high compliance with the
results of the experimental studies. Han et al. [27] used the finite element analysis (FEA)
method to simulate the mechanical behaviors of ultrastrong and tough bulk material
under a tensile state. FEA results showed that water molecules played an active role in
fabricating strong and tough materials, by plasticizing and forming hydrogen bonding
among cellulose nanofibrils. Hu et al. [28] studied the effect of loading type on mechanical
properties, including elastic constants, yield strength and ultimate strength of beech wood.
The results show that the finite element models proposed can predict the mechanical
behaviors of wood in tensile and compressive states. Valachova and Skotnicova [29]
focused on the thermal engineering assessment of light building envelope structures using
the finite element method (FEM). The results demonstrate that it is possible to predict
the thermal behavior of lightweight peripheral buildings with the help of appropriate
simulation programs. The research results of scholars, such as fiber toughening methods,
the establishment of models and boundary conditions, and the setting of cohesion contact,
have good guidance for this paper.

Recently, research interests in using superelasticity SMAs have extended to civil en-
gineering, where particular effort was devoted to the mitigation of seismic effects on
structures [30]. Fang et al. [31] presented a novel type of shape memory alloy (SMA) cable-
restrained high damping rubber (SMA-HDR) bearing. The application of the novel SMA-
HDR bearing can significantly alleviate the pounding effect, especially under near-fault
earthquakes. Chen et al. [32] proposed a novel type of self-centering damper employing
NiTi shape memory alloy (SMA) bars. Compared with the existing types of SMA-based
dampers, the proposed damper offers a tunable hysteretic behavior with amplified de-
formability and hybrid sources of energy dissipation. Fang et al. [33] introduced a new type
of shape memory alloy (SMA) washer spring-based self-centering rocking (SCR) system,
which could be an important addition to the existing rocking pier family. The proposed
system aims to mitigate the damage to the main body of the pier and to eliminate residual
deformation after earthquakes. These research results have guidance for future research on
the application of SMA and SMA-reinforced composites in civil engineering.

In this paper, the influence of the position and content of SMA on the flexural proper-
ties of SMAHC laminates was studied by numerical simulation and experimental methods.
The effectiveness of the model was verified by comparing simulation results with experi-
mental data, and the influence mechanism of SMA on the flexural properties of SMAHC
laminates was further revealed.

2. Experimental and Numerical Simulation
2.1. Materials

The matrix is a polymer mixed with thermosetting epoxy resin, accelerator and curing
agent. The three materials are ethylene oxide resin 411, methyl ethyl ketone peroxide, and
cobalt naphthenate, and the mixing ratio is 1:2:0.5%. A unidirectional glass fiber cloth
with a thickness of 0.2 mm and a surface density of 200 g/m2 is used as a reinforcing
material, bought from Tongxiang Mengtai reinforced composite material Co., Ltd. Supere-
lastic Nitinol with a nickel content of 55.9% has a diameter of 0.2 mm, purchased from
Jiangyin [34,35]. The theoretical stress–strain curve of the SMA wire is shown in Figure 1.
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Figure 1. The stress–strain curve of the SMA wire. (a) Ideal. (b) Experimental.

There are three distinct phases in Figure 1a: The purely elastic behavior of the material
shows when the stress is less than σAM

s . The stress is less than σAM
s , and the material

exhibits pure elastic behavior. At critical stress, the forward transition is caused by a
stress-induced martensitic transformation (austenite-martensitic). Large transformation
strains occur during martensite formation (upper platform). When the stress increases
to σAM

f , SMA is in the martensitic phase, indicating that the forward transformation is
completed. Martensite exhibits elastic behavior when the stress exceeds σAM

f . During
unloading, the reverse phase transition from martensite to austenite begins at σMA

s and
completes at σMA

f . Due to the difference between σAM
f and σAM

s , and the difference between
σMA

s and σMA
f , a hysteresis curve is found in the load/unload stress–strain curve [36–40].

Figure 1b shows the experimental stress–strain curve of the SMA wire. Table 1 shows
the material parameters of the SMA wire [41]. Vacuum-assisted resin injection (VARI)
was used to prepare composite laminates, as shown in Figure 2, with vacuum curing at
room temperature for 9–12 h. The laminate is composed of 10 layers of glass fiber cloth.
The structural arrangement of SMAHC laminates is shown in Figure 3. The size of the
specimen is 80 mm × 25 mm × 2.4 mm. The number of flexural specimens is given in
Table 2. In Table 2, different types of specimens are numbered according to the ply form of
bending specimens. B-1, B-2, B-3 and B-4 represent the type of specimen, and B-2-2/4/6/10
represents the embedding of 2/4/6/10 SMA in B-2 specimens, respectively.

