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Abstract

Sandwich structures made up of honeycomb composites have high-strength structural applications because of their low
weight and high stiffness. High flexural stiffness is a major aspect in developing structures with several multilayer materials.
Statistical tests analyze the behavior of loads to which a body can sustain without failure and dynamic behavior defines the
overall failure modes and the vibration characteristics. In this study, static and dynamic responses of honeycomb sandwich
structures are performed under static load conditions. The structures made up of carbon fiber reinforcement including various
volume fractions of carbon nanotubes (CNT) used as face sheets and aluminum 3003 as core were prepared. Four distinct
combinations were examined in this investigation, including one where the face sheet was made primarily of carbon fiber
and epoxy without CNT and three others where CNT was added into the matrix with 2 w%, 5 w% and 7.5 w%, respectively.
The three-point bending test was performed according to the ASTM standard C393 experimentally and the validation was
performed computationally using ANSYS. Free vibration test was carried out analyzing different mode shapes and natural
frequencies. In static tests, there was a high correlation between experimental and simulation results. The obtained results
reveal the exceptional behavior of the proposed honeycomb structure. The proposed material combination is anticipated to
show a high degree of pragmatism in aeronautical applications based on the findings.
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1 Introduction and heat capacity [1]. Therefore, researchers have opted to

study for multifunctional and lightweight materials to rep-

Composite structures are formulated with two or more dif-
ferent materials that contain reasonable properties and form
a single component used in various applications. The ben-
efit of adopting composite materials is their high rigidity,
strength and their longer fatigue life which allows for weight
reduction in the design. They provide further resistance to
corrosion, fatigue strength, durability, thermal stability
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resent a conventional system with several parameters and
so honeycomb composites came into the picture. Honey-
comb sandwich composite structures have low density but
they show high performance, stiffness and strength and so
they are highly used in applications of marine and aerospace
structures. Their geometry is designed in such a way that
they possess high strength-to-weight and stiffness-to-weight
ratios [2]. The strength of sandwich structures is determined
by the size of the panel and the density of the cells. Using
the statistical approach of sandwich composites made of
honeycomb core deals how much load that the specimen
can sustain by analyzing damages under different conditions.
Sandwich panels shown in Fig. 1 are mainly comprised of
two outer faces that are adhered to a thick core. Because
they impart high rigidity to the structure, the outermost face
sheets are comprised of stiffer and strong materials, often
fiber-reinforced polymer. The core is typically light and has a
low modulus of elasticity. Face sheet is typically a structural
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Fig. 1 Schematic diagram of

sandwich panel Face sheet

Face sheet

sandwich that contains the strongest material and thickness
throughout and mainly resists in-plane and bending stresses.

Static behavior deals with the load-carrying ability of the
structure and the failure modes present at each phase. For
this, three-point bending test is carried out on the speci-
men. Lu et al. [3] examined the mechanical performance and
stress distribution exposed to bending force. At load 7.2 kN,
interfacial debonding is observed in the specimen. In three-
point bending test, the honeycomb breaks down at 6.8 kN.
Swagatika and Padhi [4] examined the compressive behav-
ior of a honeycomb sandwich with face sheets of E-glass,
basalt fiber and aluminum (Al) honeycomb core. The static
and modal analysis of the composite beam was performed
in ANSYS under static load conditions. The basalt fiber
showed less deformation and equivalent stress. Anandan
et al. [5] conducted experiments and simulations under the
influence of increased temperatures. When the temperature
was raised to 100 °C, the strength reduced by 9.2 percent
while the stiffness remained constant. Babu et al. [6] evalu-
ated the mechanical properties of CNT-reinforced fiber-rein-
forced plastic (FRP) honeycomb sandwich and performed
tensile and compressive strength tests. They observed that
the addition of CNT beyond 2% decreases the strength of
the composite. Fan et al. [7] investigated on compression
and bending performance of carbon-fiber-reinforced lattice
core sandwich structure. Failures criteria were suggested and
gave consistent analytical problems. Wei et al. [8] performed
bending characteristics of all composite hexagon honeycomb
sandwich beams through an experimental test and three-
dimensional failure mechanism map. The insights provide
the flexural property of the sandwich structure. Wu et al. [9]
examined the static and fatigue behavior of Nomex honey-
comb composite experimentally and the failure modes were
analyzed using finite element analysis (FEA). The results
of fatigue life were in good agreement and were similar
to the experimental tests. Amulani et al. [2] investigated
static and fatigue behavior on honeycomb sandwich using

