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Abstract: This study experimentally investigated the flexural fatigue behaviors of honeycomb
sandwich composites subjected to low velocity impact damage by considering the type and thickness
of the face sheet material, the cell size and the core height parameters. Carbon-fiber reinforced
composite and the aluminum alloy was used as the face sheet material. First, the static strength
of undamaged and damaged specimens was determined by three-point bending loads. Secondly,
the fatigue behaviors of the damaged and undamaged specimens were determined. Low velocity
impact damage decreased the flexural strength and fatigue lives but increased the damping ratio
for all specimens. Maximum damping ratio values were observed on specimens with a aluminum
face sheet.
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1. Introduction

Composites are fundamental materials in today’s engineering applications. The reason for
their popularity is because they combine high strength with low weight. In particular, sandwich
composites are preferred in applications requiring low weight [1-3]. Usually, aluminum and Nomex
honeycomb are used as a core material to produce sandwich composites; on the other hand, carbon
fiber-reinforced composites (CFRP) and auxetic materials in various geometries have also been used in
recent years [3-6].

Honeycomb sandwich composites are formed by putting thick core structures in between thin
and thick plates. The bonding between the plates and the honeycomb cells is achieved by structural
adhesives that have numerous application areas [7,8]. Honeycomb structures are defined by low
weight and high flexural rigidity characteristics, but they are also conveniently used to counter tensile,
compression and flexural loads [9-11]

Unlike metals, composites do not have a homogeneous and isotropic structure. Damage is
not seen due to local crack propagation. Fiber damage occurs through the formation of different
damage mechanisms like matrix damage and delamination [12-14]. Tai et al. investigated fatigue
after impact behavior of carbon epoxy composites. Fatigue tests are conducted under tensile-tensile
loading. Results showed that tensile strength and the fatigue life of samples decreased with low
velocity impact [15]. Koo et al. investigated the fatigue behavior of woven carbon—fiber-reinforced
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plastic after low velocity impact. Impact damage decreased the fatigue life of samples [16]. Uda et al.
reported that the compression fatigue life of impacted samples reduced according to non-impacted
samples. The damage growth of samples was inspected with a pulse-echo system. Results showed that
the initial delamination growth occurred in the width direction and the delamination extended in the
loading direction at the end of the fatigue life [17]. Nettles et al. investigated the compressive cyclic
behavior of polymer matrix launch vehicle hardware. They reported that in most cyclic compression
load cases, damage growth is not observed before ultimate failure or before the growth is very
unstable [18]. Goidescu et al. reported that stable damage propagation is perpendicular to the loading
direction in CFRP composites under tensile loading conditions. [19] Bogenfield et al. presented an
energy-based method to determine the delamination propagation under a compression load. They
reported that stable damage propagation observed in the loading direction [20]. The most common
types of damage observed during honeycomb sandwich composite production are “malformation
and adhesive failures” [21]. Subhani investigated the effect of the curing temperature of the film
adhesive—used for bonding honeycomb cores and face sheet material together—on the flexural
strength of the composite. The results of the study revealed that the optimum temperature and curing
time for the film adhesive was 110 °C and 2 h, respectively [22]. In another study performed by
Jen et al., their numerical and experimental investigation of four-point bending fatigue behaviors of
honeycomb sandwich composites with different face sheet thicknesses, showed that the reason for
the resulting damage formed in the specimens was delamination between the core and the face sheet
materials [23]. Abbadi et al. investigated the fatigue behaviors of undamaged and damaged specimens
by using four-point bending loads. The results obtained indicated that the damage formed had no
effect on the static strength of specimens. It is reported that honeycomb sandwich panels’ fatigue life is
more effected by drilling a hole than a Brinell defect. [24]. Schubel et al. stated that difficult-to-detect
damage like delamination formed in sandwich composites after impact caused significant reductions
in the strength of specimens [25]. Belingardi et al. investigated the effect of adhesive failure between
cores and face sheet material on the fatigue life of honeycomb sandwich composites and reported that
core crushing was observed in the regions of adhesive failure [26]. Shi et al. investigated the effect of
aramid fiber-reinforcement of the interface to increase bonding between the honeycomb cores and the
face sheet material and revealed that aramid fiber-reinforcement increased the strength of the specimen
under bending and compression loading [27].