Table 1. Material parameters of SMA wire [41].

Material Parameter Martensite Austenite

Phase transformation stress (MPa) σAM
f = 393.15, σAM

s = 372.08 σMA
f = 57.89, σMA

s = 80.07
Phase transformation strain (%) ε = 0.94, ε = 9.41 ε = 7.09, ε = 0.35

Elasticity modulus (GPa) EM = 19.13 EA = 32.95
Tensile strength (MPa) 1115.26

Failure strain (%) 12
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Table 2. Tensile and bending test specimens.

Specimen Number

[GF10] B-1
[GF4/SMA/GF2/SMA/GF4] B-2-2/4/6/10
[GF3/SMA/GF4/SMA/GF3] B-3-2/4/6/10

[GF5/SMA/GF5] B-4-2/4/6

2.2. Three-Point-Bending Tests

The three-point-bending test specimens of SMAHC were prepared according to the
ASTM-D790 standard. The INSTRON 4505 universal testing system was used to conduct
three-point-bending experiments on composite laminates with different SMA embedment
contents and embedment positions at room temperature [42]. Five specimens of each
laminated composite plate were prepared, and the loading speed was 3 mm/min. Loading
stopped when the specimen was damaged. According to the ASTM-D790 standard, the
test is terminated when the maximum strain in the outer surface of the test specimen has
reached 0.05 mm/mm or at break if a break occurs before reaching the maximum strain. If
no break has occurred in the specimen by the time the maximum strain in the outer surface
of the test specimen has reached 0.05 mm/mm, the test is discontinued. The loading of the
bending test is shown in Figure 4.
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The flexural stress corresponding to any point on the load–deflection curve can be
calculated using the following Equation (1):

σf =
3PL
2bd2 (1)

where σf is the stress in the outer fibers at the midpoint, P is the load at a given point on
the load–deflection curve, L is the length of the support span, b is the width of the tested
specimen, and d is the depth of the tested specimen.

Nominal fractional change in the length of an element of the outer surface of the test
specimen at midspan, where the maximum strain occurs. It may be calculated for any
deflection using Equation (2):

ε f = 6Dd/L2 (2)

where ε f is strain in the outer surface, D is maximum deflection of the center of the beam, L
is support span, and d is depth.

2.3. Finite Element Modeling

Finite element software ABAQUS was used to establish a model to analyze the bending
performance of SMAHC. The three-dimensional continuum element C3D8R was used to
mesh glass fiber-reinforced composites. The meshing of composite laminates is given in
Figure 5a. The meshing of composite laminates is given in Figure 5a. The cylindrical rigid
body in the central part of the laminate represents the indenter to apply the load, and the
cylinders on both sides of the lower part of the laminate represent the base of the three-point-
bending test. These three cylindrical rigid bodies are defined as rigid bodies. The contact
between the rigid body and the upper and lower surfaces of the laminate is defined as
surface-to-surface universal contact (Figure 5a). The mesh of SMA wire adopts 16,000 linear
hexahedral elements of type C3D8R, as shown in Figure 5b. A glass fiber layer with a
thickness of 0.2 mm for each layer is adopted, and a total of 10 layers of laminates are used.
The layering sequence is [0◦]10. The size of the specimen is 80 mm × 25 mm × 2.4 mm. In
this paper, the laminated plate specimens are SMAHC laminated plates with one or two
layers of SMA wire and ten layers of glass fiber cloth. Mechanical property parameters of
GFRP required for finite element analysis are illustrated in Table 3.

Table 3. Material properties of GFRP laminates.