@ Springer

Honeycomb
Core

Fabricated sandwich panel

different material combinations. Al-7075-T6 as honeycomb
core and Ti—6Al-4 V as face sheet gave exceptional results.
Shifa et al. [10] discussed the implications of adding car-
bon nanotubes on the hybrid honeycomb structure for high-
tech applications. The results conclude that the compressive
and flexural stiffness has been increased. Comparing to a flat
sandwich panel, the inclusion of 0.2% multiwalled carbon
nanotubes (MWCNT) enhanced performance by 21% and
28%, respectively.

In dynamic behavior, several vibration tests are carried
out to analyze the modes, natural frequencies and some fail-
ure properties in the honeycomb structure. Yongqgiang et al.
[11, 12] investigated the vibration response of a honeycomb
sandwich using various approaches. Selvaraj et al. [13]
examined the vibration properties of multi-core sandwich
beams. The experiment and simulation results of natural fre-
quency were in good agreement. The effect of various core
materials, thickness ratios and fiber angle orientations on
the frequency response were investigated under various end
situations. Redmann et al. [14] studied high-performance
airframe construction with two honeycomb cores of Al and
aramid. The damping of the sandwich panel was affected
by static load and core material. Ragavan and Pitchipoo
[15] examined the mechanical response of AI3003 honey-
comb with 0.4 mm cell-wall thickness after being covered
with carbon fiber epoxy composite layers. The results show
that increasing the core thickness improved the damping
behavior of the sandwich composites. Demircioglu et al.
[16] studied free vibration tests of asymmetrical sandwich
structures under clamped-free boundary conditions. As a
consequence of the findings, it was determined that natural
frequencies altered from symmetric to asymmetric arrange-
ment. Praveen et al. [17] examined the forced and free vibra-
tion responses of a composite sandwich plate made of CNT-
reinforced polymer. Furthermore, the transverse vibration
responses of honeycomb sandwich structures are analyzed
at various weight percent CNT, and results are compared to
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those obtained without the presence of CNT. Ameri et al.
[18] analyzed the effect of honeycomb core on free vibra-
tion analysis of fiber metal laminate beams compared to
conventional composites. The layup pattern was made by
hand-free technique and subjected to clamp-free boundary
conditions. Natural frequencies and mode shapes were ana-
lyzed and compared.

Abbadi et al. [19] investigated the fatigue behavior of ara-
mid mid-core and flaws experimentally and determined that
the L configuration was more significant than the W configu-
ration at the same load levels. Belan et al. [20] conducted
fatigue tests on titanium Ti—6Al-4V alloy and concluded
that three-point bending loads were more suitable than
pull-push loads. Fatigue cracks were less common at lower
amplitudes and more common at higher amplitudes. Shi
et al. [21] performed flexural strength and energy absorption
characteristics on honeycomb sandwich structures reinforced
by aluminum grid. The results indicated that the ortho-grid
aluminum with carbon fiber showed high structural proper-
ties for thin wall structures. Xiao et al. [22] studied dynamic
impact test conditions along with the failures and energy
absorption. Under axial impact, failure modes include lateral
bending, lateral shear and local buckling. Large layup angles
[90°]’s are particularly susceptible to lateral shear failure and
have a high utilization rate. Kim and Cho [23] demonstrated
the behavior of honeycomb sandwich composite structure
with Al core after impact. They were subjected to different
energies—50 J, 70 J and 100 J. At maximum load, the top
face sheet breaks down. Maharjan et al. [24] discovered that
laser shock peening (LSP) might modify the surface and
improve fatigue performance. Severe plastic deformation at
the surface occurred, resulting in microstructure refinement
and residual stresses. Failure modes, shear and compression
response were investigated by Lee et al. [25] when the tem-
perature reaches 300 °C, the compressive and shear strengths
fall. Four-point bending tests were used to assess toughness
with regard to the loading rate.