In the aviation industry, where honeycomb sandwich composites are primarily used, airplanes
are subject to impact damage due to external factors like birds, stone and surface modes. Galehdari et
al. experimentally, analytically and numerically analyzed the static and low velocity impact behaviors
of reinforced honeycomb sandwich composites and showed that damage was usually observed in
the shape of a “V”; their analysis results were in accordance with experimental results [28]. Baba
experimentally investigated the low velocity impact behaviors of curved sandwich composites with a
foam core and revealed that curved sandwich composites were stronger than flat sandwich composites
under low velocity impact loading [29]. He et al. investigated the effect of design parameters on the
impact behaviors of honeycomb sandwich composites. The parameters affecting impact loading the
most were found to be face sheet thickness and honeycomb cell wall thickness, while core height was
determined to be the most ineffective parameter [30].

To calculate changes in the damping ratio of materials under fatigue loading, hysteresis curves
drawn using data obtained from tests can be used [31]. Another method used in determining the
change in the damping ratio of a specimen is “damping change” [32]. Damping is defined as the
amount of energy that materials absorb under cyclic stresses [33].

In the present study, the damage behaviors of honeycomb sandwich composites were
experimentally investigated with three-point bending, low velocity impact, and fatigue before and
after impact. The static strengths of specimens were determined by three-point bending loads, and
then they were subjected to fatigue tests to determine the fatigue lives of undamaged specimens.
Impact damage—a type of damage commonly observed in applications where honeycomb sandwich
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composites are used—was investigated by a low velocity impact testing, and damaged specimens were
subjected to a fatigue test, and then the effect of impact damage on fatigue lives was investigated.

2. Materials and Methods

The core material of the honeycomb used was an Al-3003 alloy. Honeycomb cores were placed
in between two different face sheet materials, one Al-5754 and the other a carbon fiber-reinforced
composite plate. As reinforcement material, 0°/90° twill weave carbon fiber with a density of 300 gr/m?
was used. Epoxy resin was chosen as the matrix material. Adhesion between the face sheet materials
and the honeycomb cores was provided by 3M 2216 epoxy-based adhesive.

The honeycomb cores had cell sizes of 6.35 mm and 9.525 mm in diameter (D) and 10 mm, 15 mm
and 20 mm in height (T). Face sheet materials had various thicknesses: 0.5 mm, 1 mm and 1.5 mm. These
materials produced a composite sample of 80 mm in width and 135 mm in length. The honeycomb
sandwich composite layers are shown in Figure 1, while a specimen labeling list and specimen
properties for each label are shown in Table 1. There were 45 samples produced for each configuration
(3 samples for undamaged static test, 3 samples for 5 ] impacted static test, 3 samples for 10 ] impacted
static test, 12 samples for undamaged fatigue test, 12 samples for 5 ] impacted fatigue test, 12 samples
for 10 J impacted fatigue test).

__« Face Sheet (Al 5754 or CFRP)

_»Adhesive (3M 2216)

+ Honeycomb Care {Al 3003)

Figure 1. Honeycomb sandwich specimen layers.

Table 1. Specimen properties.

Specimen Codes Cell Size (D) mm F;;: ti?i:ft Core II-:‘eIinght (M Thifljrclzssshnelfrt\ )
6AL10a 6.35 Aluminum 10 0.5
6AL10b 6.35 Aluminum 10 1
6AL10c 6.35 Aluminum 10 1.5
6AL15b 6.35 Aluminum 15 1
6AL20b 6.35 Aluminum 20 1
9AL10b 9.525 Aluminum 10 1

6CFRP10a 6.35 CFRP 10 0.5
6CFRP10b 6.35 CFRP 10 1
6CFRP10c 6.35 CFRP 10 1.5

Face sheet materials were first ground with 180 grade sandpaper in accordance with the 3M 2216
adhesive user instructions, and then the aluminum plates were cleaned with acetone, while the
composite plates were cleaned with isopropyl alcohol.

