Cukurova Universitesi Miihendislik Mimarlik Fakiiltesi Dergisi, 35(1), ss. 49-58, Mart 2020
Cukurova University Journal of the Faculty of Engineering and Architecture, 35(1), pp. 49-58, March 2020

Failure Analysis of Low-density Polymer Foam Core Sandwich
Structures under Three-point Bending Loading

Cagr1 UZAY "', Necdet GEREN'

1Cukurova University, Faculty of Engineering, Department of Mechanical Engineering, Adana
Gelis tarihi: 06.12.2019 Kabul tarihi: 15.05.2020

Abstract

In this study, low-density polymer foam core sandwich beams, non-existent in the literature, having
woven carbon/epoxy face sheets in different core thicknesses and specimen lengths were fabricated and
then subjected to three-point bending tests. The bending behavior of the sandwich beams were scrutinized
experimentally. The effects of both core thickness and specimen length were revealed. As the ratio of face
sheet to core decreases, transferring of shear forces between the face sheets decreases and the face sheets
also become weaker. Hence, the failure mode changes from core shearing to indentation and the
sandwiches have become tendency to fail by indentation. The theoretical models available in the literature
was also utilized to predict the failure mode and collapse forces. The results indicated that both analytical
calculations and experimental findings are compatible with each other.

Keywords: Core shear, Failure mode, Indentation, Sandwich structures, Three-point bending

Uc¢ Nokta Egilme Yiiklemesi Altindaki Diisiik Yogunluklu Polimer Képiik Sandvic
Yapilarin Hasar Analizi

Oz

Bu ¢aligmada, orgii dokuma karbon/epoksi yiizeylere sahip, literatiirde yer almayan, diisiik yogunluklu
polimer kopiik cekirdek sandvi¢ kirisler, farkli uzunluk ve g¢ekirdek kalinliklarinda tiretilmis {i¢ nokta
egilme testlerine tabi tutulmustur. Sandvi¢ kirislerin deneysel olarak egilme davranislari incelenmistir.
Hem numune uzunlugunun hem de ¢ekirdek kalinliginin etkisi ortaya c¢ikarilmistir. Yiizey tabaka
kalinhiginin ¢ekirdek kalinligina orani azaldikga, yiizeyler arasindaki kayma kuvvetlerinin transferi
azalmaktadir ve ylizeyler de zayiflamaktadir. Bu yiizden, hasar modu cekirdek kaymasi hasarindan batma
hasarina dogru degigsmektedir ve sandvigler batma seklindeki hasara ugramaya meyilli olmaktadir. Hasar
modunu ve ¢dkme kuvvetlerini tahmin etmek igin literatiirde mevcut bulunan teorik modellerden de
faydalanilmigtir. Sonuglar, hem analitik hesaplarin hem de deneysel bulgularin birbirleriyle uyumlu
oldugunu goéstermistir.

Anahtar Kelimeler: Batma, Cekirdek kaymasi, Hasar modu, Sandvig yapilar, Ug nokta egilme
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Failure Analysis of Low-density Foam Core Sandwich Structures under Three-point Bending Loading

1. INTRODUCTION

Conventional industrial materials such as metals
and their alloys have been replacing with stiff,
strong and lightweight hybrid materials with
growing and developing technology. A sandwich
structure, belongs to hybrid material family,
consists of two thinner face sheets bonded to a
relatively thick core material with the aid of a
matrix surrounding. The face sheets can be made
of metallic sheets, fiber reinforced composites
whereas the core can be made of metal or polymer
foams, honeycomb, balsa wood, corrugated
structures [1-2]. Fiber-metal laminates (FMLs)
have also been used for face sheets [3]. Due to
their high stiffness to weight ratio, good impact
and fatigue resistance, sandwich composites have
arisen as structural members in the fields of
automotive, transportation, space and aviation,
marine, sporting goods, and etc. [4].

The variations in constituent materials allow many
researchers to investigate the effects of them on
physical and mechanical properties of sandwich
structures under different loading conditions.
Therefore, the previous studies have mostly
concentrated on the influences of different types of
face sheets, thickness of both the face sheets and
the core, type and density of the core, type of
matrix material. For example high impact
toughness and better insulation to heat and
acoustic can be obtained by using aluminum (Al)
foams [3, 5-7]. On the other hand, polymer foam
cores can be used for weight critical application
where high flexural rigidity is essential [2].

