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Abstract

This study investigates experimentally and numerically the performance of lightweight sandwich panels with trapezoidal alu-
minum corrugated core and composite facesheets reinforced with shape-memory alloys (SMAs) subjected to high strain rate
loading. Composite and aluminum samples were prepared to conduct tensile tests, and the requisite data have been obtained
during the tests. The composite laminate facesheets made of glass/epoxy were fabricated utilizing the hand-layup approach
using 4 layers. For the purpose of reinforcing the composite facesheets, superelastic SMA wires were utilized in three dif-
ferent conditions: 6 SMA wires in the absence of pre-strain, 6 SMA wires with 3 percent pre-strain, and 12 SMA wires with
0 percent pre-strain. The samples were subjected to a high strain rate loading. With the aim of validating and comparing the
experimental and numerical results, the samples were modeled in LS-Dyna software, assuming the test condition. This study
aims to investigate the influence of adding SMA wires, the quantity and position of SMA wires, and pre-straining the SMA
wires in the composite facesheets to enhance the performance of sandwich panels against the high strain rate loadings. The
presence of SMA wires results in better energy absorption and the employment of pre-strain results in better high strain rate
behavior in sandwich panel at the expense of its weight. The results demonstrate that the absorbed energy from 117.247 J
for the samples without the SMA wire was increased to 128.749 J for the 6 SMA wires samples. However, when a pre-strain
of 3% was applied to the wires, the energy absorption in the samples with 6 SMA wires increased further to 142.57 J. On
the contrary, when the SMA wires were located far from the center of the hitting point, the energy absorbed decreased to
123.12 J for the samples with 12 wires without pre-strain.

Keywords Strain rate - High-speed impact - Composite sandwich panels - Corrugated core - Shape memory alloys

1 Introduction

Sandwich panels with corrugated cores have been increas-
ingly utilized for different structures [1]. Sandwich struc-
tures mainly comprise three parts: central core, front (top)
facesheet, and back (bottom, rear) facesheet. Due to having
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improves the vertical force resistance. The sandwich panel
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with a corrugated core behaves like a thick plate, because
of its high shear strength. A corrugated core sandwich panel
has an advantage over a honeycomb core sandwich panel in
that it can withstand bending, twisting and vertical shear
forces. This could also enable the large-scale production of
such structures for applications that require energy absorp-
tion [12].

In recent years, the application of shape-memory alloys
(SMA) has captured the undivided focus of researchers
due to their unique properties for improving composite
structures. Nitinol (NiTi) is one of the first smart materi-
als discovered by W. J. Buehler in 1962 [13]. Nitinol has
two crystal phases: the austenite phase, which is strong and
exhibits more stability at high temperatures, and the mar-
tensite phase, which is soft and more stable at low tempera-
tures [14]. Pseudoelasticity, also known as superelasticity,
is the capability of SMAs to restore to their original state
at the time of unloading after multiple deformations. This
property of SMAs is present at constant deformation and
constant temperature. The application of SMAs in science
and engineering is on the rise due to their unique character-
istics. The composite structures reinforced with SMA are
capable of changing their stiffness properties. Moreover,
the stress resulting from SMA phase transformation leads
to improving the structure strength against high strain rate
loads [15]. In this study, the SMA wires with pre-strain are
added to composite facesheets of sandwich panels at room
temperature.

Recently, the impact response of composite structures
has been interested by many researchers [16-20]. Katariya
et al. [21] investigated the nonlinear dynamic responses of
layered skew sandwich composite structure experimentally
and numerically. Cantwell and Morton [22-24] carried out
an experimental study of the high and low-speed impact on
laminated composites. They showed that a localized defor-
mation state was generated by the projectile which arises
from high-speed impact loading, while it was the opposite of
the low-speed cases. Tanabe et al. [25] investigated laminates
constructed by various reinforced fibers and demonstrated
that the mechanical characteristics of the backside layer
play a vital role in the point of view of energy absorption.
Hazell et al. [26-28] studied the effect of the impact veloc-
ity on the energy absorption, and it is demonstrated that the
energy absorption accompanied by damage extension was
constant for high to higher speed impacts. A comprehensive
review of the recent experimental studies on the high-speed
impacts of composite materials has been summarized in the
latest reviews [29]. The finite element (FE) model of the
high-speed impact response of composite laminates has also
been studied by many researchers. Gower et al. [30] studied
the ballistic impact of composite panels by the FE Model,
and the findings were compared with the results obtained
from the experimental study on rear surface displacement
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and delamination. Their study indicated that an increased in-
plane modulus and in-plane strain caused reduced the back
face signature (BFS) of woven Kevlar composites. He et al.
[31] by considering the response of the composite plate as
a function of the impact speed, predicted the penetration
depth and the ballistic limited speed. Lopez-Puente et al.
[32] forecasted the damaged area in carbon fiber-reinforced
polymer (CFRP) woven laminates arisen by normal and
oblique ballistic impacts. They investigated the damage on
the CFRP plates based on the Chang-Chang damage crite-
rion. The FE model was validated with experimental results.
They studied the residual speed and damage area in different
velocities of projectile at two different impact angles (0° and
45°). Ivafiez et al. [5] suggested a FE Model compare the
ballistic response of sandwich panels, which was compared
by the experimental results. They demonstrated that the sup-
pression of the foam core caused the ballistic limit to be
decreased and the residual velocities were increased (36%) at
impact velocities almost equal to the ballistic limit. Wadley
et al. [33] investigated the deformation and fracture of sand-
wich panels with circular corrugated cores subjected to high-
speed impact loadings. Kilicaslan et al. [34] investigated
and proposed the finite element approach for modeling the
impact on sandwich structure with trapezoidal corrugated
aluminum core with aluminum facesheets. They showed that
the panels impacted with a conical striker with a 0°/90° layer
orientation had relatively less energy absorption than a 0°
/0° orientation panel. Quanjin Ma et al. [35] conducted a
review study of some recent trends on the impact response
of sandwich panels and core structures.

Smart materials such as shape memory alloys (SMAs)
have attracted the attention of many researchers in recent
years due to their unique properties to improve the response
of composite laminates and sandwich panels against impact
loads. Khalili et al. [36, 37] focused on examining the effec-
tive parameters influencing smart hybrid composite plates
subjected to low-speed impact. They investigated the effect
of SMA wires on the stiffness of structures. Their study
showed that the use of SMA wires in unidirectional compos-
ite plates enhances the global properties of hybrid composite
plates. The composite plates with SMA wires dump energy
much more rapidly and uniformly than the composite plates
without SMA wires. Eslami-Farsani et al. [38] assessed the
effect of volume fraction and pre-strain of SMA wires on
the behaviors of composite laminates reinforced with SMA
subjected to high-speed impact. They found that as the vol-
ume fraction of the wires increased, the energy absorbed
by the laminate decreased. On the other hand, pre-strain
application leads to residual stresses in the samples. Verma
et al. [39] investigated the influence of high-speed impact on
the composites reinforced with SMA. They considered the
configuration of SMA wires located between the composite
layers. The results revealed that the meshed SMA absorbs
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SMA Wires

Fig.1 Samples geometry

more energy than the normal one. Rogers et al. [40] analyzed
the damaged area induced by the high-speed impact on com-
posites reinforced by SMA. The results showed that high-
speed impact leads to a more local damaged area compared
to low-speed impact.

