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Abstract

®

CrossMark

This study scrutinizes the static characteristics of a new category of bi-stable hybrid composite
laminates (BHCLSs) that contain multiple metallic strips (aluminum) distributed along the middle
layer of a carbon fiber reinforced epoxy laminate. With this new class of BHCLs, the direction of
curvature of the laminates does not change during the snap-through between the two stable
states, unlike the conventional bi-stable cross-ply laminates. The laminates were modeled using
finite element analysis and were experimentally validated. BHCLs with two to five metallic strips
were fabricated for this purpose. The effect of the number, width, and thickness of the metallic
strips on the static characteristics of the laminate were numerically investigated using ABAQUS.
Further, the curvatures, out-of-plane displacement, and static snap-through load of the laminates
were determined experimentally. The results showed a strong relationship between the residual
curvature and the load-carrying capability of the laminate and the number, width, and thickness
of the metallic strips, as well as the laminate geometry. Knowledge of this characteristic will
allow designers to tune the parameters for a given application and to achieve the desired
performance. Good qualitative and quantitative agreement was observed between the numerical
and the experimental results.

Keywords: bi-stable, snap-through load, residual curvatures, hybrid composite laminate, metallic
strips, finite element method

(Some figures may appear in colour only in the online journal)

1. Introduction

Shape-adaptable and deployable structures are increasingly
being considered as a solution to address conflicting
requirements of flexibility and stiffness while providing a
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better performance and versatility in many aerospace appli-
cations. Substantial research effort has recently focused on
using bi-stable mechanisms in shape-adaptable and morphing
structures, due to their multiple equilibrium configurations
that is maintained without the need for continuous energy
supply. Bi-stable composite laminates are a special type of
composite lay-up characterized by a specific unsymmetrical
lay-up sequence and exhibits two stable static configurations
after the curing cycle is completed. This bi-stability behavior
is associated with the internal residual stress that develops via
a variety or a combination of methods such as thermal stress
[1] and mechanical pre-stressed fibers [2]. The unsymmetrical

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. The two stable configurations of (a) conventional BPCLs or BHCLs with inner metallic layer (b) BHCLs with metallic strips in the

middle layer or pre-stressed bi-stable symmetrical laminates.

cross-ply composite laminates can exhibit an unequal saddle
shape or two cylindrical shapes at room temperature (see
figure 1(a)), with the cylindrical axes of both stable config-
urations positioned perpendicular to each other that is not
predicted using classical lamination theory (CLT) [3]. Hyer
[4] developed a nonlinear extension of CLT to predict the two
cylindrical shapes of square and rectangular cross-ply lami-
nates by applying the Rayleigh—Ritz method based on the
principle of minimum total potential energy. Following that
work, a number of researchers contributed to the improve-
ment of Hyer’s theory and studied the effects of various
parameters on the static response of bi-stable composite
laminates including the laminate geometry, layer composition
[5, 6], fiber orientation [7], viscoelastic material properties
[8], temperature dependency of material properties [9], curved
tool plates [10], manufacturing imperfections [11], slippage
[12], temperature variations [13], and moisture [14, 15]. The
prominent characterization method of bi-stable composite
laminates is the snap-through phenomenon associated with
rapid deformation from the first stable configuration (FSC) to
the second stable configuration (SSC) or vice versa. The snap-
through excitation is activated using several methods, such as
mechanical loading [16], a temperature gradient [17], or the
use of smart actuation techniques such as shape memory
alloys [18], and piezoelectric materials or piezoelectric
macro-fiber composite [19, 20].