Jenetal. indicated that an 0.7 kg/m? amount of adhesive achieved a maximum flexural strength [34];
therefore, 7.5 g of adhesive, corresponding to that amount, was applied to the cleaned side of the
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face sheet materials with a spatula. After applying adhesive to a single face, the samples were kept
under a 2.5 kg weight for 24 h, and then adhesive was applied to the other face. Before performing
tests, all specimens were left at room temperature for 1 week to ensure completion of the adhesive
curing process.

The mechanical properties of the materials used are determined according to the ASTM E8, ASTM
D3039, ASTM D7078 standards. The mechanical properties of the 3M 2216 adhesive, and the Al-5754
and Al-3003 alloys, are shown in Table 2, while the mechanical properties of the CFRP composite
are shown in Table 3. E; and E; are the longitudinal and transverse elastic modulus, vj, is Poisson’s
ratio, Gy is the shear modulus, and X" and X© are longitudinal tensile and compressive strengths,
respectively. X©, Y© and S are longitudinal compressive strength, transverse compressive strength and
shear strength, respectively.

Table 2. Mechanical properties of the adhesive, and the Al-5754 and Al-3003 alloys.

Young's Modulus Poisson’s Ratio Tensile Strength (MPa)
3M 2216 Adhesive 565 MPa 0.47 19.88
Al-5754 Face Sheet 70.3 GPa 0.33 245
Al-3003 Core 68.9 GPa 0.33 131

Table 3. Mechanical properties of the carbon fiber reinforced plastic (CFRP) composite.

XT,YT XS, Y©
E; (GPa) E; (GPa) V12 G12 (GPa) (MPa) (MPa) § (MPa)
CERPFace 434 83.5 0.05 6.8 1008 953 125
Sheet

2.1. Static Tests

Flexural tests were performed in accordance with the ASTM C393 standard at a 1 mm/min loading
rate using Shimadzu Universal test equipment with a 250 kN load cell. During three-point bending
tests, aload was applied with a 30 mm-diameter cylinder. The span length between the 30 mm-diameter
supports was 80 mm. Figure 2 shows the application of the load to the specimen.

Figure 2. Application of load to specimens during the static test.

2.2. Impact Tests

Impact tests were carried out using CEAST Fractovis Plus impact test equipment with a capacity
of 1800 Joules and a 22 kN load cell. A pneumatic anti-rebound system was used to prevent repetitive
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impacts. A 12.7 mm diameter steel hemispherical strike face, weighing 5120 g, was used during these
tests. Tests were done at 5 Joule and 10 Joule impact energies. During the impact, upper and lower
supports of 76 mm in diameter were used to hold the specimen. The impact test procedure and the
results obtained can be seen in reference [35]. Figure 3 shows the low velocity impact test setup.

Impactor

Upper Support

\§
e dINININININININININIE

—1

25 mm

Lower Support

76 mm

80 mm

135 mm
Figure 3. Low velocity impact test setup.
2.3. Fatigue Tests

Fatigue tests were conducted using Shimadzu Servo-Hydraulic Fatigue test equipment with
a 100kN load cell. First, the fatigue behaviors of the materials used in producing the sandwich
composites were determined using a 5 Hz frequency. Load was applied to specimens as a sine wave
and an R (0min/0max) of 0.1 was used. Fatigue tests were performed for aluminum, the 3M 2216
adhesive and the composite materials, for values below static damage loads. Figure 4 shows stress vs.
cycles to failure graphs for the Al 5754 face sheet, the 3M 2216 adhesive and the CFRP under tensile
loading. During fatigue tests, a load was applied with a 30 mm-diameter cylinder. The span length
between the 30 mm-diameter supports was 80 mm.

10 1200
. CFRP ° ®3M 2216
B mALS5754 1000 A °
(]
0 [
800 - °
25 = Pe
g 2 < 600 %
o 15 400 A
10
a 200 A
5 . n .
]
0 1 I } F u | uill 0 T
102 10° 10° 10° 10¢ 107 108 102 103 10*
Cycles to Failure (N) Cycles to Failure (N)
(a) (b)

Figure 4. Stress vs. Cycles to failure graphs for the materials used: (a) Aluminum Alloy and CFRP; (b)
3M 2216 adhesive.
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Sandwich composites, whose strength values were determined by static tests, were subjected
to testing both without impact and with impacts of variable energies; after that, fatigue tests were
carried out. For fatigue tests, three-point bending loads were applied to specimens as for the static tests.
Damaged specimens were subjected to fatigue tests using the load values determined by the static
values of undamaged specimens. The reason for this was to determine changes in fatigue behaviors of
damaged specimens with respect to undamaged specimens. All fatigue tests were conducted with
Force control.