The present study is innovative as it explores the effect
of adding SMA wires in composite facesheets of corru-
gated core sandwich panels subjected to high strain rate
loading, which to the best of the author’s knowledge, less
work has been addressed previously. In this research work,
the response of sandwich panels with corrugated core and
composite facesheets subjected to high strain rate impact
are explored numerically and experimentally. Additionally,
the effect of adding superelastic shape memory alloys to
composite facesheets are examined to understand the pos-
sible improvement of structure properties, when subjected
to high strain rate tests. Using LS-Dyna commercial code
and modeling the sandwich panel, other parameters are also
examined including the number and position of wires, and
the influence of applying the pre-strain to the SMA wires.

2 Experimental procedure
2.1 Samples preparation

In this study, the sandwich panel was made of four parts:
aluminum corrugated core, front and back composite
facesheets, and SMA wires (Fig. 1).

Due to having low density, high flexibility as well as
acceptable strength, aluminum is being widely used in engi-
neering applications. In this study, aluminum grade 3000
with 0.3mm in thickness is used to make corrugated cores.
To make trapezoidal corrugated cores, a steel mold with
desired size and corrugated angles was used. Figure 2 shows
the geometry of the trapezoidal corrugated core cross sec-
tion. Figure 3 shows the aluminum corrugated core samples.
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Fig.2 The aluminum corrugated core geometry

Fig.3 The aluminum trapezoidal core sample

Composite facesheets were prepared through the hand
layup method at room temperature. The facesheets were
made by continuous woven glass fiber/epoxy. To make the
composite laminates for facesheets, EPON828 epoxy resin
was mixed with 10% hardener and then combined with
woven glass fabric (Camelyaf /Turkey). The facesheets
laminates’ thickness is one millimeter, comprised of four
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Fig.4 Tensile test of aluminum

Table 1 Aluminum grade 3000 sample properties

Symbol Property Magnitude
p Density (kg/ ms) 2770

E Elastic modulus (GPa) 70

S Tensile strength (MPa) 295

v Poisson’s ratio 0.33

layers of woven glass fabric. In order to consider the
influence of SMA wires embedded between the layers,
superelastic SMA wires with a diameter of 0.5 mm were
placed in parallel between the third and fourth layers.
The volume fraction of fiber in the composite facesheets
is about 28%.

2.2 Materials
2.2.1 Aluminum

Figure 4 illustrates the aluminum samples selected for the
corrugated core are tested by ASTM B557 standards [41] to
exhibit aluminum mechanical properties. Table 1 shows the
mechanical properties of aluminum.

2.2.2 Composite facesheet

Composite laminate samples as facesheets were tested
according to a) ASTM D3039 standard [42] to demonstrate
tensile properties, b) ASTM D5379 standard [43] to demon-
strate shear properties, and ¢c) ASTM D664 1 standard [44]
to demonstrate compressive properties (Fig. 5). The testing
results are shown in Table 2 and are used as input properties
for numerical analysis.

@ Springer

2.2.3 SMA wires

The SMA wires with the properties given in Table 3 were
used to reinforce the facesheets [45].

The parameters involved in the response of smart sand-
wich panel structures exposed to high strain rate loadings
include the influence of SMA presence in reinforcing
sandwich structures, the SMA wires’ position and num-
bers, and the pre-strain applied to the SMA wires. To
observe the influence of adding SMA wires to structures,
three types of samples were made and tested, including
a sample without SMA wires (Fig. 6a), a 6-wires SMA
sample with three wires in the front facesheet and three
wires in the back facesheet (Fig. 6b), and a 12-wires SMA
sample with six wires in the front facesheet and 6 wires in
the back facesheet (Fig. 6¢). To observe the effect of SMA
wires position, in the 6-wires sample, the wires are embed-
ded in such a way that one of the wires is exactly situated
at the center of the facesheet and the projectile hitting
point on the structure; in the 12-wires sample, the wires
are embedded in such a way that the central projectile is
hitting the sample at an equal distance of 0.25 cm from
each adjacent SMA wires, as illustrated and specified by
‘X’ marks in Fig. 6b and c. The central position of impact
is also displayed by the ‘X’ mark in Fig. 6. To observe the
pre-strain effect, in the 6-wires samples, the SMAs are
embedded in composite facesheets in two various forms:
0% pre-strain and 3% tensile pre-strain. All samples were
made in 15 X 15cm? dimensions. Definitions of sample
codes and parameters are listed in Table 4.

The SMA wires' quantity for each facesheet is written
by a number before W; similarly, the number after W cor-
responds to the pre-strain condition of the wires. Also, GE
means facesheets made of glass fiber /epoxy composites
without the SMA wires, and SGE means the facesheets
with the SMA wires.

2.3 High strain rate test

A high strain rate test was done using an air gun shown
in Fig. 7. The air gun generates the required speed and
strain rate for the projectile using a pressure vessel. This
testing rig is normally employed to test for high and
medium strain rate impacts whereby a low mass projec-
tile is propelled using pressurized air in the gun barrel.
The speedometer is comprised of a diode emitting a light
beam and a light indicator. The projectile, which is of a
specific dimension, blocks the light beam, and the dura-
tion of blockage is recorded by a sensor. To calculate the
projectile speed, the time interval between the two sensors
is measured by a digital counter.
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Fig.5 The facesheet laminate samples under (a) shear test, (b) compression test and (c) tensile test

The sample’s holder fixed the samples by support to fix
the edges from each side by 5 cm. (Fig. 8). The projectile
used in the study is a cylindrical object with a semi-spherical
head of 21 mm in diameter and 27 gr in weight (Fig. 9). The
projectile, which was made of steel was so stiff (rigid), that
no deformation occurred during the impact.

The projectile’s initial speed in this study is 119 m/s.

3 Finite element modeling
3.1 Software and geometry model

A finite element LS-Dyna R11 commercial FE code was
used for the numerical simulation. LS-Dyna is a nonlinear
dynamic modeling program that relies on explicit equations
to simulate problems. In this study, the geometry is of four
parts: an impactor (projectile), an aluminum corrugated
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Table 2 Composite laminate properties used as facesheets

Table 4 Samples’ code in the present research

Symbol Property Magnitude
P Density 1460 (kg/m?)
E, Longitudinal Young’s modulus 19.84 (GPa)
E,, Transverse Young’s modulus 19.84 (GPa)
v Poisson’s ratio 0.25

G, Shear modulus 5 (GPa)

X, Tensile strength—Longitudinal 369 (MPa)
X, Compressive strength—Longitudinal 375 (MPa)
Y, Tensile strength—Transverse 369 (MPa)
Y, Compressive strength—Transverse 375 (MPa)
S Shear strength 75.8 (MPa)

core, two composite facesheets at top and bottom of the core,
and SMA wires to reinforce composite plates as shown in
Fig. 10.

Properties of the rigid body were applied to the impac-
tor. Using the Belytschko-Tsay shell element formula, the
aluminum corrugated core is modeled with three integra-
tion points in the direction of thickness. The aluminum
corrugated core thickness is 0.3 mm, similar to those of
the tested samples. The composite facesheets are modeled

Number Samples code Number of wires in Wires
each facesheet pre-strain
(%)
1 GE-0W0 0
2 SGE-3W0 3 0
3 SGE-3W3 3 3
4 SGE-6W0 6 0

by shell elements with four integration points in the direc-
tion of thickness. The composite plates are 1 mm in thick-
ness, each with four layers. Additionally, to model the
SMA wires, a beam element is used with Hughes-Liu
with a circular cross section and 0.5 mm in diameter. The
dimensions of square-shaped samples are assumed as 15
x 15 cm?. The height of the aluminum corrugated core is
1.1 cm, whose cross section is shown in Fig. 11.

