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Abstract

In this paper, a nonlinear low-velocity impact analysis of a rectangular composite plate reinforced with Shape Memory
Alloy (SMA) strips is conducted, and the effect of the impactor's energy on the impact response of the plate is investigated.
In this research, in order to extract accurate results that can be utilized for the validation of future theoretical findings, the
instantaneous changes and spatial non-uniformity of the austenite-to-martensite phase transformation (and vice versa) have
been considered for the first time. Furthermore, instead of utilizing approximate plate theories, three-dimensional
simulation has been employed to extract impact responses based on the theory of three-dimensional elasticity, the implicit
result of which is the modification of the contact law. The analysis results demonstrate that the SMA, by forming a hysteresis
loop during the impact, leads to a reduction in the energy absorbed by the composite plate; the result of this is an increase
in the impact resistance of the composite plate and a reduction in the resulting damage. Moreover, the results indicate that
by increasing the impactot's energy, the martensite fraction, contact force, and the deflection at the point of impact increase.
The contact duration increases when the impact enetgy is increased by increasing the impactor's mass; howevert, it decreases

when the impact energy is increased by increasing the impactor's velocity.

Keywords: Low-velocity impact, Composite plate, Shape memory alloy, Local and instantaneous phase transformations.

1| Introduction

Composite structures, despite their increasing application in various industries, are vulnerable to impact loads.
This deficiency can be improved by incorporating shape memory wires or strips into these structures. Shape
Memory Alloys (SMAs) are a specific group of smart materials that can absorb or dissipate mechanical energy
under cyclic mechanical loading through the creation of a reversible hysteresis loop. This unique characteristic
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of SMAs has rendered them suitable for applications in sensing, actuation, impact enetgy absorption, and
vibration damping.

One of the most significant failure mechanisms in composite structures under low-velocity impact is
interlaminar separation or delamination, which often stems from the resin's weakness in withstanding
interlaminar shear stresses. The presence of SMAs, due to their high energy absorption capacity through phase
transformation, can act as a barrier against the propagation of matrix cracks and delamination. Recent studies
have shown that the variable stiffness of these alloys during dynamic loading can modify the stress distribution
in the impact zone and reduce stress concentration, which is the primary factor in damage initiation [1].
Additionally, the bridging effect provided by embedded wires or strips increases the ultimate resistance of the
structure against impactor penetration [2].

Qidwai and Lagoudas [1] proposed a three-dimensional thermomechanical model to predict the damage of
thin SMA layers embedded in composite structures using plane stress assumptions. Kim et al. [4] numerically
investigated the effect of embedded SMA thin films in composite plates on improving the damage resistance
of composite structures under low-velocity impact. Paine and Rogers [5] studied the damage resistance of
SMA composites under low-velocity and high-velocity impact. Wu et al. [6] investigated the superelastic effect
of SMAs in improving the low-velocity impact resistance of a single-layer composite plate using the finite
element method. In this research, the Newmark numerical integration method was used to solve the dynamic
finite element equation, and the Hertz contact law was utilized. Several other researchers [7], [8] also
investigated the impact behavior of hybrid composite plates with SMAs using numerical solution methods.
They quite simply considered only a constant recovery stress for the SMA, which is insufficient for
investigating the effect of the SMA on the impact behavior. Jia [9] investigated the impact resistance of SMA
hybrid composite structures. He presented a theoretical model to establish a relationship between the
martensite fraction, applied load, and the strain energy absorbed in the SMA. Turner et al. [10] attempted to
manufacture and test hybrid composites containing SMAs.

In research conducted to date, the modeling of SMA behavior has not been appropriately performed, as the
martensite volume fraction (a critical factor in determining the properties of the SMA and its recovery force)
has been assumed to be constant. In this paper, for the first time in SMA simulation, the effects of
instantaneous changes and the spatial non-uniformity of the austenite-to-martensite phase transformation
(and vice versa) have been taken into account. Furthermore, instead of employing approximate plate theories,
three-dimensional simulation has been used to extract impact responses based on the theory of three-
dimensional elasticity, the implicit result of which is the modification of the contact law. Finally, the effect of
the impactor's energy on the impact response of the plate has been investigated.

2| Low-Velocity Impact Analysis of the Composite Plate

To validate the results, the experimental low-velocity impact test results of a sandwich plate with composite
skins are compared with the results obtained from the three-dimensional impact simulation in ABAQUS
software. The sandwich plate under consideration is a panel with dimensions of 76.2 X 76.2 mm2. Each
composite skin consists of six layers with a thickness of 0.264 mm. The composite skins are made of
carbon/ epoxy, the mechanical properties of which are listed in Table 1. The core consists of a foam layer with
a thickness of 12.7 mm, whose properties are provided in Table 2. This assembly is formed with the layup
configuration [02/902/02/core/02/902/02]. The boundary conditions of the sandwich plate are of the
simply supported type. The impactor is a rigid spherical body with a diameter of 25.4 mm and a mass of 1.8
kg, which strikes the sandwich plate at a velocity of 3.7 m/s (equivalent to an energy of 12.32J).