Salam and Bondok [26] modeled the sandwich beams
to compute the flexural stiffness and dynamic properties of
sandwich beams. Sandwich beams with multilayer cores,
multicells and holes in their cores of various forms and ori-
entations were explored that indicate by increasing the num-
ber of cores or cells, the kinematic and dynamic response
of the sandwich beams may be modified. Ozen et al. [27]
studied the impact energy response of carbon fiber sand-
wich composite with thermoplastic as honeycomb re-entrant
core experimentally and numerically. By the conclusion,
in-plane re-entrant base core composite sandwich gives

higher strength of impact and energies dissipation rate as
compared to the in-plane and out-plane honeycomb core
sandwich composite panel. Liu et al. [28] discovered that
specific energy absorption (SEA) can extensively reflect
crashworthiness and the Poisson ratio had a similar influ-
ence by creating parameters such as plateau stress, densified
strain and relative density.

Several experiments were conducted including carbon-
fiber-reinforced polymer (CFRP) as skin in the honeycomb
composites. The reason behind the addition of CNT is to
increase the strength of the composite structure with very
little incorporation in weight [29, 30]. Saraswathy et al.
[31] tested and observed vibration properties of sandwich
structures with repeated debonding at the interface of the
CFRP face sheet and honeycomb core. They showed that
continuous debonding could lead to a larger drop in beam
frequencies when compared to an intact beam. Yuan et al.
[32] studied the effect of projectile mass on the damage
behaviors of CFRP and discovered smaller dimension pro-
jectiles created localized and visible dent damage on the
specimen with low energy impact, whereas bigger ones
induced delamination for high energy impact. Audibert et al.
[33] studied low-velocity impact tests on CFRP composite
skin and Nomex as honeycomb core. The findings revealed
that identifying skin damage and delamination using a
basic compression and shear test. However, skin damage
and delamination were not correctly predicted. Tang et al.
[34] examined the damage of CFRP foam with Al sand-
wich structure with respect to the impact of high velocity
and experimentally researched. He et al. [35] studied the
low-velocity impact response and damage behavior of an
Al-honeycomb sandwich structure with CFRP face sheets.
They concluded the thickness of face sheet produced high
influence on the impact resistance of honeycomb structures.
Impact load of Al foam increases with increasing impact of
velocities. Baba and Gibson [36] studied the effect vibration
characteristics of sandwich composite CFRP with foam as
core. They concluded that delamination affects the stiffness
of the beam and results in changes of natural frequencies.
Pechlivan et al. [37] investigated the compression behav-
ior of CFRP honeycomb with various cell configurations.
The thickness of the cell wall was the key element in the
overall crushing reaction of CFRP honeycomb and it was
unaffected by height. Liu et al. [38] examined quasi-static
axial crushing, the failure mechanism and crashworthiness
features with CFRP tubes and Al-honeycomb core. The cell
width was paramount constraint affecting crashworthiness
attributes.
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Chowdhary et al. [39] performed vibration tests and
compared results with and without MWCNT honeycomb
sandwich. They concluded that natural frequency was higher
when 1.5% MWCNT was used in all the types of composites
and it was due to high stiffness in the face sheet. Caglayan
et al. [40] used neat and CNT-reinforced PU foam-cored
sandwich and performed three-point tests using different
ASTM standards. CNT-reinforced composite was found
to be stiffer and ASTM C393-16 gave acceptable failure
modes. Ngoma et al. [41] have considered 2.5, 5, 7.5 and
10 wt% CNT volume fraction in their analysis. Shi et al. [42]
showed that in the 7.5 percent concentration sample, a large
amount of CNTs are concentrated in aggregates. The spatial
distribution of CNTs in the matrix is nonuniform such that
some local regions have a higher concentration of CNTs than
the average volume fraction in the material. Hence in order
to avoid agglomeration, in this study the volume fraction
is restricted to 7.5 w%. Moreover, dispersion techniques/
time also significantly affected the CNTs morphology and
resulting characteristics of the CNT-reinforced nanocom-
posites [43].