E11
(GPa)

E22 = E33
(GPa) ν12 = ν13 ν23

G12 = G13
(GPa)

G23
(GPa)

24.43 7.11 0.3 0.34 6.34 1.41

XT
(MPa)

XC
(MPa)

YT = ZT
(MPa)

YC = ZC
(MPa)

S12 = S13
(MPa)

S23
(MPa)

666.44 320.44 70.8 188.9 51.7 51.7

To predict the damage of composite materials, such as matrix tensile failure, matrix
compression failure, fiber tensile failure and fiber compression failure, a composite material
damage model based on Hashin [43,44] was adopted, as follows:

Fiber tension (σ11 ≥ 0)(
σ11

XT

)2
+

(
σ12

S12

)2
+

(
σ13

S13

)2
≥ 1 (3)
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Fiber compression (σ11 < 0)
σ11

XC
≥ 1 (4)

Matrix tension and compression(
σ11

2XT

)2
+

(
σ12

S12

)2
+

(
σ2

22
YTYC

)
+

σ22

YT
+

σ22

YC
≥ 1 (5)

where the tensile strength and compressive strength in the longitudinal and transverse
directions are XT , XC, YT and YC, respectively. The fiber shear strength measured in the
1–3 and 1–2 directions are S13 and S12, respectively.
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The surface-based cohesive contact model in ABAQUS was used to simulate the
composite effect of laminates [45–47]. The interface behavior is governed by a mix-mode
bilinear traction–separation law, which assumes an initially linear elastic response followed
by the linear evolution of damage, as displayed in Figure 6.
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3. Results and Discussion
3.1. Experimental Results

Figure 7 shows the flexural stress–strain curves of different types of SMAHC and
GFRP specimens. It can be seen from the figure that the curve shows a linear response
near the origin, and then a nonlinear response until it breaks. The transition from linear
response to nonlinear response is often caused by matrix cracking [15]. In Figure 7, the
flexural strength of all SMAHC laminated plate specimens is lower than that of GFRP. This
is due to the material difference between the matrix and SMA, which will form a weak
interface between SMA and the matrix, resulting in stress concentration on the surface
of the SMA wire. All specimens of SMAHC laminates show good ductility, which is
also due to the presence of SMA, so that the specimens do not suddenly lose the bearing
capacity as with GFRP laminates. It can be observed that SMAHC laminates (B-2-4) have
the highest bending performance. The flexural performance of SMAHC laminates is given
in Table 4 [27]. The flexural strength of SMAHC laminates (B-2-2/4/6) is 368.62 MPa,
369.17 MPa and 318.73 MPa, respectively. Compared with the GFRP laminate, the flexural
strength is decreased by 5.84%, 5.76% and 18.63%, respectively. However, the flexural
modulus increased from 22.73 GPa to 23.91 GPa, 23.73 GPa and 23.74 GPa, respectively. In
addition, the flexural performance of B-2-6 and B-2-10 laminates decreases more obviously
than that of GFRP laminates.

Figure 8 shows SEM micrographs of fracture surfaces of different B-2 specimens.
Figure 8a–d corresponds to SEM images at the interfaces of laminated plate specimens
(B-2-2/4/6/10) respectively. In Figure 8a, a small amount of resin remains on the surface
of the SMA, and the adhesion between the SMA and the matrix is good. As shown in
Figure 7b, the resin is wrapped around the SMA well; therefore, the SMA and the matrix
are not completely debonded at the fracture surface (B-2-4). In Figure 8c, there is no
excessive adhesion of the resin matrix on the surface of the SMA wire, and there is obvious
debonding on the tensile side and slight debonding on the compression side. In Figure 8d,
the interface between the SMA and the matrix on the compression side and the tensile side
is significantly debonded.
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Table 4. Flexural properties of different types of SMAHC laminates.

Specimen Number 0 2 % 4 % 6 % 10 %

B-2
Modulus

(GPa)
22.73 23.81 23.91 ↑ 22.42 22.11
± 0.37 ± 0.4 4.75 ± 0.35 5.19 ± 0.41 −1.32 ± 0.31 −2.73

Strength
(MPa)

391.74 368.86 369.17 318.73 309.23
± 6.94 ± 6.5 −5.84 ± 5.2 −5.76 ± 6.4 −18.63 ± 6.9 −21.06

B-3
Modulus

(GPa)
22.73 23.61 23.73 ↑ 22.38 21.66
± 0.37 ± 0.39 3.87 ± 0.35 4.40 ± 0.42 −1.54 ± 0.32 −4.71

Strength
(MPa)

391.74 334.67 342.57 316.68 289.40
± 6.94 ± 4.14 −14.57 ± 4.56 −12.55 ± 6.51 −19.16 ± 5.82 −26.12

B-4
Modulus

(GPa)
22.73 22.74 23.74↑ 22.21 -
± 0.37 ± 0.3 0.04 ± 0.32 4.4 ± 0.31 −2.89

Strength
(MPa)

391.74 349.69 313.85 304.95 -
± 6.94 ± 5.35 −10.73 ± 4.2 −19.88 ± 6.1 −22.16
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Figure 8. SEM micrograph of the fracture surface of (B-2) specimens. (a) B-2-2, (b) B-2-4, (c) B-2-6,
(d) B-2-10.