The sandwich constituent materials’ properties,
geometric dimensions and types of loading are
affecting factors for the initiation and growing of
failure modes. The failure of the sandwich
structures may occur mainly due to the face yield,
core shear, indentation, face sheet debonding, and
face sheet wrinkling [8,9]. For instance, as the
thickness ratio of face sheet to core (t/c) decreases,
the failure mode changes from core shearing to
indentation due to the weakness of face sheet and
the sandwiches have tendency to fail based on the
indentation. On the other hand, the thicker cores
provide more rigidity to a sandwich structure, and
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it resist higher bending loads due to the increased
moment of inertia. Therefore, there is a transition
between the failure modes and the type of failure
mode should be investigated [10].

Styles et al. [11] investigated the effect of core
thickness (5 mm, 10 mm, and 20 mm) on deformation
behavior of an Al foam core (230 kg/m3) sandwich
structure having thermoplastic composite face sheets
under four-point bending. It was found out that the
thinner specimens exhibited skin wrinkling and
fracture, and some core cracking, and core crushing
was seen in thinner foam cores while the thicker
specimens failed due to core indentation. But it was
concluded that the incidence of core indentation was
eliminated by increasing the face sheet thickness. In
addition, it was reported that increasing core thickness
drastically improved the structural rigidity. Kabir et al.
[12] investigated effect of three-point bending behavior
of very thin (0,32 mm) Al face sheets that were
constructed with 6 mm and 12 mm Al foam cores,
respectively. Although very thin face sheets primarily
yielded indentation failure, core shear failure was
occurred in the case of using high strength face sheets.
Jiang et al. [13] established an analytical model to
predict the failure modes in terms of face yield, core
shear and indentation. In order to verify the model,
they used several sandwich designs with 10-20-30-40-
50 mm thick Al foam core having 0.17 relative density
and 0.5-3-6 mm thick Al face sheets, and subjected the
sandwich specimens to the three-point bending tests.
Although the proposed failure models were in a good
agreement with experimental results for the sandwich
structures having thick face sheets, the determination
of the load carrying capacity and the analysis of the
indentation  failure = mode  required  further
improvements. Similar conclusions for polymer foam
core/fiber reinforced face sheet sandwiches are existed
in the literature. Lim et al. [14] fabricated sandwich
panels with woven plain glass fiber epoxy prepregs
and 10 mm thick PVC foam core. While face sheet
thickness varied from 0.58 mm to 1.02 mm, core
density changed from 54 kg/m® to 117 kg/m’. The
increase in thickness of the face sheets caused a change
in failure mode. Thinner facings tended to fail by face
fracture, but as the thickness increased, it tended to
core compression or shear yielding. On the other hand,
due to the change of core density, an obvious change in
failure modes was not observed.
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Sandwich design principles are based on the
failure modes, and the collapse force that predicts
the maximum load carried by the structure before
failure. Therefore, examination of the failure
behavior under a particular loading condition is
essential to diagnose the type of failure. It also
helps to designer to select more suitable
constituent materials and geometry for the further
sandwich constructions. In this study, three-point
bending behavior of low-density polymer foam
core carbon/epoxy sandwich beams were
experimentally investigated considering the effects
of core thickness and support span length. The
findings were also compared with the analytical
approaches available in the literature, and the
primary failure modes of the sandwich beams were
addressed.

2. MATERIALS AND METHOD
2.1. Materials

Sandwich specimens were constructed with woven
carbon fiber fabrics and PVC foam core materials.
Three different core thickness values (10 mm,
20 mm and 30 mm) were considered in the study.
The fiber face sheets were bonded to the foam core
by using polymer matrix. Table 1-3 provide
physical and mechanical properties of sandwich
constituents.