As shown in Fig. 12, the impactor modeled is a cylindri-
cal object with a semi-spherical head, 3.75 cm in length, a
radius of 1.08 cm, and a mass of 27 gr. The place of impact
is exactly at the center of the sample.

Table 3 Properties of Shape

. Symbol Property Value

memory alloy wire [45]
p Density 6500 (kg/m?)
EA Young's modulus—Austenite 55 (GPa)
EM Young's modulus—Martensite 46 (GPa)
0 Poisson’s Ratio 0.3
ohs Stress level at which martensite-to-austenite phase transformation starts 190 (MPa)
oMs Stress level at which austenite-to-martensite phase transformation starts 380 (MPa)
oAf Stress level at which martensite-to-austenite phase transformation finishes 120 (MPa)
oMf Stress level at which austenite-to-martensite phase transformation finishes 460 (MPa)
H"(380MPa) Recoverable strain 5.6%

Fig.6 The samples (a) without wire, (b) with 6 wires, and (c) with 12 wires
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Fig.7 The utilized air gun .
impact test device Specimen’s holder
Impact gun
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Fig.9 Semi-spherical projectile
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Fig.8 Sample’s holder oy . '//"
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Three models are presented in this study: a sample with-
out SMA wire, a sample with 3 SMA wires for each com-
posite facesheet, and a sample with 6 SMA wires in each
composite facesheet (Fig. 13).

In 3 SMA wires-reinforced composite facesheets, the mid-
dle wire is exactly at the center of the facesheet under the
projectile hitting point. In 6 SMA wires-reinforced composite
facesheets, the two-middle adjacent SMA wires are located
at 0.25 cm apart from the center of the facesheet and the pro-

Back Faceshe 3 ¥
jectile hitting point. Figure 14b and c illustrates the positions ) Aluminom corrugated core
of SMA wires in the samples with 3 SMA wires and 6 SMA
wires in each facesheets, respectively. Fig. 10 FEM Geometry for SGE-3W0
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Fig. 11 Core cross-sectional
view

3.2 Material properties

A 3.2.1 Composite facesheet
An enhanced composite damage model is employed for com-
3 posite facesheets. In the elastic area, Hallquist [46] and Wade
375 cm e et al. [47] provided the stress—strain behavior of the material
in the longitudinal, transverse, and shear directions.
g, = L(0' — V{,0,)
1= g 0T e (1
Y
Fig. 12 The geometry of the projectile £2= E_Z(GZ ~ Vo) @
26, = LT + ar?
12 Gy 12 12 3)

The parameter ‘a’, in Eq. (3), considers the weighing factor
of the nonlinear shear stress. ‘a’ is normally calibrated by trial

SMA Wires
L

a b C

Fig. 13 The geometry of samples and the impactor (a) without SMA (b) with 3 SMA wires in each facesheet (¢) with 6 SMA wires in each
facesheet
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Front Facesheet
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SMA Wire \
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b)

Fig. 14 Schematic view of the SMA’s wires location in the samples (a) 3 SMA wires in each facesheet and (b) 6 SMA wires in each facesheet

and error as it cannot be determined experimentally. In order

to specify individual ply failure, as presented in the following

Eqgs. (4-8), the material model uses the Chang-Chang failure

criterion [46, 47] out of the elastic region. Equations. (4-8)

show e, and e_, which are called the history variables represent-

ing tension and compression as failure flags (or indicators.)
For the tensile-axial direction mode where o;; > 0

2 2 5 .
2 _ (%1 3p) es > 0 = failed
“ = <Z) +ﬂ<S_C> =L etzl < 0 = elastic @

Upon failure: E, = E, =G, = v, =0,y =0.

In the tensile fiber mode,’f°, which is regarded as the
shear stress weighing factor, makes it possible for the user
to define the influence of shear explicitly.

The Hashin failure criterion is derived for f = 1, where
setting f = 0, Eq. (4) is reduced to the maximum stress fail-
ure criteria.

In case of the compressive-axial direction mode where
0, <0

2 5 .
>
2= o\ 1, ezc >0=> fallefl )
¢ X e; < 0 = elastic

c

Upon failure: E; = v, =0,, =0.
For the tensile-transverse direction mode where o,, > 0

2 2 5 .
o o e > 0 > failed
Y, S, e; <0 = elastic

For the compressive-transverse direction mode where

0y <0

2 .
2_(O2) _, €= 0 = failed
= < Y > L ef < 0 = elastic ™

c

For the matrix failure criterion

2 <°’12>2 1 ®)
ee=(—) -
! S,

where S. is the shear strength,X, and X, are the tension and
compression strength in longitudinal direction, respectively.
Similarly, Y, and Y, are the tension and compression strength
in transverse direction, respectively. The mechanical test
results (Table 2) will be used for input parameters.

In order to define failure, the Chang-Chang model [46,
47] is used. This material model shows that when a failure
occurs in all the composite layers (through-thickness inte-
gration points), the element is deleted. For bricks, once the
integration point has met the failure criteria, the element is
removed [48].

According to the results presented in the references [49],
the strain rate has no effect on Young’s modulus, and by
increasing the strain rate to 1000s~!, the ultimate strength has
increased 50% more than its value at the quasi-static strain
rate (0.001s™') in glass/epoxy composite laminates. In the
present paper, the strain rate is equal to 370s~!. According
to the results presented in the references [49] and by interpo-
lating between the ultimate stresses at 0.001s~! and 1000s~!
strain rates, the ultimate strengths presented in Table 2 are
approximately changed to 437 MPa, 444 MPa, and 90 MPa
for X,(Y,), X.(Y,) and S, respectively.

3.2.2 Aluminum corrugated core sheet

The aluminum corrugated core is modeled by Piecewise
Linear Plasticity. Elastoplastic properties for this material
are addressed by the definition presented by the stress—strain
curve. Failure properties are defined by effective plas-
tic strain (EPS). Table 1, presents the defined mechanical
parameters for aluminum.

The Cowper—Symonds model [48] is used to include the
effect of the strain rate:
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1
. p
£
1+ (_) ©)
C
where ¢ is the strain rate, for aluminum alloys, the constant
coefficients P and C are 4 and 6500 1/s, respectively, [49].

3.2.3 Shape memory alloys

In order to define SMA properties, the shape memory mate-
rial model is employed. This material defines the superelas-
tic behaviors of SMA materials, whereby the material can
tolerate huge transformations due to loading and restoring
the original case due to unloading. The required parameters
to define SMA include density, elastic modulus in the aus-
tenite phase, Poisson's ratio, initial austenite stress, final
austenite stress, initial martensite stress, and elastic modu-
lus in the martensite phase. Table 3 shows the parameters.
Also, according to the results presented in reference [50, 51],
increasing the strain rate leads to increase the stress level at
the plateau area in the loading state (phase transformation
from austenite to martensite). On the other hand, by increas-
ing the strain rate in the unloading state (phase transforma-
tion from martensite to austenite), the stress level remains
constant. The results presented in reference [50, 51] show
that by increasing the strain rate from 0.0015~! in quasi-
static test, up to 1200S~! in dynamic test, the starting and
the final value for the forward phase transformation (¢™* and
oM', respectively) will increase about 100 MPa. According
to the results in reference [50, 51], by interpolating between
the stresses value, the oM and cMfwhich were presented
in Table 3, are increased about 30 MPa and calculated to
be about 410 and 490 MPa, respectively. Before doing the
dynamic analysis, each of the SMA wires in pre-strained
samples was stretched by suppose 1.5% of its original length,
which equals 2.25 mm from both sides of the wire (the case
of 3% pre-strain for each wire).