Recently, interest has extended to study the dynamic and
vibration behavior of bi-stable laminates [21-24]. The char-
acteristics of bi-stable composite structures, such as low mass
and their ability to maintain in their stable configurations
without demanding any external energy source, have
encouraged designers of composite structures to explore their
use in deployable and shape-adaptable structures and anti-
icing/de-icing systems [25-27]. However, hygrothermal
variability with environmental conditions, low stiffness, low
snap-through load, and restrictive geometries of bi-stable pure
composite laminates (BPCLs) limits their application. To
address some of these limitations, Dyness et al [2] presented a
new type of bi-stable laminate that had a symmetric lay-up.
They induced bi-stable behavior in the laminates with lay-up
of [0/90/90/0]1 by pre-stressing selected fibers prior to
curing. The main benefit of the pre-stressed bi-stable sym-
metric laminates over conventional BPCLs is that two edges
of the laminate remain flat in both bi-stable configurations, as
shown in figure 1(b), and the laminate is much less prone to
hygrothermal variability. Later, Li et al [28] proposed a bi-
stable hybrid composite laminate (BHCL) that included two
aluminum strips in the middle layer of the symmetrical
laminate and showed that the hybridization of the bi-stable
composite laminates with the metallic layer led to an increase
in the curvatures and the load-carrying capability. The cur-
vature direction of the proposed BHCLs did not change
during snap-through between the stable states as it did in the



Smart Mater. Struct. 28 (2019) 055030

A Firouzian-Nejad et al

A I
X1
x2 I E } Ell
Side . I
Length (90714 Metallic strip ES 190744
\ 4
Bottom layers Middle layer Upper layers
90° composite laminas in the upper and bottom layers Metallic strips
m: number of 90° composite laminas through the thickness = ~
[90°]m

0° composite laminas in the middle layer

Metallic strips in the middle layer

n: number of 0° composite laminas through the thickness

AL RN

[0°]n
Cross section view

Figure 2. Lay-up schematic of a typical BHCL of [90,,/x, Mat3-x, CFO% /90,1t including three metallic strips in the middle layer.

pre-stressed bi-stable symmetric laminates. The simple man-
ufacturing procedure and the large load-carrying capability of
the BHCLs provide a major advantage over pre-stressed bi-
stable symmetric laminates. In this regard.

Dai et al [29] proposed an unsymmetrical carbon fiber
reinforced plastic (CFRP) laminate with an inner isotropic
metallic layer, [0/metal/90]r and an external isotropic
metallic layer, [0/90/metal]lt [30]. They investigated the
influence of the metallic layer on the static response of the
laminates. Further, Daynes and Weaver [31] extended the
analytical technique of Hyer’s model to handle static para-
metric studies of [0, /metal/90,]t BHCLs. The shear inter-
action between the composite lamina and the metallic layer,
prior to curing, was accounted for in the developed model by
defining a slippage coefficient. Eckstein e al [32] introduced
a new laminate which utilizes a low thermal expansion uni-
directional (UD) composite layer bonded to a high-expansion
isotropic metallic layer. The laminate showed highly non-
linear displacement response to thermal loading and can be
used as thermal bimorph structure. The BHCLs was found to
have more potential for use in real applications because of its
enhanced static characteristics in comparison to BPCLs. In
this paper, inspired by Li’s studies, a new lay-up of BHCLs is
introduced. Generally, this lay-up consists of composite
laminas in the upper and lower layers and 2, 3, 4, or 5 metallic
strips in the middle layer, as shown in figure 2. The orien-
tation of UD carbon fiber-epoxy prepreg in the upper and
lower layers is 90°. In the middle layer, metallic strips are
evenly distributed between the UD fibers with 0° orientation.
The materials of the strips are of higher thermal expansion
coefficient than the UD carbon fiber prepreg, and may include
aluminum, copper, or steel. The number of 0° laminas

Table 1. Parameters used for the naming system of bi-stable hybrid
composite laminates with metallic strips.

Parameter Description

m Number of 90° carbon fiber prepregs through the
laminate thickness

X1 Width of the metallic strip

X2 Width of the 0° carbon fiber prepreg in the middle layer

n Number of 0° carbon fiber prepregs through the lami-
nate thickness

k Number of metallic strips in the width of the laminate

mat Material of the metallic strips (AL for aluminum)

CFO 0° carbon fiber prepreg in the middle layer

through the laminate thickness is related to the thickness of
the strips, so that the final thickness of the laminate should be
uniform. For simplicity in the expression of the stacking
sequence of the newly introduced laminates, the following
naming system [90,,/x; Mat*-x, CF0X~1/90,,]1 are adopted
and detailed in table 1.