Table 1. The properties of carbon fiber fabric [15]

Property Value
Plain weave, Woven,
Continuous fibers
0 | | oM
Fabric sketch and
description
Err[ F
Areal density 200 g/m
Thickness 0.20 mm
Density 1790 kg/m’
Tensile strength 3800 MPa
Tensile modulus 240 GPa
Tensile strain 1.6 %
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Table 2. Physical and mechanical properties of
PVC foam core material [16]

Physical and Mechanical
R Value
Properties

Commercial name Airex C70.48
Density 48 kg/m’
Thickness (mm) 10, 20, 30
Compressive strength 0.60 MPa
Compressive modulus 48 MPa
Tensile strength 0.95 MPa
Tensile modulus 35 MPa
Shear strength 0.55 MPa
Shear modulus 16 MPa

Table 3. Physical and mechanical properties of the
matrix system [17]

Physical and E

Mechanical POXY | Hardener

Properties resm

Density (kg/m’) 1.13-1.17 | 0.96-1.00

Viscosity (mPa.s) 700-900 10-50
The Matrix Properties

Density 1,18-1,20 kg/m’

Flexural strength 110-140 MPa

Modulus of elasticity 3.2-3.5 GPa

Tensile strength 70-80 MPa

Compressive strength 80-100 MPa

2.2. Manufacturing of Sandwich Specimens

Sandwich composites were manufactured by using
vacuum bag method. At the start of process, the
amount of matrix material was determined based
on the total amount of fiber fabrics. Epoxy resin
was used together with suitable hardener to
prepare the matrix. Ratio of the hardener in the
mixture was 25 wt. %. The mixture was stirred
carefully to minimize voids which weaken the
final product. Then, manufacturing of the
sandwich panels were performed over an open
mold by stacking the face sheets and the core with
hand lay-up. For each face sheets, four plies of
carbon fiber fabrics were stacked symmetrically
with respect to sandwich neutral axis. During the
hand lay-up, the structure was performed with care
to prevent the formation of air bubbles. Because
the shear forces transmitted between the face sheet
and the core mostly depend on chemical bonding
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of the layers. Figure 1 illustrates the schematic
view of the sandwich manufacturing. As seen, the
sandwich panel was enclosed by a sealant tape
within a vacuum bag. The perforated release film
and breather were used over the sandwich panel.
The former allows passing of air bubbles from the
structure, draining of excessive resin and ease of
handling whereas the latter collects the excessive
resin.

vacuum bag

breather carbon fiber fabrics

perforated film

vacuum

sealant [ o=======-=---------
hose

mold
Figure 1. Schematic view of
manufacturing

sandwich

Lastly, sandwich panels were cured for 24 hours
under vacuum atmosphere at room temperature.

The fabrications were made considering three
different core thickness values and two different
lengths. Designation of the sandwich samples were
based on the considerations, and given in Table 4.
For instance, a sandwich configuration of
S1.T10.L20 has 10 mm thick foam core (T10), a
length of 200 mm (L20) and named as sample one
(S1). All sandwich configurations have identical
face sheets and have 0.82 mm skin thickness.

After the sandwiches produced, their fiber volume
fraction (Vy) values were determined with burn off
tests. As provided by McDonough et al. [18], the
specimens taken from sandwich panels were
burned in a muffle furnace at 600 °C for an hour.
Then, according to weight differences of fiber and
matrix of face sheets before and after the burn off
tests, % V; values were calculated and given in
Table 4. The findings are consistent since the
results slightly change from 49.2% to 51.8%.

2.3. Experimental Study
Sandwich specimens were tested under three-point

bending loading. As given in Table 4, long and
short length (L) specimens are available and the
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tests were performed with two different support
span lengths. Figure 2 demonstrates the schematic
views of the three-point bending loading according
to support span lengths (S). In this figure, t, c, and
d are the thickness of face sheets, core and
sandwich, respectively [19,20].

Table 4. Sandwich configurations and V; values

Sandwich Core Thickness | Length Vi (%)
Configurations (mm) (mm) fi7e
S1.T10.L20 10 200 51,8
S2.T10.S25 10 250 51,8
$3.720.S20 20 200 49,2
S4.120.S25 20 250 49,2
S5.7T30.S520 30 200 50,7
S6.7T30.S25 30 250 50,7
‘ S/2 ] S/2 |
B ]
(i S =150 ikt
<J L =200 ‘_»
(a)
S/2 1 S/2

| T g
:

f S =200
L =250

(b)
Figure 2. Schematic views of bending tests under
a span length of; a) 150 mm, b) 200 mm
(dimensions are in mm)

ASTM C393 [19] and ASTM D7249 [20]
standards were utilized for bending tests and
Instron universal testing machine was used. The
testing speed was set to 2 mm/min.

2.4. Theoretical Study

Particularly two different failure mechanisms are
introduced for polymer foam core carbon fiber
sandwich structures since they are related to scope
of the present study. These are core shear and
indentation failure modes. Ashby et al. [8]
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provided the basic principles of the failure modes
based on the schematic representations as shown in
Figure 3 and 4. In addition, core shear failure
mode also has two different types called as Case I
and Case II.