Figure 9 shows SEM micrographs of fracture surfaces of different SMAHC specimens
(B-3). The microstructure of the interface between the specimen matrix and SMA wire can
be observed in Figure 9. Figure 9a–d corresponds to SMAHC specimens (B-3-2/4/6/10). In
Figure 9a, only a small amount of resin remains on the surface of the SMA, and significant
debonding is observed between the matrix and the SMA. SEM micrograph of the SMAHC
specimen (B-3-4) is shown in Figure 9b. SMA is well-wrapped by the resin matrix and
only slightly debonded, indicating that the interface at the fracture surface has no obvious
negative effect on the degradation of the specimen properties during loading. In Figure 9c,
there is obvious debonding between SMA and matrix, and the glass fiber is broken and
part of the fiber is pulled out. As shown in Figure 9d, complete debonding occurs between
SMA and matrix, indicating that the specimen has completely failed at this time.
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Figure 10 shows the SEM micrograph of the fracture surface of the GFRP and the
SMAHC specimens (B-4). In Figure 10a, the glass fiber is pulled off, and traces of the glass
fiber being pulled out can be observed. SEM image of the SMAHC specimen (B-4-2) is
shown in Figure 10b. Only slight debonding occurs between SMA and matrix, and SMA is
almost completely wrapped by matrix, indicating that the weak interface between matrix
and SMA does not play a leading role in the failure process of the specimen. In Figure 10c,d,
4 to 6 SMA wires are embedded in the same layer, and the matrix and SMA are completely
debonded and fibers are pulled out. There is no SMA wire to provide tension in the tensile
zone of the specimen, and in the loading process, because of too much SMA embedded
in the same layer, cracks will occur at the interface and rapidly expand, resulting in the
deterioration of the overall performance of the specimen. SEM observation shows that
the main failure modes of SMAHC laminates are delamination and debonding, and the
mechanical properties of SMAHC laminates are greatly affected by these two failure modes.
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3.2. Numerical Results

The convergence of the numerical simulation of the model is tested. The number of
elements in the original model is 50,000, and the number of elements in the new model is
100,000. The new model only adds elements in thickness. Figure 11 presents two models. A
comparison of GFRP laminates between the original and new model is shown in Figure 12.
The new flexuous strength and flexuous modulus of GFRP laminates (B-1) are 375.65 MPa
and 24.73 GPa, respectively. The errors of simulation results and experimental results are
1.59% and 1.47%, respectively, which meet the requirements of accuracy.

The comparison between the stress–strain curve obtained from the bending test of
GFRP laminates and the simulation results is shown in Figure 13. It is found that the
macroscopic stress–strain curves obtained from experimental tests are basically consistent
with those obtained from simulation. The simulated flexural strength and flexural mod-
ulus of GFRP laminates (B-1) are 381.71 MPa and 25.1 GPa, respectively. The errors of
simulation results and experimental results are 2.56% and 10.43%, respectively, which meet
the requirements of accuracy. The experimental and simulation results of GFRP laminates
in failure are given in Figure 14. In Figure 14a, the resin matrix on the compression side
of the laminate is crushed and a white indentation appears, which is consistent with the
simulated failure mode. However, in the tensile side of the laminated plate (Figure 14b), no
obvious damage to the matrix occurred in the experimental results and simulation results.
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Figure 15 shows the comparison curve between simulation results and experimental
results of SMAHC laminates (B-2-4). The stress–strain curve obtained by experiment is
in good agreement with the simulation results. Because of the more serious debonding
between SMA and matrix during simulation, the specimen directly loses the bearing
capacity without the phenomenon of sustained bearing in the experiment. The flexural
strength and flexural modulus of SMAHC laminates (B-2-4) are 385.335 MPa and 24.47 GPa,
respectively. The errors of simulation results and experimental results are 4.38% and 2.34%,
respectively, which meet the requirements of accuracy. In Figure 16a, because the resin
matrix is crushed and the experimental laminate specimen is obviously damaged, the
simulation result is consistent with the experimental phenomenon, and obvious damage
occurred in the compression region. In the tension side of the laminated plate (Figure 16b),
no obvious damage occurred in the matrix in the simulation results, but slight damage
occurred in the experimental results. Figure 17 shows the damage profile of two to five
layers above the neutral layer of SMAHC laminates. It can be clearly observed in Figure 16
that obvious damage also occurred in the second layer, while slight damage occurred in
the third layer, and no obvious damage occurred in the fourth and fifth layers. This is
because the upper side of the neutral layer is the compression side, the matrix is damaged
under pressure, and the existence of the weak interface between SMA and the matrix will
occur debonding damage, then lead to the lamination of the laminated plate, the laminated
plate, as a whole, loses bearing capacity, so the fourth layer and the fifth layer of the matrix
damage is not obvious. It is important to note that the model, here, does not take into
account the degradation of SMA functionality, and it does have some limitations for a
wider range of applications.
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4. Conclusions