All fatigue tests were repeated three times and mean values were used, while fatigue graphs were
drawn to avoid confusion. Because of decreases in the strengths of specimens with preliminary impact
damage, fatigue tests were not performed for some values.

3. Results and Discussion

This study experimentally investigated the effect of preliminary impact damage on the fatigue
behaviors of honeycomb sandwich composites. Preliminary impact damage was formed at impact
energies of 5 Joules and 10 Joules as a result of low velocity impact tests. Impact results showed that
upper face sheets perforated for 0.5 mm and 1 mm face sheet thickness values for CFRP face sheet
material. For 1.5 mm CFRP and all aluminum face sheet thicknesses, no perforation was observed on
upper face sheets but regional delamination was seen between core material and face sheet. The effects
of the preliminary impact damage on the strength and fatigue lives of specimens were investigated
by flexural tests. Damage growth of the specimens was not observed in all tests. This constitutes a
shortcoming for this article and it is planned to examine damage growth in future studies. The results
obtained are given below.

3.1. Flexural Tests

Figure 5 shows the images of specimens—with aluminum and CFRP face sheet materials—obtained
after three-point bending tests for different face sheet thicknesses. Examining the images, in the model
with an aluminum face sheet of 0.5 mm thickness, face wrinkling damage was observed at the first
contact point of the cylinder used to apply the load. This damage was seen to be less in the model with
a 1 mm face sheet thickness, while it was not seen in the specimen with a 1.5 mm face sheet thickness.

For specimens with a 0.5 mm thick CFRP face sheet, local crushing was dominant in the honeycomb
core to which the load was applied. The amount of deflection increased with increasing face sheet
thickness and the highest flexural damage was observed in the model with a face sheet thickness of
1.5mm (Figure 5).

There was no surface damage observed in specimen 6CFRP10a with a 0.5 mm face sheet thickness,
while face sheet material damage was determined in the specimens with thicknesses of 1 and 1.5 mm.

The first damage type seen in the core at the beginning of the test was cracks in the cell walls.
With the continuation of the test, crushing of the cell walls and adhesive damage of the cell walls
were observed. With the catastrophic failure seen in the samples, the damage has been concentrated
especially in the support areas.

Figure 6 shows applied force vs. deflection graphs for pristine specimens with aluminum and
CFRP face sheet materials. For both face sheet materials, increasing face sheet thickness increased
flexural strength. Moreover, for the same load values, deflection decreased due to increased face sheet
thickness. For example, in the specimens with an aluminum face sheet, the amounts of deflection
under a 2000 N load were measured to be 1.133 mm, 0.917 mm and 0.524 mm for 6AL10a, 6AL10b and
6AL10c specimens, respectively.
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Figure 5. Specimen images obtained after three-point bending tests.
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Figure 6. Effect of (a) face sheet thickness, (b) face sheet type and (c) core height on flexural strength.
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Increased face sheet thickness reduced the amount of damage formed on the face sheet after
impact tests. Similarly, increasing face sheet thickness decreased flexural strength more after impact.
The reason for this was that during impact loading on increasing face sheet thicknesses, more of the
applied load was transferred to the cores.

3.2. Fatigue Tests

Impact failure may happen any time during the lifetime of the structures. Impact failure can
be observed aviation structures such as airplanes due to bird strikes or collision of ground vehicles.
The main aim of this paper is to investigate the effect of impact damage on the fatigue life of honeycomb
sandwich structures. The fact that impact damage was not examined for the later stages of fatigue
damage constitutes the missing aspect of this study. Sandwich structures suffers not only flexural
loads but also compression or membrane stretch loads.

Figure 7a shows the fatigue graphs of specimen 6AL10a with a 0.5 mm-thick aluminum face
sheet obtained under three-point bending loads. It was seen that impact testing decreased the fatigue
strength of specimens for all loading ratios. Reductions in fatigue strength increased as the applied
loading ratio (r = Ffatigue/Fultimate) increased. The greatest fatigue life decrease (59%) was determined
atr=0.7.