The use of three-dimensional elasticity theory, as opposed to classical and first-order shear deformation plate
theories, offers a significant advantage in the accurate prediction of transverse stresses.

022, Ty, Ty,
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In impact problems, due to the concentration of the load in a small area, a severe stress gradient is created
through the thickness, which two-dimensional theories are unable to model correctly. Given that the initiation
of damage in hybrid composites is often influenced by these out-of-plane stresses, three-dimensional
modeling substantially increases the reliability of the results, particularly in predicting the separation between
the SMA and the polymer matrix [11].

Table 1. Mechanical properties of the sandwich plate skin materials.

Material Carbon/Epoxy Glass/Epoxy

E, (GPa) 54 32.062
E,, (GP2) 54 10.789
Es; (GPa)  4.84 10.789
G (GP2)  3.16 11.92
G (GP2)  1.87 11.92
Gy (GP2)  1.87 4.68
Vi 0.06 0.344
Vis 0313 0.344
Vo 0313 0.344
p (ke/m? 1511 1796

Table 2. Mechanical properties of the foam core.

Property Value
E (GPa) 0.18

v 0.286
p (kg/m?) 110

The comparison of the results of the present analysis with the experimental results of reference [12] in Fig. 7
confirms the accuracy of the present analysis method. Following the validation of the present analysis results,
the core was removed from the sandwich plate, and the two upper and lower skins were integrated together;
additionally, the material of the composite skins was changed from the carbon/epoxy to the glass/epoxy
specified in Table 1. The geometric model of the composite plate is shown in Fig. 2, and the analysis results
are presented in Frg. 3.

As is evident from the results, by removing the core and changing the material of the composite skins from
carbon/epoxy to glass/epoxy, the contact force, the deflection at the point of impact, and the contact
duration have increased, while the energy absorbed by the structure during the impact has decreased. The
values for peak contact force, impact point deflection, contact duration, and absorbed energy have been
extracted from Fig. 3 for the composite plate and are presented in Tabl 3.
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Fig. 1. Validation plot of the present analysis results against
the experimental results of reference [12].

Fig. 2. Geometric model of the composite plate.
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Fig. 3. Time history plots; a. contact force, b. deflection at the impact point,
and c. absorbed energy.

Table 3. Values of various parameters in the low-velocity impact response of the composite plate.

Peak Contact Force (kN) Deflection at Impact Point (mm) Absorbed Energy (J) Contact Duration (ms)

5.720 4.91 3.147 4

3 | Effect of Shape Memory Alloy Strips

SMAs possess more than one type of crystal structure or phase. In these alloys, the stable phase at high
temperatures and low stress is called austenite, while the stable phase at low temperatures and high stress is
called martensite. These two phases are transformable into one another through the application of
temperature or stress. This very transformation process affects all mechanical, electrical, and thermal
properties of SMAs and establishes them as smart materials. If the SMA is in the austenite phase, applying
stress to this material results in the transformation of austenite into detwinned martensite. Upon unloading,
the martensite phase becomes unstable, and the reverse transformation occurs; as a result of this
transformation, the material returns to its initial state, and no residual strain remains. This behavior is termed
superelasticity (or pseudoelasticity) (Fig. 4) [13].
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Fig. 4. Stress-strain curve of SMA with superelastic property [13].

In this paper, the effect of the superelastic property and energy-damping characteristics of SMAs on the low-
velocity impact response of SMA-reinforced composite plates is investigated. To model the superelastic
behavior of the SMA, the Auricchio and Taylor model [14] is utilized. This model is based on the concept of
generalized plasticity and is consistent with physical principles. In this model, strain is divided into two

components: a fully linear elastic component (e!) and a component related to martensitic transformation

(str):
Ae = Ne®! + Ae™T 1

The transformation from austenite to martensite occurs via shear forces when these forces reach a specific

stress level, which is a characteristic of the material.

Ae% = aA(E
do
)

FS < F <FF

In Egq. (2), {is the martensite fraction, and F is the martensitic transformation potential function. The same
relationship holds for the reverse martensitic transformation; however, at different stress levels, the intensity

of the martensitic transformation follows the stress potential law:

Ag = f(a, OAF )

Any change in the direction of stress results in a reorientation of the martensite. Temperature changes cause
a shift in the stress levels at which martensitic transformation takes place. Due to the volume increase during
this transformation, less stress is required in tension compared to compression. This phenomenon is modeled

using the linear Drucker-Prager criterion for the martensitic transformation potential:

F=06—ptanf + CT, Q)

where 6 is the Mises equivalent stress, p is the compressive stress, and T is the temperature. The rule of
mixtures is used to examine the linear elasticity changes from the austenite phase to the martensite phase. The
constitutive model presented by Auricchio and Taylor, by considering the temperature dependence of critical
transformation stresses, follows the Clausius-Clapeyron relationship. This feature allows the model to account
for the effect of latent heat released or absorbed during phase change (although in low-velocity impact, the
process is usually assumed to be adiabatic) within the stress variations. The parameter C in Eg. (4) exactly
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represents the slope of the stress-temperature curve in the alloy's phase diagram, which controls the material's

sensitivity to temperature changes during dynamic loading [15].