In this paper, the flexural behavior of SMAHC laminates was studied experimentally
and numerically. The experimental results and simulation results were compared to verify
the validity of the model. The main conclusions obtained were made as follows:

1. The optimal number of SMA wires for SMAHC laminates (B-2) is four. Compared
with GFRP laminates, the flexural modulus of B-2-4 laminates increases by 5.19%,
while the strength decreases by 5.76% on average. The flexural properties of B-2-6 and
B-2-10 laminates decrease more obviously, and the weak interface between fiber and
matrix is the main reason for the degradation of the flexural properties.

2. The microstructure shows that the material difference between SMA and matrix forms
a weak interface, which produces microcracks and expands rapidly during the loading
process. The interface debonding failure results in matrix delamination and the final
specimen failure. The weak interface between the matrix and SMA increases with
the increase of the number of SMA wires, which is convenient for the formation of
matrix delamination damage. The main failure modes of SMAHC composites are
delamination and debonding, and this failure mode has an obvious influence on the
mechanical properties of the composites.

3. The finite element models of GFRP and SMAHC (B-2-4) laminates were established
and compared with the experimental results. The numerical prediction results were
in good agreement with the experimental results. The errors between the simula-
tion results of GFRP laminates and the experimental results of flexural performance
were 2.56% and 10.43%, respectively. The errors of experimental results and simula-
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tion results of the flexural performance of SMAHC laminates (B-2-4) are 4.38% and
2.34% respectively, which meet the accuracy requirements and verify the validity of
the model.

Author Contributions: Conceptualization, L.X. and M.S.; formal analysis, J.Z.; investigation, X.Z.;
methodology, L.X. and M.S.; validation, J.Z., X.Z. and Z.W.; writing–original draft, L.X.; writing–
review and editing, L.X. and M.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Natural Science Fund of the Inner Mongolia Autonomous
Region, grant number 2020BS01007, 2020BS01008 and the Fundamental Research Fund of universities
in Inner Mongolia Autonomous Region.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bhaskar, J.; Sharma, A.K.; Bhattacharya, B.; Adhikari, S. A review on shape memory alloy reinforced polymer composite materials

and structures. Smart. Mater. Struct. 2020, 29, 073001. [CrossRef]
2. Bahl, S.; Nagar, H.; Singh, I.; Sehgal, S. Smart materials types, properties and applications: A review. Mater. Today. Proc. 2020, 28,

1302–1306. [CrossRef]
3. Qiu, C.; Zhu, S. Shake table test and numerical study of self-centering steel frame with SMA braces. Earthq. Eng. Struct. D. 2017,

46, 117–137. [CrossRef]
4. Wang, W.; Fang, C.; Liu, J. Large size superelastic SMA bars: Heat treatment strategy, mechanical property and seismic application.

Smart. Mater. Struct. 2016, 25, 075001. [CrossRef]
5. Hartl, D.J.; Lagoudas, D.C. Aerospace applications of shape memory alloys. P I Mech. Eng. G-J Aer. 2007, 221, 535–552. [CrossRef]
6. Pattar, N.; Patil, S.F. Review on fabrication and mechanical characterization of shape memory alloy hybrid composites. Adv.