After this type of bi-stable laminate has been cured and
cooled to ambient temperatures, the residual thermal stresses
are formed in the laminate such that the metallic strips are in
tension and the prepregs with 0° orientation are in compres-
sion (in the middle layer). This is due to the large difference
in the thermal expansion coefficients between the zero-degree
composite laminas (0.37 x 10°°C~") and the metallic strips
(18.8 x 107 °C71). The residual thermal stresses result in a
laminate with two stable states and large out-of-plane dis-
placement at room temperature. The stable configurations of
the newly introduced laminate are similar to the configuration
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Table 2. Material properties of the carbon fiber-epoxy T300/5222 A and the aluminum strips.

Lamina properties

E,; (GPa) E,, (GPa) G, (GPa) Via a; CCH Qs (°C7H Ply thickness (mm)
137.47 10.07 4.4 023 037 x 107° 2491 x 107°  0.125
Al 2024-T3 properties
E. (GPa) 1, am CCh
79 0.3 18.8 x 107°

of conventional bi-stable composites or hybrid laminates that
consist of a metal layer in the middle or outer layers; a major
difference, however, is that the direction of the productive
axis in both stable states is the same and only its sign changes,
see figure 1(b). An advantage of such behavior is that the
stable states have greater potential for practical applications,
especially in morphing wings.

2. Numerical modeling using ABAQUS

This section describes the numerical model developed to
study the effect of various parameters on the characteristics of
BHCLs of width, thickness and number of metallic strips, side
length, and thickness of the laminate. The impacts of these
parameters on the curvatures, maximum out-of-plane dis-
placement, and static snap-through load are investigated. For
this purpose, various samples with different dimensions and
lay-ups were simulated using ABAQUS. The samples were
made of carbon fiber/epoxy T300/5222 A and 2024-T3
aluminum strips with the mechanical properties shown in
table 2. The laminates were modeled using 2D shell elements,
S8R with eight nodes and reduced integration using hourglass
control. Each node had six degrees of freedom, three trans-
lational and three rotational degrees of freedom. An approx-
imate global mesh size of 5mm x Smm was used for
laminates with the side length of 250 mm based on the
convergence criteria. For laminates with side lengths other
than 250 mm, the mesh size was scaled. For instance, for a
side length of 100 mm, the mesh size was scaled by 100/250.

The static characterization of the laminates was obtained
based on general static analysis and by defining the following
two steps:

(a) Stable configurations:

(1) In step 1, the laminate was fully fixed at the center and
the initial temperature loading of 180 °C was applied on
the laminate matching the autoclave temperature when
the specimens were manufactured. An artificial imper-
fection was applied to the structure to allow for the
convergence of the model to one of the stable
configurations. Therefore, when the temperature range
was between 175 °C and 180 °C, a small force was
applied at the four corners of the laminate, as indicated
in figure 3.

Figure 3. Boundary and loading conditions for studying stable
configurations.

(ii) In step 2, the forces applied in step 1 were removed and
the temperature was reduced from 175°C to 25°C
(room temperature). At the end of this step, the laminate
converged to one of the stable states, which was
dependent on the direction of the forces applied in step
1. It should be noted that the longitudinal and transverse
curvatures were not constant throughout the laminate;
therefore, the curvatures were averaged at all nodes of
the laminates and then the averaged values were
compared with the experimental results.

(a) Static snap-through:

To simulate the snap-through phenomenon, first, one of
the stable states of the laminate was modeled as described
earlier and then the following steps were defined.

(1) In the first step, four focused transverse forces were
applied at the four corners of the laminate. The
magnitude of the forces increased in small steps until
the snap-through occurred. During this step, in order to
observe the snap-through phenomenon, an artificial
damping factor was applied to the structure.