3.2.4 Rigid body projectile
The experiment showed that the impact process did not
cause any deformation to the projectile, so the projectile

was modeled as a rigid material that is stiff enough to resist
any deformation while impact on sandwich panel.

Table 5 Rigid body properties used as projectile

Symbol Property Magnitude

p Density 7850 (kg/m?)
E Young’s modulus 200 (GPa)

v Poisson’s ratio 0.3

@ Springer

This material model is allowed to directly define the inter-
nal properties and initial velocities for the projectile, and
it will calculate the override data from the material prop-
erty definition. The sliding interface parameters depend on
Young’s modulus and Poisson’s ratio, when there is a contact
definition involving the rigid body. [46] The projectile mate-
rial properties are shown in Table 5.

3.3 Mesh details

Each composite facesheets layer was meshed using 2416
ELFORM =2 Belytschko-Tsay shell elements. The impac-
tor was meshed using 5105 selective reduced integrated
rigid elements (ELFORM = 16). The aluminum core was
meshed using 2416 ELFORM =2 Belytschko-Tsay shell ele-
ments. Each SMA wire was meshed using 48 ELFORM =1
Hughes-Liu beam elements.

3.4 Contact definition

LS DYNA’s “Contact Automatic Surface to Surface” formu-
lation was used to model the contact interaction between the
impactor, composite facesheets, and aluminum corrugated
core. Once an external surface of a body comes in contact
with the external surface of another body, the Automatic
Surface to Surface algorithm can establish contact. Auto-
matic Surface to Surface is considered the most general type
of contact used as LS-DYNA automatically searches all the
external surfaces in a model to determine the occurrence of
penetration.

Using an epoxy adhesive, the laminated composite
facesheets are attached to the corrugated core. Wentao et al.
[52] established via the experimental results that there is no
clear observation of debonding failure among the corrugated
core and the facesheets during the impact tests. Therefore,
LS DYNA’s “Contact Tied Surface to Surface Offset” for-
mulation was used to model the contact interaction between
the aluminum core and each composite facesheet. Gluing
contact surface to target surface may be of interest when
the meshes are not matching. The master node can deform
and the slave node will follow. In this contact model, the
debonding and delamination between the master and slave
bodies are not taken into consideration. Instead, the contact
is assumed to be perfectly tied. Therefore, in the contact
areas, the surfaces of the two bodies that are joined together
would behave as a single entity with distinct properties.

Modeling of contact interaction between the SMA and
each composite facesheets was done by LS DYNA’s “Con-
tact Tied Node to Surface Offset” formulation.

The "Contact Automatic Node to Surface" connection
model is used to make the connection between the impactor
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and the SMA wires. In this type of connection, each slave
node is checked for penetration through the master surface.

3.5 Initial and boundary conditions

The impactor exactly hits the center of the body vertically at
the speed of 119 m/s. Considering the boundary conditions
and fixtures in the air gun testing machine, the four sides
of composite facesheets are assumed as fixed (Fig. 15). As
mentioned earlier, before dynamic analysis, each SMA wires
was stretched by certain percentage calculated, according to
the initial pre-strain conditioned of the SMA wires. In LS-
Dyna FE code, the prescribed motion set was used to imple-
ment dynamic relaxation conditions for stretching. Dynamic
relaxation is applied during the initial phase of the solution
to determine the initial stress and displacement field before
commencing the analysis. [48]

3.6 Time setup

The time step for outputting the history data was set to
9.00e-4s. The time frame is selected in a manner enabling
the impactor to completely penetrate the body and extract
from the opposite side of the body. This statement suggests
that once the projectile exits a structure, its kinetic energy
decreases and eventually converges to zero. As a result, the
analysis of the projectile's motion after this point may not
be necessary.

3.7 Mesh sensitivity

In FE models, the mesh size has a profound effect on
the results. As the mesh size reduces and the number
of elements increases, the solution time is subsequently
increased. The mesh sensitivity analysis was carried out
to arrive the optimal size of the elements. To do so, the
meshes need to become very small, so that the results of
the two types of samples do not substantially differ. In
the samples, meshes are reduced by halves (medium size)
and quarters (fine size), and the results are compared with
those of the initial meshing (coarse size).

As the number of elements gradually increases, more
accurate numerical responses are obtained, and conver-
gence is seen in the results. Three forms of meshing with
different element densities were examined, and after
reviewing the results, the samples with the medium mesh-
ing size were selected. Convergence analysis is based on
the residual speed parameters of the projectile.

According to Table 6, in medium and fine meshing as
compared with the coarse meshing, the results were close
to each other. A comparison of the numerical and experi-
mental solutions to validate the results based on residual
speed indicates that there is only about a 1% difference
between the results of samples with medium mesh size and
fine mesh size. Hence in this study, the medium mesh size
was used. Also, Fig. 16 shows the model without SMA
wires with different mesh sizes.

Table 6 Mesh convergence of

Mesh Size  Total Ele-  Total Initial Speed  Residual Speed Discrepancy with CPU
GE-0W0 sample ments Nodes (™) (™) medium mesh size  run time
(%) (min)
Coarse 9992 10,341 119 66.2 4.8 15
Medium 39,968 40,663 119 69.5 - 93
Fine 159,872 161,259 119 70.2 1 182
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a

Fig. 16 Models with different mesh sizes (a) Coarse size (b) Medium size (c) Fine size

3.8 Modeling strategy

A flowchart (Fig. 17) is provided to give a concise over-
view of how the impact on the sandwich panel was con-
sidered and solved in LS-Dyna. The initial step involves
importing the necessary components, including the geom-
etry and boundary conditions. If a pre-strain is required,
a prescribed condition is set accordingly. Once the initial
conditions are established, the analysis is started.

The solution progresses until the projectile makes con-
tact with the different parts of the structure. Once contact
is established between the impactor and each individual
part, the failure criteria of the composite facesheets and
the core are evaluated. If the failure criteria are met, the
elements are removed, and the impactor continues to pass
through the bodies.

The SMA wires are stretched and undergo phase trans-
formation when the impactor is collided with them. Once
the impactor is passed through the structure, the check
for convergence is conducted and the analysis process is
ended.

4 Results and discussion

The limited speed and the absorbed energy by the sandwich
panels with the SMA wires were calculated by Egs. (10) and
(11) and compared to the sample with no SMA wires in this
study. In this regard, the residual speed of the projectile is
calculated. Then, the limited speed and the absorbed energy

@ Springer

were obtained by the experimental results. The limited speed
is the minimum required speed of the projectile in order to
completely penetrate the body, which is calculated by Eq. (10)
[53]. After calculating the limited speed, the absorbed energy
is achieved via Eq. (11) [53].

V,=4/V??-V2 (10)
1 2
Eabs = EMpvl (11)

In Eq. (10),V1’Vi, and V, associated with the limited, ini-
tial, and residual speeds, respectively. In Eq. (11), E,; and
M, are the absorbed energy and the mass of the projectile,
respectively.

Moreover, the damage pattern and damage areas of the
composite facesheets are examined.

To assess the amount of energy absorbed by the composite
facesheets, the damaged area comparison between the front
and back (rear) facesheets to the whole surface of the sam-
ple might be an adequate criterion. The greater the damaged
area, the more energy is absorbed and, therefore the greater
the impact resistance.