Core shear

(b)
Figure 3. Failure mechanisms
modes; a) Case I, b) Case II [8]

of core shear

In case I, the formation of plastic hinges occurs at
mid-span under the loading roller whereas in case
11, the plastic hinges occur both at mid-span under
loading roller and outer support rollers.

The collapse force, F, was defined by Ashby et al.
[8] as the failure force by core shearing and it is
calculated according to Equations 1 and 2 for the
first and second cases, respectively.

2

Fi=2of+2bers (14+2) (1)
2

Fy="" of+2bet )

Where F and Fy; are the collapse forces for case 1
and case II, respectively. And the notation b, t, c,
and I denote the sandwich width, facing thickness,

core thickness and span length, respectively. 0}’:

and 7y denote tensile yield and core shear yield
strengths, respectively. 7; was obtained from

whereas o

manufacturer data sheet [16] PARE
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calculated based on the following analytical
Equations 3-6 provided by Kaw [21];

o5 =E,.est (3)

Where, azf is transverse tensile strength of the
facing material, E, and 85‘“ are transverse modulus
and transverse ultimate strain of the facing,

respectively. Both of them are obtained in
Equations 4 and 5. Here, facing yield strength (03’; )
is taken equal to transverse tensile strength (azf )
since its value is smaller than the longitudinal

tensile strength as expected and taken as the
critical one.

— EfEm

E; Vi.En+Ep(1-Vp) )
1t [d E d I

egt=[1 5 (1) ot (5)

Where, E,, and E; are modulus of matrix and fiber
elements, respectively, e4¢ is ultimate strain of the
matrix. d/s which is the fiber diameter to fiber
spacing dependent upon V; and it was defined by
Kaw [21] for circular cross-sectional fiber with

square array orientation as follow (Equation 6);

a_ (4_W)1/2 ©)

N T

Figure 4 presents the schematic view of the
indentation failure mode. In this kind of failure
mode, the formation of plastic hinges occurs on
top facing of the sandwich structures at both under
the loading roller and adjacent to it. In this figure,
a denotes loading roller diameter, A 1is the
wavelength. The collapse load, F, for indentation
failure was defined by Equations 7 and 8 [8].

Plastic hinge *F
) &>
‘
o
A A
Fro|= > F/2
e

Figure 4. Indentation failure mode [§]

53



Failure Analysis of Low-density Foam Core Sandwich Structures under Three-point Bending Loading

F=(21+a)bog+ = @)

M = (b.tp)/4 ®)

However, the analytical model for the indentation
provided by Ashby et al. [8] did not consider the
span length during finding the collapse failure
force of the sandwich panels. Therefore, a different
model provided by Steeves and Fleck [22] was
also used (Equation 9) for evaluation of the
indentation failure load, P;. The model given by
Steeves and Fleck [22] also considers the span
length.

1/3

Pibte (5

(€))

262 Efd)

3. RESULTS AND DISCUSSION
3.1. Three-point Bending Test Results

The sandwich samples given in Table 4 were
subjected to quasi-static three-point bending
loading. Each sample was tested with five
replications to verify consistence of the results.
The raw data in terms of load and deflection were
obtained from the testing machine software and
then plotted for each configuration. In Figures 5-7,
the load-deflection curves of the sandwich
specimens were presented based on sandwich
length and the core thickness, respectively. The
maximum bending load values of sandwich beams
carried before failure are given in Table 5.
Standard deviations are also given in the last
column of the table.

As seen from the figures, the sandwich specimens
showed a linear increase in the slope of bending
force/deflection, and then a nonlinear and gradual
increase of the slope was continued up to a
maximum point of the force. The sandwiches apart
from S1.T10.L20 and S2.T10.L25 configurations
were failed with a sudden drop after the bending
force value was reached to the maximum.
However, for the sandwiches having 10 mm thick
core, a downward slope, which starts at the
maximum point up to sudden drop of the force,
was observed.
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In Figure 5(a), the bending load was carried with a
small decreasing slope between the approximate
deflection values of 4 mm and 10 mm. At this
interval, fibers and matrix failures were initiated.
But, the load was carried by the upper face sheet,
and there was core crushing between the facings.
Lastly, a sudden drop in force was observed due to
upper face sheet compressive failure at a deflection
of ~10 mm. In the case of long-length specimens,
presented in Figure 5(b), similar behavior was
observed but the decreasing slope between the
maximum point and initiation of sudden drop of
the force is higher compared to that of short length
specimens. This is due to the long support span
length of the specimens.