(ii) In the second step, to ensure that the snap-through had
occurred in the previous step and the new state of the
laminate was stable, the applied forces were removed. If
the new configuration of the laminate was stable, the
laminate would not deform and would maintain the new
configuration. The shape of the laminate at the end of
this step was called the second stable state.



Smart Mater. Struct. 28 (2019) 055030

A Firouzian-Nejad et al

Table 3. The range for width of aluminum strip.

Lower limit of x;  Upper limit of x;
Sample (mm) (mm) Increment (mm)
2 Strips 5 110 5
3 Strips 5 70 5
4 Strips 5 55 5
5 Strips 5 45 5

3. Results—based on the finite element analysis

3.1. Effect of width and number of strips

The effects of the number and width of the strips on the static
response of the BHCLs, in the form [90,/x,
AL"-%CFO’{1 /90,1, consisting of 2, 3, 4, and 5 alu-
minum strips were investigated by changing the width of
aluminum strips x; through a range defined in table 3. Within
the studied range, the laminate shows bi-stable behavior, it
should be noted that beyond this range, the metallic or 0°
composite strips will be very narrow which is not realistic and
practical. The side length and total thickness of the laminate
were assumed to be 250 mm and 0.75 mm, respectively. If the
total width of the aluminum strips was zero i.e. [90,/0,/90,]1
or equal to the side length of laminate i.e. [90,/AL/90,]r, the
residual internal stresses cannot exhibit bending because
extension-bending coupling matrix is zero so the laminate
will not show bi-stability and therefore remains flat after the
curing process is completed. The results are summarized in
figure 4. When two metal strips were considered, the curva-
ture and the snap-through load fluctuated as the total width of
the strips increased (see figures 4(a), (b)). On the other hand,
when there were more than two strips, the curvature and the
snap-through followed a parabolic shape as the total width of

457 —O— 2 Strips
= B - 3 Strips
4r =-@= 4 Strips
5 Strips -4
35¢ P A
v [90,/0,/90,] » 0\
4l A D09, y o *

OV . I | . A
100 150 200

Total width of AL Strips [mm]

a)

[m™]

f o =2 Strips

; =03 Strips

1 g -4 Strips
¢ =+ 5 Strips

250 300 350 400 450
Side length [mm|

100 150 200

Figure 5. The effect of side length on the major curvature of the
studied BHCLs.

the aluminum strips increased. Thus, the increase in behavior
reached a peak before starting to drop again.

It should be noted that in the BHCLs with metallic strips,
the maximum snap-through load (see figure 4(b)) did not
occur simultaneously at the maximum curvature (see
figure 4(a)). The maximum curvatures (and the corresponding
total width of the strips) of the samples consisting of 3, 4, and
5 aluminum strips were 2.9 m ! (180mm), 3.6m !
(160 mm), and 4m~"' (150 mm), respectively. The major
curvature and the maximum out-of-plane displacement
increased significantly with the increase in the number of
strips for a given total width of aluminum strips. The max-
imum snap-through load (and the corresponding total width
of the strips) in the samples consisting of 3, 4, and 5 alumi-
num strips were 17.2N (105 mm), 16.6 N (120 mm), and
10.2 N (100 mm). The snap-through load increased with the
increase in the number of aluminum strips from 2 to 3 and

18
A —I:-l—? —O—2 Strips
16 - o ,’ N - B -3 Strips
/) ’z" \'m --@-- 4 Strips
14 i LN 5 Strips
a / \
|/ L E g [90,00,90,],
L ' Lo
12 , J * . A [902/AL/902]T
' \
10 \ q

Static snap through load [N]

ov-& I L . . o) A
0 50 100 150 200 250
Total width of AL Strips [mm)]
b)

Figure 4. The effect of the number and the total width of aluminum strips on (a) longitudinal curvature and (b) static snap-through load.
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Figure 6. The effect of thickness on the static characterization of the laminate with 5 AL strips.

then decreased when the number of strips further increased to
4 and 5.