4.1 High-speed test on GE-OWO0 sample

In the first step, the sample in the absence of the SMA
wire which is shown in Fig. 6a has been tested. Figure 13a
shows the numerical model of the sample. Equation (10) is
used to calculate the residual speed and the limited speed,
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Fig. 17 Flowchart for FE simu-
lation using LS-DYNA
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Table 7 Residual speed, limited speed, and absorbed energy for
GE-0W0

Experimental Numerical Dis-
crep-
ancy
(%)

v, (m/s) 74 69.5 6.1
v, (m/s) 93.19 96.6 3.7
Eue ) 117.247 125.97 74

Check ifthe structural
analysis is converged

then to calculate the absorbed energy for the GE-OWO0
sample, Eq. (11) is applied. The numerical and experimen-
tal results are presented in Table 7. Even in Table 7, the
discrepancy between the experimental and the numerical
results are also presented. The discrepancy is due to the
experimental results which are affected by the instrumental
and random errors; the numerical methods are affected by
the physical model selected and the parameters belonging
to it; on the other hand, in the present study, the shell ele-
ments were used to model the sandwich panel, and due to
this assumption discrepancy is also occurred.
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Circular damage pattern

a

Vertical crack growth

Horizontal crack growth

b

Fig. 18 Damage area of composite facesheet in GE-OWO0 sample obtained experimentally (left photograph) and numerically (right photograph)

(a) front view (b) back view

Table 8 Damage area of GE-OW0

Experimental Numerical (sz) Discrepancy (%)
(em?)

Front side 7.86 7.76 1.3

Back side 8.53 9.36 8.86

Table 9 Residual and limited speed, and absorbed energy for SGE-
3wWo

Experimental Numerical Discrepancy (%)
v, (m/s) 68 66.3 2.5
v, (m/s) 97.66 98.8 1.17
Eue ) 128.749 131.83 2.4

Figure 18 shows the front and back damaged surfaces

Crack growth in the direction of the wire

S p—
LR s L2 o ot

a

of GE_OWO obtained by the numerical and the experimen-
tal methods after the impact. Moreover, Table 8 presents
the damaged areas caused by high-speed test on each sur-
face. It could be concluded that the damaged area on the
back side is larger than the front side and more energy
is absorbed on the back side because of the contact core
and the back facesheet. The damaged area is almost 8.5%
greater on the back facesheet. On the front face the dam-
aged area is circular, and the damage propagation on the
back side is bidirectional.

4.2 High-speed test on SGE-3WO0 sample
Figures 6b and 13b demonstrate the 3 SMA wires facesheets

sandwich sample and the numerical model, respectively. The
residual and limited speeds, and the absorbed energy for the

Crack growth in the direction of the wire

Growth of cracks perpendicular to the wire

b

Fig. 19 Damage area of composite facesheet in SGE-3WO0 sample obtained experimentally (left photograph) and numerically (right photograph)

(a) front view (b) back view
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Table 10 Damage Area of SGE-3W0

Table 12 Damage area of SGE-3W3

Experimental Numerical (sz) Discrepancy (%) Experimental Numerical Discrepancy (%)
(cm2) (sz) (sz)

Front side 9.3 9.21 0.96 Front side 9.4 9.5 1.05

Back side 9.86 9.26 6.1 Back side 9.7 9.3 4.1

Table 11 Residual and limited speeds, and absorbed energy for SGE-
3W3

Experimental Numerical Dis-
crep-
ancy
(%)

v, (m/ s) 60 57 5
v, (m/s) 102.77 104.46 1.6
Eu ) 142.574 147.312 33

SGE-3W0 sample are calculated by Eqs. (10) and (11) and
are presented in Table 9.

Figure 19 shows the front and back facesheets of SGE-
3WO for the experimental and the numerical solutions
after the impact. Moreover, Table 10 presents the damaged
areas caused by high-speed test on each surface. Results
revealed that by including the SMA wires in a sample,
about 13% energy absorption of the sandwich panel is
increased. Also, adding SMA wires to the facesheets
causes larger damaged areas on the front and back sur-
faces; whence, the greater energy was absorbed by panels.
The damaged areas on the front and back surfaces of the
sandwich panel at the presence of SMA wires increased
by 18 and 16 percent, respectively, when compared to the

Circular damage pattern

sample without SMA wires. Furthermore, the direction of
damage propagation in the front facesheet is in the direc-
tion of the SMA wires. The direction of damage propa-
gation in the back facesheet is in the direction and the
vertical direction of the SMA wires. That is why the back
facesheet damage area was about 6% greater than the front
facesheet.

4.3 High-speed test on SGE-3W3 sample

Table 11 demonstrates the residual and limit speeds, and
absorbed energy that are obtained by Eqgs. (10) and (11) for
the experimental and numerical study of the high-speed test
on the SGE-3W3 sample, that is, the SMA wires are pre-
strained by 3%.

Figure 20 shows the front and the back damaged surfaces
of SGE-3W3 for the numerical model and the experimental
sample after the impact. Moreover, Table 12 presents the
damaged areas caused by high-speed impact on each sur-
face. Results indicated that the pre-strain of the SMA wires
caused an increase of about 21.5% greater energy absorp-
tion as compared to GE-OWO and about 11% greater energy
absorption as compared to SGE-3WO0. There is an increase
in the damaged area on the front surface and a reduction
in the damaged area on the back surface measured against
the sample without pre-strain SMA wires. Approximately

Crack growth in the direction of the wire

Growth of cracks perpendicular to the wire

b

Fig.20 Damage Area of composite facesheet in SGE-3W3 sample obtained experimentally (left photograph) and numerically (right photograph)

(a) front view and (b) back view
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Table 13 Residual speed, limited speed, and absorbed energy for
SGE-6W0

Experimental Numerical Dis-
crep-
ancy
(%)

V. (M) 71 69.3 2.4
Vi (") 95.5 96.74 1.3
E (D) 123.12 126.34 2.6

20% increase in the front facesheet and 14% increase in the
back facesheet damaged area occurred when compared to
GE-OWO0. The damaged area on the front surface is approxi-
mately circular and the direction of the damage propaga-
tion is also in both the direction and vertical direction of
the SMA wires. It shows that the pre-strain of the SMA
wires would change the behavior of the failure and energy
absorption of the sample, since the projectile hit the pre-
strained wire at the center and the adjacent wires also affect
the energy absorption in the front facesheet compare to the
back facesheet.

4.4 High-speed test on SGE-6WO0 sample

Figure 6¢ shows the 6 SMA wires facesheets sandwich sam-
ple. Figure 13c shows the numerical model of the sample.
Equation (10) is used to calculate the residual and limited
speeds, and Eq. (11) is applied to calculate absorbed energy
for the SGE-6WO0 sample. Table 13 lists the numerical and
experimental results.