600
—=a— Specimen 1
—Oo— Specimen 2
500 - —A— Specimen 3
—¥— Specimen 4
—o— Specimen 5
400
g
< 300+
3]
(o)
-
200
100
0 T T T T T T T T T T 1

— . .
0 2 4 6 8 10 12 14 16
Deflection (mm)

(a)
600
—a— Specimen 1
—o— Specimen 2
i —&— Specimen 3
500 —¥— Specimen 4
—&— Specimen 5
400+
z
8 300
o
-
200+
100
0 T T T T T T 1

0 2 4 6 8 10 12 14 16
Deflection (mm)

(b)
Figure 5. Load-deflection curves of 10 mm thick
core sandwich specimens having a
length of; a) 200 mm, b) 250 mm
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Although the deflection between the end of linear
increase of the slope and the maximum point of the
bending force was small, in the case of 20 mm
thick core sandwich panels, the amount of
specimens’ deflection was found higher as shown
in Figure 6. And drop of the bending force
occurred suddenly after the force was reached to
the maximum. Initiation of the sudden failure was
approximately 6.29 mm (Figure 6a) and 6.22 mm

(Figure 6b) for short and long specimens,
respectively.
1000
—a— Specimen 1
—O— Specimen 2
—A— Specimen 3
800 —#— Specimen 4
—— Specimen 5
g 600
o
o]
S 400
200
0 T T T T T T T T T 1
0 2 4 6 8 10
Deflection (mm)
()
1000
—&— Specimen 1
—O— Specimen 2
—2— Specimen 3
800 —#— Specimen 4
—o— Specimen 5
— 600+
<
i)
8
5 4004
2004
0 T T T T 1
0 2 4 6 8 10
Deflection (mm)
(b)

Figure 6. Load-deflection curves of 20 mm thick
core sandwich specimens having a
length of; a) 200 mm, b) 250 mm

As seen in Figure 7 the sandwiches’ deflections

between the end of the linear point and the
maximum point are larger than both 10 mm and 20
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mm thick core sandwich specimens. And the
sudden drop in bending force occurred
approximately at 5.59 mm deflection for short
specimens (Figure 7a) whereas it was 5.75 mm for
long specimens (Figure 7b).

1000 -
—a— Specimen 1
—o— Specimen 2
—&— Specimen 3
800 —¥— Specimen 4
—&— Specimen 5
—~ 600+
=
he}
3
S 400+
200+
0 T T T T T T T T
0 2 4 6 8
Deflection (mm)
(a)
1000
—a— Specimen 1
—O0— Specimen 2
—&— Specimen 3
800 —#— Specimen 4
—o— Specimen 5
600~
=
o
S 4004
—
200+
0 T T T T T T T T
0 2 4 6 8
Deflection (mm)
(b)

Figure 7. Load-deflection curves of 30 mm thick
core sandwich specimens having a
length of; a) 200 mm, b) 250 mm

In all figures above, the initial stiffness of the short
specimens are obtained higher than that of longer
specimens. In addition to that as presented in
Table 5, load carrying capacities of the long-length
specimens decreased due to the increased support
span length under three-point bending tests as
expected [23].
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Table 5. The maximum bending loads of sandwich
configurations before loading

Sandwich Max. Bendin,

Configurations Load (N) ® Std. Dev.
S1.T10.L20 554,36 8,76
S2.T10.S25 535,07 18,38
S3.720.520 916,15 23,56
S4.7T20.S25 867,73 24,31
S5.7T30.520 911,99 15,59
S6.7T30.S25 912,95 23,04

3.2. Examination of Failure Behaviors

Although all sandwich configurations initially
show a linear increase in bending force up to a
certain point, the non-linear portion of the force
increment strongly associated with the change of
failure behavior due to the increase of core
thickness. Because Bezazi et al. [24] stated that the
nonlinear behavior depends upon the foam core
properties under the effect of core shearing forces
and/or indentation.