Recently Li et al. [44] proposed plate-reinforced dual
functional micro lattice metamaterial (PDMMs) that shows
elastic isotropy, dual crushing stages with a specific energy
absorption up to 25.82 kj/kg and ultra-broadband sound
absorption from 0.97 to 6.30 kHz. In another research arti-
cle, Li et al. [45] also investigated the compressive responses
of fractal-like honeycombs with different array configura-
tions subjected to low-velocity impact loading environments.
Further, Wang et al. [46] investigated the mechanical rein-
forcement mechanism of a hierarchical Kagome honeycomb
structure.

Despite these, experimental and analytical work regarding
the flexural test and free vibration test combined on the hon-
eycomb sandwich with the specified combination is limited.
At present, material failure is one of the important problems
that the aerospace and marine industries are facing. In the
present work, experimental work is carried out in which the
four specimens were designed and undergone several tests.
In specimen-I, A13003 as core and carbon fiber with epoxy
resins as face sheets have been fabricated as sandwich com-
posite honeycomb structures and others namely specimen-
II, specimen-III and specimen-IV, carbon fiber has been
reinforced with epoxy including 2, 5 and 7.5 w% CNT as
face sheets as a sandwich honeycomb composite structure.

The static response was performed and carried out under the
three-point bending test using ASTM standard C393 and the
same will be performed with the computational approach
using ANSYS Workbench. The results achieved will be
observed and compared for a better understanding of the
static and dynamic approach of the composite structure. The
static deformation along with maximum load and flexural
stress were observed to understand the flexural strength.
Further, to understand the dynamic behavior, free vibration
test has been performed to achieve the mode shapes and cor-
responding natural frequencies for each specimen.

2 Materials and methods
2.1 Materials specification

In our proposed work, four specimens are designed and fab-
ricated to form the sandwich structure. The honeycomb core
designed is made up of A13003 and used in all samples.
In specimen-I, 4-ply unidirectional carbon fiber [0/90’s] is
fabricated on the core to form the sandwich structure. In
specimen-II, epoxy and 2 w% CNT (carbon nanotubes) are
added to carbon fiber. In specimen-III, epoxy and 5 w% CNT
are reinforced with carbon fiber and in specimen-I1V, 7.5 w%
CNT is incorporated with carbon fiber. MWCNTSs (lengths
1-5 pm and diameters 5-40 nm) have been used in the pre-
sent investigation. The addition of CNT will offer good
corrosion resistance, high weldability and high strength
whereas carbon fiber as face sheets offers higher stiffness to
resist higher forces due to loading and has a tendency to bear

Table 2 Properties of core and face sheet

Properties Al13003 core  Carbon-fiber-reinforced
polymer (CFRP) face
sheet

Density (g/cc) 0.08 1.60

Poisson’s ratio 0.33 0.3

Modulus of elasticity (MPa) 1000 10,000

Bulk modulus (MPa) 980.4 8333.3

Tensile strength (MPa) 4.60 50

Shear modulus (MPa) 440 5000

Shear strength (MPa) 2.40 70

Table 1 Sandwich honeycomb

Face sheet

. o Samples Core
composite combination
Specimen-I Al3003
Specimen-II Al3003
Specimen-II1 Al3003
Specimen-1V Al13003

4-ply UD carbon fiber, top and bottom face each

4-ply UD carbon fiber+2 w% CNT, top and bottom face each
4-ply UD carbon fiber+5 w% CNT, top and bottom face each
4-ply UD carbon fiber+7.5 w% CNT, top and bottom face each

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:507

Page50f17 507

Table 3 Dimensions of honeycomb sandwich composite

LengthL Widthb  Skin Height of Length of Thickness
(mm) (mm) thickness the core h cell edge | of core
t (mm) (mm) (mm) wall d
(mm)
150 25 1 10 6.35 0.06

10mm

Fig.2 Dimensions of honeycomb sandwich specimen

bending and tensile loads. Table 1 displays the combinations
taken to form composite panels and Table 2 describes the
mechanical properties of A13003 and CFRP.