3.2. Effect of laminate side length

The effect of the side length on the major curvature of the
square laminates
[90, /MAL" — %CFO’{I /90,11 consisting
of 2, 3, 4, and 5 aluminum strips was investigated. The total
thickness of the laminates was 0.75 mm and the ratio of the
total width of the aluminum strips to the side length in all
samples was taken to be 0.48. The results are shown in
figure 5. It was observed that an increase in the side length
results in a rapid increase in the major curvature and then a
decrease after the peak value. When compared to the

conventional BPCLs and BHCLs, by increasing the side
length, the curvature asymptotically converges to a constant
value. The changing trend of the major curvature with number
of strips and side length of laminate shows that the stiffness of
the studied structure are nonlinear function of these para-
meter. The side lengths corresponding to the maximum cur-
vature in the samples with 3, 4, and 5 aluminum strips are
150 mm, 225 mm and 275 mm, respectively. For side lengths
less than 150 mm, the curvature of the laminate with 3 alu-
minum strips is higher than that of the other models. For side
lengths greater than 250 mm, the curvature of the laminate
increases dramatically by increasing the number of strips.
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Figure 7. The effect of thickness on the static characterizations of the laminate with 4AL strips.

3.3. Effect of thickness of 90° layers and Al strips

In practice, the total thickness of the laminate could be
adjusted by changing the number of plies. The effects of the
thickness of 90° layers, Tog, and aluminum strips, Ty, on the
static characteristics of BHCLs consisting of 2, 3, 4, and 5
aluminum strips were investigated. This was achieved by
varying the number of 0° plies in the middle layer and the
number of 90° plies in the upper and the lower layers (from 1
to 8 layers). In the analysis, the side length of the laminates
was 250 mm and the thickness of each composite ply was
0.125 mm; the thickness of the aluminum strips was con-
sidered to be equal to the total thickness of the 0° plies in the
middle layer. The results obtained for each model are pre-
sented in the following subsections.

(D Five aluminum strips

The results for the square laminates [90,,/24AL>-32.5CF
07 /90,]r consisting of 5 aluminum strips with width of
24 mm are shown in figure 6. As is evident, the longitudinal
curvature and the maximum out-of-plane displacement
increases when the numbers of 0° and 90° plies decrease. The
characteristics of the laminates depend more on the thickness
of the 90° layer than the 0° layer. For the specific range of Tq
and T, the laminate does not maintain the two stable states.
This range is marked in the dark blue region in figure 6(c).

The thickness range corresponding to the maximum
longitudinal curvature, x,,, differs from the thickness range
corresponding to the maximum snap-through load. The
maximum longitudinal curvature (6.1 m~") and out-of-plane
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Figure 8. The effect of thickness on the static characterizations of the laminate with 3 AL strips.

displacement (47.8 mm) correspond to the minimum achiev-
able thickness i.e. Toy = Tar = 0.125 mm, whereas the
maximum  snap-through load (29.4N) occurs in
Too = 0.125mm and T,y = 0.625 mm. The load-carrying
capability decreases dramatically with the increase in the
thickness of Tg. The transverse curvature changes in a more
nonlinear fashion than that of the other quantities. The
transverse curvature, k,,, reaches its maximum (0.31 mfl)
when Tog = 0.125 mm and T4, = 1 mm.

(I) Four aluminum strips

The results for the square laminates of
[90,,/30AL*-43.3CF0? /90,,] consisting of 4 aluminum strips
with width of 30 mm are shown in figure 7. Generally, similar
behavior (the pattern of contour lines, the area corresponding

to the maximum longitudinal curvature, and the out-of-plane
displacement) to that in the laminate with 5 aluminum strips is
observed. However, the thickness range corresponding to the
bi-stable zone is expanded and the maximum achievable
longitudinal curvature and out-of-plane displacement
decreased to 4.8 m~' and 39.5 mm, respectively. On the other
hand, the maximum achievable snap-through increased to
452N. The maximum snap-through occurs when
Too = 0.125 mm and Ta;. = 0.75 mm. The snap-through load
decreases with the increase in the thickness of Ty, for a
specified total thickness. Further, the transverse curvature
reaches its maximum (0.27 mfl) when Tyg = 0.125 mm and
TAL = 1 mm.