Compos. Hybrid Mater. 2019, 2, 571–585. [CrossRef]
7. Wang, W.Z.; Zhao, Y.R.; Chen, S.J.; Jin, X.C.; Fan, X.L.; Lu, C.S.; Yang, C.X. Low-velocity impact behaviors of glass fiber-reinforced

polymer laminates embedded with shape memory alloy. Compos. Struct. 2021, 272, 114194. [CrossRef]
8. Liu, Y.F.; Wang, Z.Q.; Li, H.; Sun, M.; Wang, F.X.; Chen, B.J. Influence of Embedding SMA Fibres and SMA Fibre Surface

Modification on the Mechanical Performance of BFRP Composite Laminates. Materials. 2018, 11, 70. [CrossRef]
9. Lagoudas, D.C.; Tadjbaksh, I.G. Active flexible rods with embedded SMA fibers. Smart. Mater. Struct. 1992, 1, 162–167. [CrossRef]
10. Auricchio, F.; Morganti, S.; Reali, A.; Urbano, M. Theoretical and experimental study of the shape memory effect of beams in

bending conditions. J. Mater. Eng. Perform. 2011, 20, 712–718. [CrossRef]
11. Lal, A.; Markad, K. Static buckling analysis of shape memory alloy reinforced composite laminated plate. IOP Conf Ser: Mater. Sci.

Eng. 2020, 814, 012009. [CrossRef]
12. Lu, P.; Cui, F.S.; Tan, M.J. A theoretical model for the bending of a laminated beam with SMA fiber embedded layer. Compos.

Struct. 2009, 90, 458–464. [CrossRef]
13. Viet, N.V.; Zaki, W. Bending model for a laminated composite cantilever beam with multiple embedded shape memory alloy

layers presenting tensile-compressive asymmetry. Compos. Struct. 2019, 229, 111410. [CrossRef]
14. Tsukamoto, H. Mechanical behavior of shape memory alloy fiber reinforced aluminum matrix composites. Mater. Today Commun.

2021, 29, 102750. [CrossRef]
15. Zhang, R.X.; Ni, Q.Q.; Natsuki, T.; Iwamoto, M. Mechanical properties of composites filled with SMA particles and short fibers.

Compos Struct. 2007, 79, 90–96. [CrossRef]
16. Viet, N.V.; Zaki, W. Modeling bending behavior of shape memory alloy wire-reinforced composites: Semi-analytical model and

finite element analysis. Chin. J Aeronaut. 2021, 34, 176–191. [CrossRef]
17. Viet, N.V.; Zaki, W.; Umer, R. Analytical model for a superelastic Timoshenko shape memory alloy beam subjected to a loading-

unloading cycle. J. Intell. Mater. Syst. Struct. 2018, 29, 3902–3922. [CrossRef]
18. Pattar, N.; Patil, S.F.; Patil, P.; Anikivi, I.; Hiremath, S. Evaluation of the Mechanical Properties of Glass/Epoxy Composite by

Embedding Shape Memory Alloy and Nanoclay. Mater. Sci. Forum. 2021, 1019, 3–11. [CrossRef]
19. Aslani, F.; Liu, Y.N.; Wang, Y. Flexural and toughness properties of NiTi shape memory alloy, polypropylene and steel fibres in

self-compacting concrete. J. Intell. Mater. Syst. Struct. 2019, 31, 3–16. [CrossRef]
20. Pazhanivel, K.; Bhaskar, G.B.; Elayaperumal, A.; Anandan, P.; Arunachalam, S. Influence of Ni-Ti shape memory alloy short fibers

on the flexural response of glass fiber reinforced polymeric composites. SN Appl. Sci. 2019, 1, 789. [CrossRef]
21. Katsiropoulos, C.V.; Pappas, P.; Koutroumanis, N.; Kokkinos, A.; Galiotis, C. Improving the damping behavior of fiber reinforced

polymer composites with embedded superelastic shape memory alloys (SMA). Smart Mater. Struct. 2020, 29, 025006. [CrossRef]

http://doi.org/10.1088/1361-665X/ab8836
http://doi.org/10.1016/j.matpr.2020.04.505
http://doi.org/10.1002/eqe.2777
http://doi.org/10.1088/0964-1726/25/7/075001
http://doi.org/10.1243/09544100JAERO211
http://doi.org/10.1007/s42114-019-00119-2
http://doi.org/10.1016/j.compstruct.2021.114194
http://doi.org/10.3390/ma11010070
http://doi.org/10.1088/0964-1726/1/2/010
http://doi.org/10.1007/s11665-011-9838-y
http://doi.org/10.1088/1757-899X/814/1/012009
http://doi.org/10.1016/j.compstruct.2009.04.018
http://doi.org/10.1016/j.compstruct.2019.111410
http://doi.org/10.1016/j.mtcomm.2021.102750
http://doi.org/10.1016/j.compstruct.2005.11.032
http://doi.org/10.1016/j.cja.2021.01.004
http://doi.org/10.1177/1045389X18799497
http://doi.org/10.4028/www.scientific.net/MSF.1019.3
http://doi.org/10.1177/1045389X19880613
http://doi.org/10.1007/s42452-019-0823-7
http://doi.org/10.1088/1361-665X/ab6026