2.2 Geometry of honeycomb structure

During experimental tests, four honeycomb sandwich
composites were designed with the combinations shown
in Table 1. The dimensions of the honeycomb core are
150%25 % 10 mm and the overall sandwich structure formed
was 150X 25 x 12 mm. The thickness of face sheets was kept
as 1 mm on top and bottom. Table 3 shows the specifications
listed in detail (Fig. 2).

2.3 Fabrication of honeycomb sandwich composites

While preparing specimen-I, the mixture of epoxy LY556
and hardener HY951 was prepared with a weight ratio of 9:1
and the carbon fiber was cut into the face sheet dimensions.

o Heated
Ultrasonication cpoxy W

(1 hour)

MWCNTs

(1 hour)

|

»

Acetone Acetone + MWCNTs Acctone + MWCNTs

solution solution

Acetone +
MWCNTs

Epoxy solution

Ultrasonication

-

The mixture formed was applied on the carbon fiber in the
direction of ply orientation by hand layup method. Next,
vacuum bagging was done for 15 min at 20 bar pressure in
order to remove excess resins and the specimen was kept
for 24 h for curing. Finally, the core and face sheet of the
specified given dimension were expurgated and pasted with
araldite adhesives and the specimen will be fabricated. For
other combinations, i.e., specimen-II, specimen-III and
specimen-IV, sonication process was needed as shown in
Fig. 3. The major difference between these combinations
and the first specimen is the incorporation of CNT weight
along with the carbon fiber and resins. Here, the weight of
CNT as 2, 5 and 7.5 w% was taken. It requires a sonication
process for an hour. Sonication was mainly performed to
enhance the dispersibility, solubility and entanglement of
CNTs. Meanwhile, epoxy was heated to reduce the viscosity
and again sonication has been done with the heated epoxy
and CNT-acetone solution for an hour. If acetone remains,
the CNT—epoxy solution is heated at 70 °C for 15-20 min.

2.4 Static three-point bending test

Three-point bending tests or commonly known as flexure
testing is a technique used for determining behavior of mate-
rials under static loads. It is highly used in flexible materials
such as polymers, wood and composites. It was performed
on the INSTRON-8801 by placing a specimen on two sup-
port anvils and applying continuous load at the center.

In this test, the area of uniform stress is quite small and
concentrated under the mid-span loading. The three-point
bending load configurations were done as per the ASTM
standard C393. The investigation of flexural strength, dis-
placement and damage modes of failure was carried out. Fig-
ure 4 depicts the experimental setup of the testing machine.
For each specimen, the test was performed twice and the best
results have been taken into account (Fig. 5).

MWCNTs + Epoxy
solution

» g

4-ply
Laminate
composite

Carbon fiber

Vacuum Bagging

Fig.3 Schematic showing preparation procedure followed for fabrication of specimen-II, specimen-III and specimen-IV
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Fig.4 Photographic images
of the specimens: a cutting
face sheet and core and b final
honeycomb sandwich

Fig.5 Experimental setup

of three-point flexural test: a
INSTRON-8801 machine and b
specimen placed with boundary
conditions

2.5 Free vibration test

Free vibration test includes an impact hammer excitation
approach as shown in Fig. 6. It is used to investigate the
vibrational characteristics of manufactured sandwich com-
posites. For natural frequencies, experiments were carried