(I) Three aluminum strips
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Figure 9. The effect of thickness on the static characterizations of the laminate with 2 AL strips.

The results for the square plate with the side length of
250 mm, consisting of 3 aluminum strips with a width of
40mm, and a [90,/40AL’-65CF0* /90,]; arrangement are
shown in figure 8. The maximum longitudinal and transverse
curvatures, the out-of-plane displacement, and the snap-
through load are determined to be 4 m~% 021 m™!, 33.2 mm,
and 75.6 N, respectively. The pattern of contour lines, the area
corresponding to the maximum longitudinal curvature, and
out-of-plane displacement are similar to those of the laminates
with 4 and 5 strips, but the pattern of contour lines in the
snap-through load is different. Furthermore, the maximum
snap-through  occurs  when  Ty9 = 0.125mm  and
TAL = 1.0 mm.

(I) Two aluminum strips

The results for the square plate with the side length of
250 mm, consisting of 2 aluminum strips with a width of
60mm, and a [90,/60AL’-130CF0? /90,]; stacking
sequence are shown in figure 9. This laminate has the widest
range of bi-stability and the highest load-carrying capability
but it has the lowest major curvature in comparison with other
laminates. Generally, the pattern of the contour lines and the
location of the maximum value in the longitudinal curvature
and out-of-plane displacement contour maps are the same as
for the other models, but the pattern of contour lines in the
snap-through load graph is more similar to that of the lami-
nate with 3 metal strips. The snap-through load has a non-
linear relation with Ty, as it increases to reach a peak before
starting to decrease. The maximum longitudinal and trans-
verse curvatures, the out-of-plane displacement, and the snap-
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Figure 10. Middle layer of the fabricated laminates.

Table 4. Specifications of the fabricated samples.

Sample Lay-up Dimensions (mm) AL thickness (mm) Total thickness (mm)
1 [902/60AL2—130CF012/902]T 250 x 250 0.25 0.75
2 [902/40AL3—65CF0%/902]T 250 x 250 0.25 0.75
3 [902/30AL4—43.3CF 03/902]T 250 x 250 0.25 0.75
4 [902/24AL5-32.5CF 03/90,]1 250 x 250 0.25 0.75
5 [90/60AL2—13OCF012/90]T 250 x 250 0.25 0.5
6 [90/40AL3—65CFO%/90]T 250 x 250 0.25 0.5
7 [90/3OAL4-43.3CF0%/90]T 250 x 250 0.25 0.5
8 [90/24AL5—32.5CF0‘2‘/9O]T 250 x 250 0.25 0.5
9 [902/36AL2-78CF012/902]T 150 x 150 0.25 0.75
10 [902/24AL3—39CFO%/902]T 150 x 150 0.25 0.75
11 [902/18AL4-26CFO%/902]T 150 x 150 0.25 0.75
12 [902/14.4AL5—19.5CFO‘2‘/902]T 150 x 150 0.25 0.75

through load are found to be 3 mfl, 0.22 mfl, 26.2 mm, and
107.4 N, respectively. The snap-through load variations are
also more dependent on T,y than the Toy. The maximum
snap-through load occurs when Ty = 0.5mm and Tap
= 1 mm.

The thickness range corresponding to the bi-stable zone
was expanded by decreasing the number of strips from 5 to 2.
Further, the thickness range corresponding to the maximum

10

longitudinal and transverse curvatures and the out-of-plane
displacement were approximately the same in all the models
investigated, whereas those corresponding to the maximum
snap-through were totally different in all the models.