1 1
6AL10a ‘ 6AL10b
0.8 038 \
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Figure 7. Loading ratio vs. cycles to failure graphs for (a) 6AL10a, (b) 6AL10b and (c) 6AL10c specimens.

Figure 7b shows the loading ratio vs. cycles to failure graphs for 6AL10b specimens obtained
from fatigue tests. Decreasing the loading ratio decreased the impact effect. For a loading ratio of
0.9, the average life of undamaged specimens was 1767 cycles, while the average life of the specimen
damaged by 10 Joules of impact energy decreased by 69%, or 556 cycles. When the loading ratio was
0.5, the reduction was 49%.

Figure 7c shows graphs with cycles to failure corresponding to different loading ratios for the
6AL10c specimen. For all loading ratios, the fatigue lives of damaged specimens were lower. Increasing
the fatigue load increased the difference between undamaged and damaged specimens. Decreasing
the applied load decreased the strength reduction in damaged specimens.
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Figure 8a shows cycles to failure values corresponding to different loading ratios for the 6AL15b
specimen. For all loading ratios, the cycles to failure value of specimens damaged with 5 Joules of
impact energy was approximately 62% of undamaged specimens. Similarly, the cycles to failure
value for specimens damaged with 10 Joules of impact energy was approximately 50% of undamaged
specimens. This shows that the relationship between impact energy and fatigue life is not linear.

6AL15b 6AL20b
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10]
0
10? 10° 10* 10° 100
Cycles to Failure (N) )

Figure 8. Loading ratio vs. cycles to failure graphs for the (a) 6AL15b, (b) 6AL20b and (c)
9AL10b specimens.

Figure 8b shows cycles to failure values corresponding to different loading ratios for the 6AL20b
specimen. The specimen affected most by preliminary damage was 6AL20b. For r =0.7, the preliminary
damage produced by 5 Joules and 10 Joules of impact energy decreased the specimen’s life by 85% and
97.5% compared to that of the undamaged specimen. Decreasing the loading ratio increased the life of
damaged and undamaged specimens.

Figure 8c shows cycles to failure values corresponding to loading ratios for the 9AL10b specimen.
The static damage load of the specimen for 5 Joules of impact energy was 1739 N, while it decreased to
1539 N for 10 Joules of impact energy. When fatigue tests were performed at 90% and 80% of the static
damage value for undamaged specimens, the applied static loads were found to be 1750 N and 1550 N,
respectively. The static damage loads for specimens damaged by 5 Joules of impact energy were below
90% of the static damage load of the undamaged specimen, while those damaged by 10 Joules of impact
energy were below 90% and 80% of the static damage load of the undamaged specimen. Thus, the
fatigue tests were not carried out at these loading ratios.

Figure 9 shows the fatigue test results for the 6CFRP10a, 6CFRP10b and 6CFRP10c specimens.
It was seen that the specimen affected most by the preliminary impact damage was 6CFRP10c with
a face sheet material thickness of 1.5mm. The reason for this could be that increasing face sheet
thickness increased the preliminary damage resistance of the face sheet, which caused more cores
to be crushed. Cycles to failure values determined in the 6CFRP10b specimen damaged by 5]Joules
of impact energy diverged from the cycles to failure value of the undamaged specimen due to the
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decreasing loading ratio. Loading ratio vs. cycles to failure graph of specimens damaged by 10 Joules
of energy corresponded to that of the undamaged specimen.
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Figure 9. Loading ratio vs. cycles to failure graphs for the (a) 6CFRP10a, (b) 6CFRP10b and (c)
6CFRP10c specimens.

Fatigue crack was not observed during fatigue tests due to loading type. Core crushing failure is
the main failure type for all fatigue specimens. No failures observed for adhesive between core and
face material. Adhesion tests can be investigated in future studies.

3.3. Damping Ratio and Stiffness Reduction

Damping indicates the amount of energy required to rearrange molecules of the material due to
internal friction. The energy consumed by the material due to internal friction and movements is called
the storage modulus (E’), while the response energy consumed by the material against impact is the
loss modulus (E”). The damping ratio is calculated by the formula tan (8) = E”/E’, and it is independent
of geometric effects. The material response to the applied stress and phase angle sample during fatigue
loading are given in the Figure 10.