@ Springer

out on constructed carbon fiber and carbon fiber/CNT sand-
wich specimens under cantilever boundary conditions. The
specimens were initially mounted on the steel fixture. The
data acquisition system (DAQ Model No. NI9234) was
then connected to the computer, with the other end of the
DAQ attached to the impulse hammer and accelerometer.
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Fig.6 Free vibration test
experimental setup

; _

Fig. 7 Phases under three-point
bending test: a applied load, b
inter-laminar shear failure and
bending of cell wall, ¢ compres-
sion and face yielding and d
core crushing

The shear sensor (Model No. 352C22) was put on the top
surface of the specimen to capture acceleration data and the
impulse hammer (Model No. 5800SL) was used to stimulate
all nodal locations of the cantilevered sandwich beam. The
DAQ system was utilized to convert acceleration response
data to frequency response function at all eleven nodes of

I ™
Accelerometer L

L ,W |

i

§-%d dynaceyy

(b)

the sandwich beam, which can be observed on the display
unit via DEWESOFT software.

Measurements were taken for multiple trials in order to
achieve reproducibility of results. The blasting and impact
procedures are used in the majority of documented examples
on the dynamic characteristics of sandwich constructions.
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Fig.8 Maximum load-carrying 600
ability for specimens
500 -
400 -
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&
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-
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0
Specimen I Specimen 11 Specimen III Specimen IV
Fig.9 Flexural load variation 500 -
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—— Specimen 3 Phase 4
400 1 ——Specimen 4 /
Phase 2
g 300 + \ \
= Phase 5
s
=
= 200 - \
100 1 Phase 3 R
Phase 1 Phase 6
0 T T T T T
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With comparison to the current study, the dynamic behavior
was tested in a novel way using a non-destructive technique.
Hence, it can be analyzed and compared with other sandwich
honeycomb combinations.

3 Results and discussion

3.1 Static three-point bending test

The experimental investigation of the flexural strength was
performed as shown in Fig. 7. The load was applied at

@ Springer

Displacement (mm)

the mid of the span and deflection was recorded till the
specimen fails. Figure 8 displays the maximum load value
for each specimen after the experiments were done. At
continuous loads, the displacement was noted and dam-
age modes were observed in different phases as shown in
Fig. 9. Face yielding and compression on the face sheet
were witnessed. It was mainly due to the stresses and the
elastic nature of the material. On further loading, the com-
posite bends until cracks are observed in the face sheet and
the specimen finally breaks down.

Figure 9 describes the variation between load and dis-
placement of all four specimens. In the first phase, a linear
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Fig. 10 Variation between 20 -
flexural stress and strain for gpec}men ;
. —— Specimen
specimens
P ——Specimen 3
16 { ——Specimen 4
—_
<
A
z
2 12
o
=
wn
T 8-
=
=
=
=
4
0

0 0.02

relationship was observed between load and displacement.
With an increase in load, the displacement moves with
a small value and it concludes yielding of face sheet as
depicted in phase 2. Moreover, the small peak load was
observed at this phase. But with a further increase in force,
a sudden decrease in load-carrying capability was seen in the
specimen. With further displacement, the highest peak was
attained for specimens III and IV at phase 3. This indicates
the highest load-bearing capacity of the specimen. Further,
displacement was observed with the sudden drop in load
at phase 4. Phase 5 indicates an increase in displacement
with the application of further loads. Although, specimens
I and II witnessed the highest load values in this phase. In
phase 6, the load was nearly constant and displacement
kept on increasing until the specimen failed completely. It
was observed that with the addition of CNT in carbon fiber,
the strength of the material increases. But beyond adding
2 w% CNT, the strength starts decreasing due to the effect
of agglomeration [5].