Figure 21 shows the front and back sides of SGE-6WO0
for the numerical and experimental investigation after the
high-speed test. Moreover, Table 14 presents the damaged
areas caused by high-speed impact on each surface. Results

Long oval crack growth pattern

Table 14 Damage area of SGE-6W0

Experimental Numerical (cm?) Dis-
(cmz) crep-
ancy
(%)
Front Side 8.57 9.2 6.8
Back Side 9.1 9.8 7.1
Table 15 Mass of samples
Sample GE-0W0 SGE-3W0 SGE-3W3 SGE-6W0
Mass (gr) 103.02 104.16 104.17 105.32

demonstrated that about a 5% increase in absorbed energy
was achieved by 6 SMA wires facesheets in the sandwich
panel as compared to GE-OWO. It should be noticed that the
hitting point is in between the SMA wires and not on the
SMA wire. The damaged area increases on the front side as
well as on the back side when compared to GE-OWO; there-
fore, adding the SMA wires caused the sandwich panel to
absorb more energy. The front and back facesheets damaged
areas are becoming larger by 9% and 6.8%, respectively,
when compared to GE-OWO0 sample. Damage propagation
is in the direction of SMA wires in the form of a long oval
on the front and back sides.

Due to slight difference in the dimensions and the
weights of the samples in the fabrication process, the spe-
cific absorbed energy (SAE), which is the result of dividing
the absorbed energy by the mass of each sample, has been
calculated by Eq. (12).

L)

SAE =

Long oval crack growth pattern

Fig. 21 Damage area of composite facesheet in SGE-6WO0 sample obtained experimentally (left photograph) and numerically (right photograph)

(a) front view and (b) back view
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Fig.22 Specific absorbed 2
energy — SAE (Jg)

1.5

Specific absorbed energy (Jg)

Table 16 Total absorbed energy for all samples in the present work

Sample Experimental Numerical total % increase in
total absorbed absorbed energy  Absorbed Energy
energy (J) ) (Experiment)

GE-OWO0  117.247 125.97 0

SGE-3W0 128.749 131.83 9.8

SGE-3W3 142.574 147.312 21.6

SGE-6W0 123.12 126.34 5

In Eq. (12), E,; refers to the absorbed energy that was
calculated by Eq. (11) and ‘m’ refers to the mass of samples.

The mass of each sample is presented in Table 15. Fig-
ure 22 shows the SAE obtained by the experiments. Con-
sidering the mass of each sample, the SAE increased by
embedding SMA wires in the sandwich panel. Further-
more, applying the pre-strain to the wires caused the SAE
increases. The results show that the shape memory wires
placed at the hitting point work to the advantage of more
specific energy absorption.

In the research made by Ref. [38], the influence of SMA
wires on the high-speed impact resistance of smart fiber
metal laminate (FML) was investigated. The results in ref-
erence [38] showed that embedding SMA wires between
composite layers in FML increases the energy absorption
of the structure. So, the samples with 2, 4, and 8 wires in
the Ref. [38], absorbed more energy than the samples with-
out wires. However, increasing the volume fraction of SMA
wires (no. of SMA wires), decreases the absorbed energy
due to the discontinuity in mechanical properties of the sam-
ples [38]. The energy absorption was increased following the
application of pre-strain to the SMA wires. According to the
results in Ref. [38], by applying 4% pre-strain to the SMA
wires in the sample with 4 wires, the absorbed energy was
increased about 10.2% compared with the sample includes 4
wires without pre-strain. In the present research, by increas-
ing the pre-strain to 3% in the SGE-3W3 sandwich samples,

1.24

1.37
1.14 1.17
1
0.5
0

GE_0W0

SGE 3W0 SGE 3W3
Samples

SGE_6W0

the absorbed energy is increased by almost 10.7% compared
with the SGE-3WO0 sample. As shown in Table 16, it is deter-
mined that placing SMA wires in the structures can improve
the high-speed impact resistance. Pre-straining the SMA
wires in sandwich panel is dominant factor than increasing
the number of SMA wires. Also, there is a good agreement
between the experimental and the numerical results.

4.5 Damage morphology

Based on the results of the high-speed impact tests per-
formed on sandwich panel samples with corrugated cores,
including the facesheets at the presence of the SMA wires
and without the presence of the SMA-wires, the failure
mechanisms comprised of numerous stages:

The first stage is the moment the projectile strikes the
front composite facesheet at initial speed. At this stage, a
portion of the projectile energy is absorbed by the front
facesheet, and failure is seen in the matrix and fibers. In sam-
ples with 3 SMA wires facesheets, after the projectile col-
lides with the middle wire, a portion of the projectile energy
is absorbed by the SMA wires. The absorption of energy
continues until the projectile pulls out the SMA wire. It has
been observed that in these samples, the projectile deviated
slightly after passing through the middle SMA wire. In 6
SMA wires facesheets samples, the two SMA wires situated
near the impact point absorb a part of the projectile energy.
In all samples with the SMA wires, due to the collision of
the projectile with the SMA wires, the wires are stretched
and then, the projectile gets past the wires, and the stretch is
partially recovered.

In the second stage, the projectile penetrates the front
composite facesheet and reaches the aluminum corrugated
core. In this stage, a significant amount of energy is absorbed
by the aluminum corrugated core. As the penetration process
continues, the stress reaches the ultimate stress in the alu-
minum that causes the core penetration and petaling. At this
stage, due to the deformation of the core, the adhesive bond
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The petal fracture of the core caused the failure of the composite back facesheet

Fig. 23 Influence of the core crack on the rear facesheet failure

between the core and the back composite facesheet is failed
in some locations around the impact point (it was visible by
color changed in the matrix around the impact point). Petal
cracks in the core also caused fracture in the back composite
facesheet. In the study of Ref. [54], the effect of core shape
on the impact performance of sandwich panels at different
impact velocities, including high-speed impact was studied
numerically. In Ref. [54], five types of cores were studied:
Kagome-3D, pyramidal, corrugated, hexagonal honeycomb,
and tetrahedral. They simulated the impact at three different
velocities: 10, 40, and 200 m/s. The results show that at the
low-speed and high-speed of the projectile, the corrugated
core sandwich panel absorbed more energy than other sand-
wich panel core configurations. Figure 23 demonstrates the
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influence of the core crack on the back facesheet rupture in
the SGE-6WO0 sample. Due to this type of fracture behavior
in corrugated core, the sandwich panels usually absorb more
energy.

In the third stage, the projectile leaves the sample after
passing through the core and ruptures the matrix and fib-
ers of the back facesheet. At this stage, the projectile loses
energy again due to the collision with the SMA wires, and
as in the first stage, the projectile causes a stretch in the
SMA wires. After the completion of the impact process and
complete passage of the projectile through the SMA wires
and facesheet, part of this stretch is returned.

¥ o 4—o—4—o —o o o
} D
C
Region 2 Region 3 Region 4
——GE-0W0
-+—-SGE-3W0
—-—-SGE-3W3
——SGE-6W0
0.0003 0.0006 0.0009
Time (s)



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:89

Page 190f 27 89

4.6 Absorbed energy history

The absorbed energy-time graph obtained through numeri-
cal solutions is shown in Fig. 24 indicates that: Region 1,
initially, all absorbed energy history graphs show a linear
upward increase for all samples up to Point A due to the
impact of the projectile on the front composite facesheets.
Then, the steepness of the absorbed energy-time graph is
increased from Point A to point B due to the stretching of
the SMA wires in the samples with the SMA wires. The
sample SGE-3W3 deviated more due to pre-strain of the
SMA wires.

At Region 2, the projectile hits the aluminum cor-
rugated core which accounts for much of the absorbed
energy by the sample (point B to point C). The change in
steepness in this region is due to achieved stiffness of the
whole structure due to the presence of the SMA wires.
At this region, in addition to the absorption of energy by
the aluminum core, some energy is absorbed by the back
composite facesheet and the bonding with the aluminum

4
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core during the nonlinear region of the graph (Point C to
point D).