Material Response Phase Angle=3

Applied Stress

min

Time

Figure 10. Tan () vs. Log (N) graph for the 6AL10b specimen.
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To determine the amount of energy absorbed by specimens after the fatigue tests, tan (5) vs. cycles
to failure (log N) graphs are shown below.

Figure 11 shows the effect of different loading ratios on the damping ratio for the undamaged
6AL10b specimen under three-point bending loads. The damping ratio decreased with the increasing
loading ratio, while for all loading ratios, minimum damping ratios were determined at cycles to
failure values where fatigue damage occurred.

35 1 ST05 wr-0.
. 0. r-
30 [ e

25 4

20 ! -

15

%
!
|
|

.

tan 6=E”’/E’
X
P

10

10 100 1000 10000 100000
Cycles to Failure (Log N)

Figure 11. Tan (9) vs. Log (N) graph for the 6AL10b specimen.

Figure 12a shows damping ratios of the 6AL10b and 6CFRP10b specimens at a loading ratio of r =
0.6. At the same loading ratio, the damping ratios of the aluminum specimen were found to be higher
than those of the CFRP specimen.

Figure 12b shows the normalized cycle-Stiffness reduction graph for 6AL10b and 6CFRP10b
specimens. Stiffness is calculated as maximum applied load divided by maximum deflection for every
cycle [36]. Stiffness change with fatigue cycle shows the same trend with damping ratio graphs. While
normalized fatigue cycle approaches the 1, stiffness decreases and dramatic stiffness reduction is
observed at the end of the lifetime.

35 1m
o* | *GALIOb  W6CFRPLOb | " aa g H6AL10b
30 + = S
+ 6CFRP10b
| SR ARPYY 2 0.8 " .
25 + 2 .
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Figure 12. (a) Tan () vs. Log (N) graph for the 6AL10b and 6CFRP10b specimens, (b) Stiffness reduction
vs normalized cycle graph for 6AL10b and 6CFRP10b specimens.

Figure 13 shows the effect of impact energy on the damping ratio for the 9AL10b specimen.
Increasing impact energy increased the damping ratio, while increasing cycles to failure decreased the
damping ratio. After 100 cycles, when the stable region starts, the reduction in the damping ratio of
damaged specimens (5 Joules and 10 Joules) was less compared to the undamaged specimen.
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Figure 13. Tan () vs. Log (N) graph for the 9AL10b specimen.

Damping ratio of undamaged specimens was lower than that of damaged specimens (Figure 10).

The reason for this may be that undamaged structure transmits vibration more [37].

4. Conclusions

The results obtained after three-point bending, low velocity impact, three-point bending after

impact, fatigue and fatigue after impact tests are evaluated below:

For three-point bending loads, increasing the core height increased the damage load of the
specimen. With increased core height, damage was concentrated on the zone affected by the load.
For the three core height values, debonding damage was seen between the core and the face sheet;
buckling of the cell walls is the main reason for the damage.

Increasing face sheet thickness increased the flexural strength of specimens for both face sheet
materials. This increase was more apparent in specimens of CFRP.

While performing fatigue tests, the applied load was determined by using the static damage load
of the specimen. This restricted the effect of parameters used in the study on fatigue behavior.
Application of the same amount of load to all specimens will clarify the effects of these parameters
on fatigue behavior.

Increasing the core height was found to be the parameter that increased fatigue strength of
specimens the most, similar to static loading.

In fatigue tests performed by three-point bending tests, when the loading ratio decreased, the
fatigue lives of undamaged and damaged specimens converged.

The damping ratio—related to the energy absorbed by specimens during fatigue tests and to
rigidity—increased with the increasing impact energy. For undamaged and damaged specimens,
the damping ratio approached a steady-state and continued its horizontal trend; it decreased when
approaching the damage cycle and became a minimum after permanent damage of the specimen.
For all cycle numbers, the highest damping ratios were observed in specimens with the aluminum
face sheet.

While normalized fatigue cycle approached the 1, stiffness decreases and dramatical stiffness
reduction observed at the end of lifetime for all samples.
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