Polymers 2022, 14, 5268 16 of 16

22. Taheri-Behrooz, F.; Mahdavizade, M.J.; Ostadrahimi, A. Micromechanics of stress transfer in shape memory alloy reinforced
three-phase composites. J. Intell. Mater. Syst. Struct. 2018, 29, 3151–3164. [CrossRef]

23. Khalili, S.; Khalili, S.M.R.; Farsani, R.E.; Mahajan, P. Flexural properties of sandwich composite panels with glass laminate
aluminum reinforced epoxy facesheets strengthened by SMA wires. Polym. Test. 2020, 89, 106641. [CrossRef]

24. Debski, H.; Rozylo, P.; Wysmulski, P.; Falkowicz, K.; Ferdynus, M. Experimental study on the effect of eccentric compressive load
on the stability and load-carrying capacity of thin-walled composite profiles. Compos. Part B 2021, 226, 109346. [CrossRef]

25. Wysmulski, P.; Debski, H.; Falkowicz, K. Sensitivity of Compressed Composite Channel Columns to Eccentric Loading. Mater.
2022, 15, 6938. [CrossRef]

26. Rozylo, P.; Wysmulski, P. Failure analysis of thin-walled composite profiles subjected to axial compression using progressive
failure analysis (PFA) and cohesive zone model (CZM). Compos. Struct. 2021, 262, 113597. [CrossRef]

27. Han, X.S.; Wang, J.W.; Wang, X.Y.; Tian, W.; Dong, Y.Y.; Jiang, S.H. Finite Element Analysis of Strengthening Mechanism of
Ultrastrong and Tough Cellulosic Materials. Polymer 2022, 14, 4490. [CrossRef]

28. Hu, W.G.; Chen, B.R.; Zhang, T.X. Experimental and numerical studies on mechanical behaviors of beech wood under compressive
and tensile states. Wood Res. 2021, 66, 27–38. [CrossRef]

29. Valachova, D.; Skotnicova, I. Using the finite element method to predict heat dissipation in a timber frame building construction.
Wood Res. 2019, 64, 859–870.

30. Fang, C.; Yam, M.C.H.; Ma, H.W.; Chung, K.F. Tests on superelastic Ni-Ti SMA bars under cyclic tension and direct-shear:
Towards practical recentring connections. Mater. Struct. 2015, 48, 1013–1030. [CrossRef]

31. Fang, C.; Liang, D.; Zheng, Y.; Lu, S.Y. Seismic performance of bridges with novel SMA cable-restrained high damping rubber
bearings against near-fault ground motions. Earthq. Eng. Struct. D 2022, 51, 44–65. [CrossRef]

32. Chen, J.B.; Wang, W.; Fang, C. Manufacturing, testing and simulation of novel SMA-based variable friction dampers with
enhanced deformability. J. Build. Eng. 2022, 45, 103513. [CrossRef]

33. Fang, C.; Liang, D.; Zheng, Y.; Yam, M.C.H.; Sun, R.Q. Rocking bridge piers equipped with shape memory alloy (SMA) washer
springs. Eng. Struct. 2020, 214, 110651. [CrossRef]

34. Xu, L.D.; Shi, M.F.; Sun, X.Y.; Wang, Z.Q.; Yang, B. Mechanical properties and interlaminar fracture toughness of glass-fiber-
reinforced epoxy composites embedded with shape memory alloy wires. Adv. Eng. Mater. 2017, 20, 1700646. [CrossRef]

35. Wang, Z.Q.; Xu, L.D.; Sun, X.Y.; Shi, M.F.; Liu, J.B. Fatigue behavior of glass-fiber-reinforced epoxy composites embedded with
shape memory alloy wires. Compos. Struct. 2017, 178, 311–319. [CrossRef]

36. Xu, L.D.; Shi, M.F.; Wang, Z.Q.; Zhang, X.Y.; Xue, G. Experimental and numerical investigation on the low-velocity impact
response of shape memory alloy hybrid composites. Mater. Today Commun. 2020, 26, 101711. [CrossRef]