Figure 10 shows the variation of maximum stress with
an increase in strain for all the specimens. We obtained that
maximum load specimen-I can withstand was 399.21 N
and the maximum bending stress corresponding to it was
16.633 MPa. The flexural stress at yield (zero slope) was
found to be 9.438 MPa and flexural strain corresponding
to it was 0.13202 mm/mm. It shows that the specimen has
the tendency of load carrying and the material will fail
at higher value. The maximum load for specimen-II was
recorded as 502.76 N and the maximum bending stress
was 20.94830 MPa. The flexural stress at yield (zero slope)

0.04 0.06 0.08

Flexural Strain (mm/mm)

was obtained as 17.27367 MPa and flexural strain at was
0.10674 mm/mm. For specimen-III, the maximum load
achieved was 384.51 N and maximum flexural stress was
16.021 MPa. The flexural strain at maximum flexural stress
is 0.06611 mm/mm. In specimen-IV, the maximum load
value was found to be 262.38 N and maximum flexural
stress to be 10.9324 MPa. The flexural strain was obtained
as 0.03786 mm/mm. Due to agglomeration, load-carrying
capacity was decreased by adding beyond 2 w% CNT to
carbon fiber face sheet. In the concentration regime at which
nanoparticle aggregation is expected, the strain at yield was
observed to decrease continuously with addition of CNTs
but the stress increased in 2 w% CNT addition and then
started decreasing at yield. It is evident from the results
that addition of CNT significantly improves the strength of
the composite. On the other hand, agglomeration of CNT
decreases the property slightly but still provides the results
better than the conventional composites.

3.2 Failure modes in honeycomb composite

The failure modes were observed during the bending test and
they are mentioned in Fig. 11. Figure 7 shows that during the
bending test, compression and yielding on face sheet were
noticed. The reason was mainly due to the stresses acting
along the face sheet exceeding elastic limit of the material.
Further load on the specimen resulted in inter-laminar shear
failure and bending of the cell wall as shown in Fig. 11.
The reason behind failure was wrinkling whereas the core
failed due to shearing and crushing of material when the
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Fig. 11 Failures modes of hon-
eycomb sandwich composite:

a delamination, b debonding,

¢ inter-laminar shear failure, d
crushing and e face sheet failure

shear stress of the core reached the shear strength during
the time of bending. When the load was applied at begin-
ning, core crushing was witnessed first for very short span
of time because short columns experienced heavy loads.
With increase in displacement, delamination occurs and
the layers of plies get damaged later resulting in debond-
ing and the face sheet gets detached from the core. Further
with the application of load, inter shear laminar failure was
seen which was due to bending of cell wall. The crushing of

@ Springer

the core was observed as the cell wall doesn’t have enough
strength to withstand the load. Finally, the face sheet breaks
and the composite is broken completely.

3.3 Computational validation of bending test

The finite numerical model was established for specimen-
I, a method to solve engineering problems to the nearest
approximations. The honeycomb specimen was designed in
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Fig. 12 Boundary conditions at maximum load

ERRRRRRR]

Fig. 13 Deformation at maximum load for specimen-I

Solidworks and later imported into ANSYS Workbench. The
material properties of A13003 and carbon fiber were added
to the engineering library. In the design modeler, three-
point bending setup was done taking ASTM standard C393
into consideration. In static structural, the materials were

selected for core and face sheet. The contact and target bod-
ies were solid. To obtain a refined mesh with the best pos-
sible results, patch conforming algorithm was taken under
consideration under tetrahedron method. The body sizing
and face sizing was selected to 2 mm. Figure 12 shows the
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Fig. 14 Variation of load with .
deformation for specimen-I 375 Experimental
Computational
325 A
~
Z 275 A
=
<
=
[
225 -
175 A
/
125 T T T T r r
5 7 8 10 11 13 14 16

Table 4 Natural frequencies with three mode shapes for different
combinations

Specimen Natural frequencies (Hz)

Mode I Mode I1 Mode III
Specimen-I 336.98 802.03 1061.8
Specimen-11 325 831.25 1049.8
Specimen-IIT 385.02 855.48 1130.5
Specimen-1V 452.33 779.81 1915.3

boundary conditions on specimen-I. The load was applied
at the mid-region of the specimen and the displacement rep-
resenting the boundary was applied at both the ends of the
span length.