The input data for the code written to model the superelastic property of SMAs are shown in Fig. 5. The
properties of the Nitinol materials used in this paper were obtained from uniaxial tensile test results under

loading, unloading, and reverse loading conditions, as well as temperature effects (Table 4) [16].

Table 4. Properties of nitinol material.

Parameter Symbol Value
Austenite Young's modulus Ex (MPa) 51,700
Austenite Poisson's ratio Va 0.3
Martensite Young's modulus Em (MPa) 47,800
Martensite Poisson's ratio VM 0.3
Martensitic transformation strain €L 0.063
Stress-temperature variation rate (loading) Cy [MPaT™1] 6.527
Critical stress for the start of transformation (loading) G‘;S (MPa) 600
Critical stress for the end of transformation (loading) oS (MPa) 670
Reference temperature Ty (°C) 37
Stress-temperature variation rate (unloading) Cy [MPaT™1] 6.527
Critical stress for the start of transformation (unloading) G‘;S (MPa) 288
Critical stress for the end of transformation (unloading) — ¢&5 (MPa) 254
Critical transformation stress in compression oc (MPa) 900
F 3 EM
o
ot
o s
o«
EA I’I‘ »>
EL £
M=
UfL

Fig. 5. Input data for simulating the superelastic property of SMAs.

To investigate the effect of the presence of SMAs on the impact response of the composite plate, strips of
this alloy were embedded in the first and second layers of the composite plate. The cross-sectional width of
these strips is 8 mm, and their thickness was selected to be equal to the thickness of the composite layers
(0.264 mm). The length of these strips is equal to the length of the composite plate (76.2 mm) (Fig. 6). The
analysis results are presented in Fig. 7. Table 5 provides the percentage changes of various parameters
compared to the initial state of the composite plate without SMAs. As observed, by embedding strips of SMA
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in the composite plate, given that this alloy possesses higher stiffness than the composite plate and that these
alloy strips are embedded exactly at the impact location, this factor leads to an increase in the apparent
stiffness of the contact zone, the result of which is an increase in the contact force and a decrease in the
deflection at the point of impact. On the other hand, SMAs, due to their superelastic property and the
formation of a hysteresis loop, possess a high energy absorption capacity. Consequently, by absorbing energy
during the impact, this alloy reduces the energy absorbed by the composite plate, which results in an increase
in the impact resistance of the composite plate and a reduction in the damage caused by the impact.

In fact, the energy absorption mechanism by SMAs is based on "energy dissipation due to internal friction"
during the movement of phase boundaries and twins. The energy reduction absorbed by the composite plate
(the matrix section and glass/catbon reinforcing fibers), which is evident in Table 5, directly implies a
reduction in the energy available for the creation of matrix cracks and interlaminar separation. In other words,
the SMA strips play the role of an "energy fuse" that, by sacrificing energy within their hysteresis cycle,
prevents destructive energy from reaching the brittle and fragile sections of the composite [17].

SRS

76.2 mm

Fig. 6. Embedding of SMA strips within a composite layer.
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Fig. 7. Effect of the SMA on the time history of: a. contact force, b. deflection at
the impact point, c. energy absorbed by the composite plate.

Table 5. Percentage changes in various response parameters for the
case with SMA compared to the initial state (absence of SMA).

23.4% Percentage increase in contact force
14.8% Percentage decrease in impact point deflection
26.05%  Percentage decrease in absorbed energy

As previously stated, in the present research, the effects of instantaneous changes and the spatial non-
uniformity of the austenite-to-martensite phase transformation (and vice versa) have been considered for the
first time. For the SMA elements at the impact location (the elements identified in Fig. §), the variations in
the martensite volume fraction are shown in Fig. 9. As observed, in the element at the impact point, which
experiences the maximum deflection and the largest stress values, all of the initial austenite is transformed
into martensite. However, as the distance from the impact point increases, the martensite volume fraction
decreases due to the reduction in the stress field. Consequently, in element 11, the stress does not reach the
critical threshold for the austenite-to-martensite transformation; thus, no portion of the initial austenite is
converted to martensite.
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Fig. 9. Martensite volume fraction of the SMA elements at various
elements within and around the impact zone.