37. Eslami-Farsani, R.; Khazaie, M. Effect of shape memory alloy wires on high-velocity impact response of basalt fiber metal
laminates. J. Reinf. Plast. Compos. 2018, 37, 300–309. [CrossRef]

38. Aghamirzadeh, G.R.; Khalili, S.M.R.; Eslami-Farsani, R.; Saeedi, A. Experimental investigation on the smart self-healing
composites based on the short hollow glass fibers and shape memory alloy strips. Polym. Compos. 2019, 40, 1883–1889. [CrossRef]

39. Michele, G.; Andrea, S.; Francesco, M.; Aniello, R. Analysis of the impact dynamics of shape memory alloy hybrid composites for
advanced applications. Materials 2019, 12, 153.

40. Fang, C.; Zheng, Y.; Chen, J.B.; Yam, M.C.H.; Wang, W. Superelastic NiTi SMA cables: Thermal-mechanical behavior, hysteretic
modelling and seismic application. Eng. Struct. 2019, 183, 533–549. [CrossRef]

41. Shi, M.F.; Zhao, J.T.; Zhang, X.Y.; Wang, H.; Wang, Z.Q.; Xue, G.; Xu, L.D.; Sun, X.Y. Numerical analysis of mechanical
performances of shape memory alloy hybrid composites. Mater. Today Commun. 2021, 27, 102293. [CrossRef]

42. ASTM-D790-10; Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials. ASTM International: West Conshohocken, PA, USA, 2010.

43. Hashin, Z. Failure criteria for unidirectional fiber composites. J. Appl. Mech. 1980, 47, 329–334. [CrossRef]
44. Asaee, Z.; Taheri, F. Experimental and numerical investigation into the influence of stacking sequence on the low-velocity impact

response of new 3D FMLs. Compos. Struct. 2016, 140, 136–146. [CrossRef]
45. Zhang, C.; Liu, J.C.; Bui, T.Q.; Curiel-Sosa, J.L.; Lu, J.Z. A computational approach with surface-based cohesive contact for

meso-scale interface damage simulation in 3D braided composites. J. Ind. Text. 2020, 51 (Suppl. 1), 336S–359S. [CrossRef]
46. Chen, S.H.; Mitsume, N.; Gao, W.; Yamada, T.; Zang, M.Y.; Yoshimura, S. A nodal-based extrinsic cohesive/contact model for

interfacial debonding analyses in composite structures. Comput. Struct. 2019, 215, 80–97. [CrossRef]
47. Li, X.Q.; Hallett, S.R.; Wisnom, M.R. Predicting the effect of through-thickness compressive stress on delamination using interface

elements. Compos. Part A 2008, 39, 218–230. [CrossRef]

http://doi.org/10.1177/1045389X18783086
http://doi.org/10.1016/j.polymertesting.2020.106641
http://doi.org/10.1016/j.compositesb.2021.109346
http://doi.org/10.3390/ma15196938
http://doi.org/10.1016/j.compstruct.2021.113597
http://doi.org/10.3390/polym14214490
http://doi.org/10.37763/wr.1336-4561/66.1.2738
http://doi.org/10.1617/s11527-013-0212-4
http://doi.org/10.1002/eqe.3555
http://doi.org/10.1016/j.jobe.2021.103513
http://doi.org/10.1016/j.engstruct.2020.110651
http://doi.org/10.1002/adem.201700646
http://doi.org/10.1016/j.compstruct.2017.07.027
http://doi.org/10.1016/j.mtcomm.2020.101711
http://doi.org/10.1177/0731684417744054
http://doi.org/10.1002/pc.24953
http://doi.org/10.1016/j.engstruct.2019.01.049
http://doi.org/10.1016/j.mtcomm.2021.102293
http://doi.org/10.1115/1.3153664
http://doi.org/10.1016/j.compstruct.2015.12.015
http://doi.org/10.1177/1528083720980171
http://doi.org/10.1016/j.compstruc.2019.02.001
http://doi.org/10.1016/j.compositesa.2007.11.005

	Introduction 
	Experimental and Numerical Simulation 
	Materials 
	Three-Point-Bending Tests 
	Finite Element Modeling 

	Results and Discussion 
	Experimental Results 
	Numerical Results 

	Conclusions 
	References