At Region 3, the projectile is passing through the
facesheet on back showing the highest amount of the
absorption of energy by the friction of the components of
the sandwich panel, the projectile, along with the SMA
wires (point D onward).

In Region 4, finally, the structure solely absorbs energy
from the SMA wires. As shown in Fig. 24, the amount of
energy absorption is increased during the four regions by
adding the SMA wires and pre-strain to the SMA wires in
the samples.

Additionally, placing the SMA wires at the hitting
point of the projectile impact leads to an increase in the
steepness of the absorbed energy history at region 1 and
region 3. On the other hand, applying pre-strain to shape
memory wires also causes an increase in the steepness of
the absorbed energy-time graph at regions 1 and 3 and
specifically at the end of the region 2.
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Fig. 25 (a) contact force—displacement curves, (b) contact force history for GE-OW0, SGE-3W0, and SGE-6WO0 samples
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Fig. 26 (a) contact force—displacement curves, (b) contact force history for GE-3W0 and SGE-3W3 samples
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4.7 Contact force history

Figures 25 and 26 show the a) contact force versus displace-
ment curves and b) contact force history for all the sandwich
samples during the impact time resulting from the numeri-
cal analysis, respectively. Figure 25 shows the effect of
placement of SMA wires, its quantity and its location, and
Fig. 26 shows the pre-strain effect of SMA wires. The results
revealed that embedding the shape memory wires with 0%
pre-strain in the composite facesheets (Fig. 23a) increases
the contact force. The maximum contact force increases
from 12.1 kN for GE-OWO to 16.2 kN and 16.3 kN for SGE-
6WO0 and SGE-3W0, respectively. These results showed that
placing the SMA wires precisely at the hitting point exhibits
an increase of about 34.8% in maximum contact force and
is more efficient as compared to SGE-6WO0, where there are
6 SMA wires in the facesheet and are away from the impact
point (33.8%). Due to applying the pre-strain to the shape
memory wires, the maximum contact force increased from
16.3 kN for SGE-3WO0 sample to 18.6 kN for SGE-3W3
samples (Fig. 24a), that is, a 53.8% increase as compared
to GE-OWO0 sample and 14% increase as compared to SGE-
3WO0 sample.

Considering the results shown in Figs. 25b and 26b, by
embedding the SMA wires without pre-strain exactly at the
hit point, the time of impact duration increased from 617
ps for.

GE-0WO to 674 ps for SGE-3WO0 samples (increased by
about 9%). The time needed for the projectile to pass through
the sandwich panel increased from 674 ps for SGE-3WO to
708 ps for the SGE-6WO0 sample; that is, increased by 5%.
Due to applying the pre-strain to shape memory wires, the
time required for the full penetration increased from 674 ps
for SGE-3WO0 to 727 ps for SGE-3W3 samples (increased
by about 8%). These results also showed that the sample in
which more SMA wires are placed and the middle SMA
wires are located at a distance from the impact point has a
greater advantage in delaying the impact time compared to
the sample in which the SMA wires are exactly located at
the impact point and with less number of SMA wires, hence
the shocking effect is reduced. This is due to enhancement of
stiffness of the sandwich sample by placement of the SMA
wires in the composite facesheets. But, the pre-straining
the SMA wires, presented dominant effect on the impact
behavior of the samples, it means that the impact duration
is increased by about 18% compared to.

GE-0WO0 sample. The other advantage is by consider-
ing the results shown in Fig. 25b and 26b. As the SMA
wires are added to the samples, the peak point on contact
force history moves to the right for all the SMA embedded
facesheets samples, means SGE-3W0 and SGE-6WO0 and
SGE-3W3, but again the effect of pre-strain of the SMA
wires are more predominant. Therefore, adding the SMA
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Table 17 Residual and limited speeds, and absorbed energy for SGE-
3W6, and SGE-3W8 samples

Numerical Results SGE-3W6 SGE-3W8
v, (m/s) 54.9 53.5
\4 (m/s) 105.6 106.3
E, () 150.5 152.5

wires to the samples increases the impact duration as well
as the time to reach the maximum contact force and hence
decreases the impact shocking effect to the structures.

The area under the curves obtained numerically pre-
sented in 25a and 26a was calculated and it was found to be
approximately same as the numerical results obtained by FE
code based on initial and residual velocities of the projectile
presented in Table 16.

4.8 The effect of pre-strain on the SMA wire’s
energy absorption

To examine the effect of pre-strain on the SMA wires energy
absorption, the SGE-3W6 and SGE-3W8 samples, to be pre-
cise, the 3 SMA wires with 6%, 3 SMA wires with 8% pre-
strain applied to the SMA wires samples, respectively, are
investigated using LS-DYNA FE commercial code, along
with the other 3 SMA wires samples, namely, SGE-3W0
and SGE-3W3, which the information given in pervious
sections. The residual and limited speeds, and absorbed
energy for the SGE-3W6, and SGE-3WS§ samples are listed
in Table 17.

Owing to the numerical results, by adding pre-strain to
SMA wires, the absorbed energy increased from 131.83 J for
SGE-3WO0 to 147.312J, 150.5 J, and 152.5 J for SGE-3W3,
SGE-3W6 and SGE-3WS8 samples, respectively.

Figure 27 shows the energy absorbed history by the SMA
wires for samples with 3 SMA wires with and without pre-
strain in each facesheets. The results showed that the energy
absorbed by the SMA wires increases by applying more pre-
strain. The curves in Fig. 27 have two peaks for each sample:
the first peak is related to the energy absorbed by the SMA
wires located in the front facesheet and the second peak is
related to the energy absorbed by the SMA wires located in
the back facesheet.

In the first stage, the projectile impacts the front
facesheet; by increasing the SMA wires pre-strain, the
energy absorbed by the wires increases 139%, 219%, and
249.2% in the SGE-3W3, the SGE-3W6, and the SGE-3W8§
samples, respectively, compared to the SGE-3W0 sample.
In the second step, after the projectile impacts the back
facesheet, the energy absorbed by the SMA wires located in
the back facesheets increases by 17.21%, 61.8%, and 79.75%
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Fig. 27 Internal energy for shape memory wires in SGE-3W0, SGE-3W3, SGE-3W6, and SGE-3W8 samples

Fig. 28 Plastic deformation in
SGE-3W3 core

in the SGE-3W3, the SGE-3W6, and the SGE-3W8 samples,
respectively, compared to the SGE-3WO0 sample.

Due to an increase in the wire’s pre-strain, the SMA
wires become softer and the impact resistance of the wires
increases and the impact shock decreases. Thus, the sec-
ond peaks move to the right in Fig. 27, and the projectile’s
impact duration with the wire’s pre-strains increases. Then
the shocking effect is reduced in the back facesheets. The
results showed that the energy absorption by the SMA wires
located in the back facesheets is greater than the energy
absorbed by the SMA wires located in the front facesheets.

Local plastic deformation

The reason is that the initial speed of the projectile reduces
due to the impact of the front facesheet.

4.9 Impact on aluminum corrugated core

For a more in-depth study on the failure mode of aluminum
corrugated core, the facesheets of SGE-3W3 samples were
carefully debonded from the core. By comparing the experi-
mental and numerical results obtained from the SGE-3W3
sample and ensuring the validity of the numerical results,
a parametric study of other samples was done numerically.