It was also observed that the maximum achievable
longitudinal curvature and out-of-plane displacement
increased when the number of strips was increased. On the
other hand, the static snap-through load decreased with the



Smart Mater. Struct. 28 (2019) 055030

A Firouzian-Nejad et al

Sample 8  Sample 7

Sample 6

a) first stable configuration

gt

%3 Sample 7 Sample 8

Sample 6

b) second stable configuration

Figure 11. Stable configuration of samples 6, 7 and 8 at room temperature.

Figure 12. Experimental set-up for measuring major curvature.

increase in the number of strips. The patterns of the contour
lines in the longitudinal curvatures graph, for all models, were
similar. However, their load-carrying capabilities were dif-
ferent. Moreover, the contour lines in the longitudinal graphs
were more identical when the number of aluminum strips was
increased, emphasizing that the effect of thickness was more
noticeable for the laminate with 5 strips.

4. Experimental validation

4.1. Experiment set-up

A selection of the FE results were validated experimentally.
Several BHCLs with aluminum strips were fabricated from
T300/5222A prepreg and 2024 aluminum sheet. The laminas
were cut from the prepreg or aluminum sheet with the desired
dimensions and then oriented with the arbitrary lay-up shown
in figure 10.

After the lay-up was completed and the vacuum bag
prepared, the curing process of the resin was carried out in an
autoclave using the temperature of 180 °C and the pressure of
7 bars. It should be noted that, to enhance the bonding
between the composite plies and the aluminum strips, the
surface of the aluminum strips was roughened using 320 grit
sandpaper and then carefully cleaned using ethanol. A
description of the fabricated samples is presented in table 4.
All the samples had the total aluminum width of 120 mm and
therefore the ratio of the metal width to the entire specimen

11

was 0.48. Figure 11 shows the two stable configurations of
samples 6-8. As observed, both stable configurations of all
the samples have significant curvature in the same direction
but in the opposite sign.

Samples 1-4 had the same  dimensions
(250 x 250 x 0.75) and total width of aluminum (120 mm),
but the number of strips was varied. Samples 5-8 were the
same as samples 1-4 with the main difference being that the
number of 90° laminas in the upper and bottom parts of the
laminate were one instead of two. Further, samples 9—12 were
similar to samples 1-4, with a change in the side length to
150 mm.

4.2. Experimental results and comparison

The BHCLs with metallic strips had two stable configurations
at room temperature. The shapes were a portion of a right
circular cylinder. The major curvatures of the FSC and the
SSC were in the same direction but had the opposite sign. The
laminates profile were measured experimentally using mea-
surement machine Optacom LC 10 with speed of 0.1 mms ™"
and accuracy of 4 um (figure 12). The Optacom contour
software module was used for extracting the major curvature.
The results are summarized in table 5. It should be noted that
the transverse curvature is nearly zero for the fabricated
structures (which were not focused on in this study).

The deformation between the two stable states was
investigated experimentally and the static load that resulted in
the snap-through between the two stable configurations was
measured. A special fixture was designed to restrict the out of
plane displacement at the four corners of the specimen while
the load is applied at the center, as shown in figure 13. The
fixture was placed in the testing area on a universal testing
machine and a 100 N load cell was used. A controlled dis-
placement was applied at the center of the laminate at the rate
of 20 mm min~'. During the loading, the load—displacement
curves were recorded. The snap-through load was identified
as the load at which a sudden drop appears in the load—
displacement curve. Because of the laminate’s symmetry, the
force necessary to change the laminate from the first stable
state to the second stable state (snap-through load) and
vice versa (snap-back load) was the same, so only the snap-
through load was measured. Table 5 compares the numerical
and experimental results for the curvature and the snap-
through load. Samples 4 and 2 have the maximum curvature
and the greatest load-carrying capability, respectively, among
the first four samples. This finding confirms the FEM results



Smart Mater. Struct. 28 (2019) 055030

A Firouzian-Nejad et al

Table 5. Snap-through load and longitudinal curvature of the fabricated laminate at ambient temperature.