The load values were selected from the experimental
data and deformation corresponding to these values was
obtained. Figure 13 shows the deformation which came
around 15.905 mm at the maximum load 400 N. As the
load was undistributed over the panel, it was confirmed that
the maximum deformation will be observed at the central
region and the lowest at the boundary areas [1]. The val-
ues of deformation were noted at various load values and
comparison of results was achieved which can be witnessed
in Fig. 14. It was observed that the displacement values of
experimental and simulation results were similar.

@ Springer
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3.4 Free vibration test

Free vibration characteristics of fabricated CFRP/A13003
honeycomb sandwich composite were studied using the
impact hammer excitation method. Mode shapes and natu-
ral frequencies were investigated for all specimens. For each
specimen, three modal natural frequencies were extracted
and are listed in Table 4. Figure 15 shows the results of
specimen-I for mode shape-I. The combined response graph
will be the same for all modes but single response graph
varies with mode shapes. Looking at the mode shapes pat-
tern in free vibration, the corresponding natural frequencies
were observed for each mode shape. Figure 15¢ automati-
cally generated from the software gives the value of damping
factor.

Figures 16 and 17 depict mode shape-II and shape-III for
specimen-I. The combined peal response graph for 11 nodes
was nearly equal for all three mode shapes but the ampli-
tude—frequency waveform and single response peak vary
with respect to mode shape pattern. Therefore, we can con-
clude that mode shape patterns fluctuate with the individual
response. The overall frequency response for specimen-I is
shown in Fig. 18. Similarly, the vibration analysis of other
specimens was noted. Figure 19 depicts the natural frequen-
cies for all specimens taking three mode shapes, respectively.
It was observed that the natural frequency increases with an
increase in the mode shape. It also concludes that the sandwich
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Frequency

Fig. 15 Mode shape-I for specimen-I: a single response vs time, b amplitude—frequency waveform and ¢ mode shape-I pattern

composite made by incorporating CNT shows high level of
increment in the natural frequencies and the material is stiff.
Finally, it can be observed from the results that due to addition
of CNTs stiffness of the structure increased significantly which
results in higher frequency.

4 Conclusions

In this investigation, static and dynamic behaviors for
Al3003/CFRP honeycomb sandwich composites were
investigated under three-point bending and free vibration

test. Four different specimens were fabricated and the
experiments were carried out. It was observed that hon-
eycomb composites reinforced with 2 w% CNT increase
the strength of the structure and beyond 2 w% CNT, the
load-carrying ability decreases due to agglomeration. To
avoid agglomeration and clustering, sonication dispersion
approach has been used for achieving uniform dispersal
of CNTs in carbon fiber—epoxy composites. Under three-
point bend test, fabricated structure showed capability to
withstand higher loads. The maximum load observed was
502.76 N and flexural stress was 20.94 MPa for speci-
men-II. Load and displacement results were also achieved

@ Springer
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Response

Response

Fig. 16 Mode shape-II for specimen-I: a single response vs time, b amplitude—frequency waveform and ¢ mode shape-II pattern

computationally and the comparison graph was plotted.
The values were similar with the experimental data. For
dynamic behavior, free vibration test was performed to
analyze the natural frequency and mode shapes by using
impact hammer excitation method. It was observed that
the natural frequency increases with rise in mode shapes
for all specimens. Each mode has its own natural fre-
quency for the structure. The specimen reinforced with
CNTs was found to be stiffer hence it reveals that as natu-
ral frequencies are dependent on material stiffness. The
highest natural frequency was witnessed as 1915.3 Hz for
specimen-IV. It is evident from the results that addition of

@ Springer

CNT significantly improves the strength and stiffness of
the composite. On the other hand agglomeration of CNT
decreases the property slightly but still provides the results
better than the conventional composites. Hence, addition
of CNTs enhances the desired property of the proposed
composite structures. The proposed study helps to investi-
gate the material combination and parameters using statis-
tical and dynamical approaches in a way to achieve better
structure characteristics that have aerospace, automobile
and marine applications.
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Fig. 18 Combined amplitude—frequency response graph of specimen-I for all nodes
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