@ Springer
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Fig.29 Crack growth in SGE-
3W3 core

Figures 28, 29, 30 show numerically and experimentally
the plastic deformation of the core in the SGE-3W3 sam-
ple after impact. Initially, the energy is stored by the elastic
deformation. After plastic deformation and exceeding the
ultimate stress in the aluminum core, failure occurs in the
core. As the projectile passes through the core, some energy
is lost due to the friction between the core and the projec-
tile. Additionally, some of the kinetic energy of the pro-
jectile is spent to overcome the bond between the core and
the facesheets, which was locally visible around the impact
point.

As demonstrated in Fig. 28, after the projectile hits and
passes through the corrugated core, local plastic deforma-
tions formed around the impact point. This plastic deforma-
tion often leads to the separation of the core from the back
facesheet at the plastic deformation zone. Figure 29 shows
four cracks exactly developed at the bending point of the
core. As a result of stress concentration in the bent places,

Fig.30 Core fracture in SGE-3W3 sample

(a) (b) (c) (d)

Fig. 31 Penetration of the impactor with an initial speed of 119 m/s in the GE-OWO core at moments (a) 0.05 ps (b) 0.2 ps (c) 0.5 ps and (d) 0.7
ps
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Fig. 32 Penetration of the impactor with an initial speed of 119 m/s in the SGE-3WO0 core at moments (a) 0.05 ps (b) 0.2 ps (¢) 0.5 ps and (d)
0.7 ps

(a) (b) (©) (d)

Fig. 33 Penetration of the impactor with an initial speed of 119 m/s in the SGE-3W3 core at moments (a) 0.05 ps (b) 0.2 ps (¢) 0.5 ps and (d)
0.7 ps

a) 0.05 ks b) 0.2 us ¢) 0.5 us and d) 0.7 Us
O |

T

(a) (b) (©) (d)

Fig. 34 Penetration of the impactor with an initial speed of 119 m/s in the SGE-3W6 core at moments (a) 0.05 ps (b) 0.2 ps (c) 0.5 ps and (d)
0.7 ps
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(a) (b)

(©) (d

Fig. 35 Penetration of the impactor with an initial speed of 119 m/s in the SGE-3W8 core at moments (a) 0.05 ps (b) 0.2 ps (¢) 0.5 ps and (d)

0.7 ps

(a) (b)

(©) (d)

Fig. 36 Penetration of the impactor with an initial speed of 119 m/s in the SGE-6WO core at moments (a) 0.05 ps (b) 0.2ps (¢) 0.5 ps and (d) 0.7

s

cracks appeared and spread along the bend line after the
projectile hit the aluminum corrugated core.

As shown in Fig. 30, when the projectile penetrates
through the structure, the core began to rupture, and then
petals are formed in the direction of the corrugated wave
leading to form breaks and ruptures of composites in the
back facesheet. The failure mechanism for the cores of all
samples is almost similar. Figures 31, 32, 33, 34, 35, 36
show the plastic deformation of the cores at different inter-
vals for various samples.

The results presented in Figs. 31, 32, 33, 34, 35, 36 show
that the projectile first strikes the waves of the corrugated
cores and causes deformation in the waves. At this stage, the
deformation of the core and the friction created between the
core and the projectile result in energy absorption. Then, the
projectile hits the lower surface of the core; it ruptures and
penetrates through the core. During this stage, the plastic
deformation and, eventually, rupture of the core culminates
with energy absorption. In corrugated cores, more energy is
absorbed into the structure during these steps.

@ Springer

4.9.1 Ballistic limit speed

As mentioned in the previous section, in order to study the
effect of applying pre-strain to the SMA wires located in
the facesheets of sandwich panels, two configurations of
smart sandwich panels with embedded SMA wires in the
facesheets were considered (the samples with 3 and 6 SMA
wires in each facesheet) and compared with samples without
the SMA wire. This section presents a numerical simulation
performed at different impact velocities to predict the bal-
listic limit speed for each sample. The ballistic limits which
were obtained with different initial velocities are found to
be about 82, 87.5, 97, and 85 m/s for GE-OW0, SGE-3WO,
SGE-3W3, and SGE-6WO0 samples by the polynomial trend-
line, respectively. The Vr verses Vi diagrams for different
initial velocities are shown in Fig. 37.

As shown in Fig. 37, the SGE-3W3 sample, whose SMA
wires have a pre-strain by 3%, has the best ballistic perfor-
mance in comparison with the GE-OWO0 and the SGE-3W0
samples. It was found that embedding the SMA wires in the
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Fig. 37 Numerical comparison of residual speed versus impact speed

composite facesheets improves the ballistic performance.
Moreover, applying the pre-strain to the SMA wires leads
to a decrease in the residual speed in the same projectile’s
initial speed, and hence better high strain rate behavior.

5 Conclusion

The effect of high-speed impact on sandwich panels with the
aluminum corrugated core and composite facesheets rein-
forced with superelastic SMA has been investigated numeri-
cally and experimentally in the present research. The study
measures the effect of the quantity of shape memory alloy
wires, the position of wires, and the percentage of wire pre-
strain on impact phenomena such as limited speed, residual
speed, and energy absorption by the sandwich panel struc-
tures as the variables. To explore the influence of the quan-
tity of SMA wires, the following samples were made and
tested: samples without SMA wires, 3-SMA wires in each
facesheet, and 6 SMA wires in each facesheet. For the pur-
pose of examining the effect of the SMA wire position, the
wire is placed precisely at the point of impact in the 3 SMA
wires sample; additionally, the impact occurred at the point
where the middle wires are embedded. The effect of SMA

wire pre-strain on impact behaviors was studied by testing
3 SMA wires samples with 0% and 3% pre-strain. To vali-
date the results, the finite element model was tested for all
samples, and data were fed into LS-DYNA for simulation
and validation. By validating the numerical analyses with
experimental results, the contact force which exists between
the projectile and the sandwich panels, the effect of pre-
strain on SMA wires energy absorption, the aluminum cor-
rugated core failure mechanism, and ballistic limit speed for
various samples are investigated numerically. Furthermore,
the failure mechanism is described in three stages for each
of the sandwich panel components. It was found that when
the SMA wires are located in the facesheets, the sandwich
panel absorbs more energy compared with the sample with-
out the SMA wires. Furthermore, adding pre-strain to the
wires leads to increasing the absorption of energy in the
sandwich panel. On the other hand, locating the SMA wire
at the hitting point has more efficiency in increasing the
absorbed energy.
The summary of conclusions is as follows:

1. The absorbed energy by composite facesheets increases

by adding the SMA wires without pre-strain. The energy
absorbed increases from 117.247J in GE-OWO0 to 128.75]
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and 142.5] for SGE-3W0, and SGE-3W3 samples,
respectively.

2. Adding pre-strain decreases the projectile’s residual
speed. The projectile’s residual speed of SGE-3W3 sam-
ple is 13.3% less than that of the SGE-3WO0 sample.

3. Placing the SMA wires at the exact point of the projec-
tile impact, would result in a greater effect on reducing
the projectile’s output speed. Absorbed energy by the
SGE-3WO0 sample is 4.6% greater than that for the SGE-
6WO0 sample.

4. Adding pre-strain to the wires, the contact time between
the projectile and the SMA wires increases, and the
impact shock effect decreases.

5. The energy absorbed by the composite facesheets
increases by embedding the SMA wires in the compos-
ite facesheets.

6. SMA wires with pre-strain absorb more energy com-
pared to SMA wires without pre-strain. By applying pre-
strain, the maximum contact force occurred later and the
total contact time increases, which results in minimizing
the impact shocking effect in the sandwich structures
and better behavior to high strain rate loadings.
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