Longitudinal curvature (m™ D)

Snap-through load (N)

Sample Lay-up
FEM EXP Error* FEM EXP Error*

1 [902/60AL2—13OCF012/902]T 1.75 1.69 3.55 6.13 5.87 4.43
2 [90,/40AL3-65CF03 /90,1 2.63 2.51 4.78 16.5 15.64 5.5
3 [902/30AL4—43.3CFO§/902]T 3.39 3.21 5.61 16.59 15.6 6.35
4 [90,/24AL%-32.5CF0% /9011 3.75 3.53 6.23 9.9 9.25 7.03
5 [90/60AL2—13OCF012/90]T 2.24 2.14 4.67 1.87 1.78 5.06
6 [90/40AL>-65CF03 /9011 3.07 291 5.5 9.22 8.71 5.86
7 [90/30AL4—43.3CFO§/90]T 3.93 3.7 6.22 13.64 12.78 6.73
8 [90/24AL°-32.5CF03 /901y 4.77 4.46 6.95 13.56 12.62 7.45
9 [902/60AL2—13OCF012/902]T 1.59 1.54 3.25 14.82 14.2 4.37
10 [90,/40AL3-65CF03 /90,1 2.71 2.59 4.63 9.21 8.75 5.26
11 [902/30AL4-43.3CF0%/902]T 2.58 2.45 5.31 3.09 291 6.19
12 [902/24AL5—32.5CF0‘2‘/902]T 1.9 1.79 6.15 4.06 3.8 6.84

Figure 13. Special fixture for measuring snap-through load of the
fabricated laminates.

where the major curvature and the maximum out-of-plane
displacement increase as the number of strips increases for the
side length of 250 mm and the total width of aluminum strips
of 120 mm.

Further, the experimental results obtained for samples
5-8 confirm the FEM results regarding the effect of thickness
on the laminate behavior. Samples 10, 11, 12, and 9 respec-
tively have the highest curvature, findings that confirm the
behavior of the laminate with the side length below 150 mm.
For all the tested cases, the maximum error does not exceed
8%. The difference between the FE and experiment results
increases with the increase in the number of strips. This may
be referred to the slippage effect between the Al strips and the
composite layers, which was not considered in the FE simu-
lation. That result may be improved by adjusting the slippage
coefficient.
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5. Conclusions

This paper presents a new category of BHCLSs that consists of
CFRP layers in the upper and lower layers and aluminum
strips and CFRP in the middle layer. The laminates were
numerically modeled and parametric studies of the number,
width, and thickness of the metallic strips were performed
using ABAQUS to complete the static characterization of the
laminates. The results showed that when the number of strips
was increased beyond two, both the curvature and the snap-
through followed a parabolic shape when the total width of
the aluminum strips was increased. The major curvature and
the maximum out-of-plane displacement increased sig-
nificantly with the increase in the number of strips for a
specified total width of aluminum strips. The snap-through
load increased with the increase in the number of aluminum
strips from 2-3, and then decreased when the number of strips
was increased to 4 and 5. The maximum achievable curvature
for the studied BHCLs with 2, 3, 4, and 5 aluminum strips
was 3, 4, 4.8, and 6.1 m~"' respectively and the maximum
achievable snap-through load was 29.4, 45.2, 75.6, and
107.4 N respectively. It should be noted that, in the BHCLs
with metallic strips, the maximum snap-through load did not
occur simultaneously with the maximum curvature and also
the major curvature did not asymptotically converge to a
constant value by increasing the side length of the laminate
unlike conventional BPCLs and BHCLs. The curvatures, the
out-of-plane displacement, and the static snap-through load of
a sequence of laminates were measured experimentally and
compared with the FEM results, where very good agreement
was observed. The results revealed that the laminates have bi-
stability for wide ranges of geometry and lay-ups and it was
possible to adjust the residual curvature and load-carrying
capability of the laminate by adjusting the number, width, and
thickness of the metallic strips and the laminate geometry.
The BHCLs presented were more designable and variable
than conventional BPCLs for the purpose of tailoring
responses.
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