4| Effect of Impactor Energy

To investigate the effect of impactor energy on the impact response of the SMA-reinforced composite plate,
the impact energy was increased from 12.32 ] by factors of 4, 9, and 16. For this purpose, two different
methods were employed: first, while keeping the impactor mass constant at 1.8 kg, the impactor velocity was
increased from 3.7 m/s by factors of 2, 3, and 4. Second, while keeping the impactor velocity constant at 3.7
m/s, the impactor mass was increased from 1.8 kg by factors of 4, 9, and 16. This approach allows for
comparing the differences between these two methods of increasing impact energy in addition to studying
the effect of the energy itself on the structural response. The analysis results are shown in Fig. 70 and Fig. 77.
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As the impactor energy increases, the martensite volume fraction of the SMA elements increases. For
example, as observed in Fig. 70, by increasing the impact energy from 12.32 J to 197.13 J, the martensite
volume fraction of Element 11 increased from zero to one.

The maximum values for contact force, deflection at the point of impact, and contact duration were extracted
from Fig. 711 for various impactor energy levels and are presented in Table 6. Table 7 provides the percentage
changes of these parameters compated to the initial state (impactor with a velocity of 3.7 m/s and a mass of
1.8 kg, equivalent to an energy of 12.32 J).
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Fig. 10. Martensite volume fraction of Element 11 for various
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Fig. 11. Effect of impactor energy on the time history of: a. contact force,
b. deflection at the impact point.
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Table 6. Values of various parameters at different impactor energy levels.

Impact Impactor Impactor Maximum Contact  Impact Point Contact
Energy (J) Velocity (m/s) Mass (kg)  Force (kN) Deflection (mm)  Duration (ms)
12.32 3.7 1.8 5.962 4.51 4

49.28 7.4 1.8 16.581 7.89 3.2

49.28 3.7 7.2 16.808 8.01 6.4

110.88 11.1 1.8 30.702 10.23 2.8

110.88 3.7 16.2 32.989 10.04 8

197.13 14.8 1.8 52.295 12.50 2.4

197.13 3.7 28.8 53.577 12.77 9.2

Table 7. Percentage changes in various parameters due to the increase in impactor energy
compared to the initial impactor state with an energy of 12.32 J.

Impact Impactor Impactor Percentage Percentage Increase  Percentage Change
Energy Velocity Mass (kg) Increase in in Impact Point in Contact

1)) (m/s) Contact Force (%) Deflection (%) Duration (%)

49.28 7.4 1.8 178.11 74.94 -20

49.28 3.7 7.2 181.90 77.61 60

110.88  11.1 1.8 414.96 126.83 -30

110.88 3.7 16.2 453.32 135.92 100

197.13 148 1.8 777.14 177.16 -40

19713 3.7 28.8 798.64 183.15 130

As observed from Fig. 11, Table 6, and Table 7, increasing the impactor energy leads to an increase in both the
contact force and the deflection at the point of impact. Interestingly, the contact duration increases when the
impact energy is raised by increasing the impactor mass; however, it decreases when the impact energy is
raised by increasing the impactor velocity.

The difference in contact time behavior stems from the difference in the dynamic response of the structure
to "momentum" and "energy." In the case where energy increases through an increase in velocity, wave
phenomena and local deformations (such as indentation) become dominant, giving the structure less time for
a global and flexural response; thus, the contact duration decreases. However, when the mass increases, the
inertia of the impactor forces the entire structure into low-order flexural vibration modes. Consequently, the
process of transferring the kinetic energy of the impactor into the strain energy of the structure occurs over
a longer time interval. This behavior is consistent with the theory of large-mass impact on plates (quasi-static
response) described by Olsson [18].

5| Conclusion

In this paper, a nonlinear analysis of low-velocity impact on a rectangular composite plate reinforced with
SMA strips was conducted. To extract accurate results with minimal error, the instantaneous changes and the
spatial and temporal non-uniformity of the austenite-to-martensite phase transformation (and vice versa) were
considered for the first time in SMA modeling using VUMAT coding within the Abaqus software.
Furthermore, rather than relying on approximate plate theories, a three-dimensional simulation based on
elasticity theory was utilized to extract impact responses, which implicitly results in the refinement of the
contact law. The most significant findings of this research are as follows:

Energy absorption and damage reduction: the superelastic property of the SMA allows it to absorb a
significant amount of energy during impact by forming a hysteresis loop. This absorption reduces the energy
taken up by the composite plate itself, leading to increased impact resistance and a reduction in the resulting
damage.

Impact energy dynamics: increasing the impactor energy leads to an increase in both the contact force and
the deflection at the point of impact. Specifically, the contact duration increases when the impact energy is
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raised by increasing the impactor mass, whereas it decreases when the energy is raised by increasing the

impactor velocity.
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