In order to decide the failure modes of the
sandwiches, images of the bending behavior of the
specimens were captured periodically by a camera
during three-point bending tests. For instance, as
presented in Figure 8, the time-dependent bending
behavior of S1.T10.L20 was monitored
progressively. This provided very similar behavior
to core shear mechanism of case II as given
previously in Figure 3. A similar behavior was also
observed for S2.T10.S25 sandwich beams. As
discussed in the literature [8], the failure was
developed due to core shear since the most portion
of the collapse force was carried by the core
material as the sandwich specimens were exposed
to transverse shear forces. Figure 9 shows the
failure of S3.T20.L20 sandwich configuration that
looks like as core shear followed by the
indentation whereas Figure 10 shows the
indentation failure of S5.T30.L20 sandwich
configuration.

The collapse forces of the sandwich configurations
were predicted with the aid of theoretical equations
mentioned in the Section 2.4, in Materials and
Method. The calculated results (Theo. Load) are
given in Tables 6-8 comparatively together with
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experimentally (Exp. Load) obtained results. In the
case of 10 mm thick core sandwiches the
differences are 1.79% and 3.51% for the short and
long length specimens, respectively. For 20 thick
core sandwiches, indentation failure models were
applied and according to Ashby [8] model, 4.31%
and 10.13% difference are found for short and long
length  specimens, respectively.  However,
according to Steeve and Fleck [22] model, when
the effect of span length is considered, the
differences are obtained 9.96% and 13.63% for
short and long specimens, respectively. In the case
of 30 mm thick core sandwiches, the differences
are obtained as 4.47% and 4.36% for Ashby [8]
model as this is 3.63% and 5.94% for Steeve and
Fleck [22] model for short and long specimens,
respectively.

Figure 8. Progressive representation of failure
behavior of S1.T10.S20

. Plastic hinges <
Figure 9. Failure behavior of S3.720.L20

WP astic hinges

Figure 10. Failure behavior of S5.T30.L20
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Table 6. The collapse forces of 10 mm thick core

sandwiches
Sandwiches | Exp. Load (N) Theo. Load (N)
S1.T10.L20 554.36 564.31
S2.T10.S25 535.07 553.85
Table 7. The collapse forces of 20 mm thick core
sandwiches
Exp. Theo. Load (N)
Sandwiches | Load | Ashby | Steeve and
) [8] Fleck [22]
S3.T20.L20 | 916.15 | 955.67 824.83
S4.T20.525 | 867.73 | 955.67 749.41
Table 8. The collapse forces of 30 mm thick core
sandwiches
Exp. Theo. Load (N)
Sandwiches Load Steeve
Ashby [8] and Fleck
™) 22]
S5.T30.L20 | 911.99 952.76 945.13
S6.7T30.S25 | 912.95 952.76 858.71
4. CONCLUSION

In this study the bending behavior of very low-
density polymer foam core carbon/epoxy sandwich
beams were investigated and their failure analysis
were made. The experimental results are in a good
agreement with theoretically obtained results. The
following conclusions can be drawn from the
study;

While 10 mm thick core sandwich beams failed
due to core shearing, failure mode of thick core
sandwiches changed from core shearing to
indentation.

As the face sheet-core thickness ratio (t/c)
decreases, the sandwich structures highly resist
bending but fail based on the indentation
failure mode.

Especially, 30 mm thick core sandwich
specimens approximately carried the same
bending load compared to that of 20 mm thick
core due to indentation. Because face sheets,
load carrying members of a sandwich, become
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weaker. In addition, the transferring of shear
stress throughout the core decreases.

As stated by Daniel et al. [9] indentation
creates concentrated loads on the structure
which is a serious problem for sandwich
design. Therefore, there should be a thickness
limit of the core in order to avoid indentation.

5. REFERENCES

1.

Ashby, M.F., 2011. Materials Selection in
Mechanical Design. Elsevier, 4t Edition, The
Netherlands.

Gibson, R.F., 2012. Principles of Composite
Material Mechanics. 3™ Edition, CRC Press,
USA.

Liu, C., Zhang, Y.X., Heslehurst, R., 2014.
Impact Resistance and Bonding Capability of
Sandwich Panels with Fibre-Metal Laminate
Skins and Aluminium Foam Core. Journal of
Adhesion Science and Technology, 28(24),
2378-2392.

Mallick, P.K., 2007.
Composites: Materials,
Design. CRC Press.
Basturk, S.B., Tanoglu, M., 2011. Mechanical
and Energy Absorption Behaviors of
Metal/Polymer Layered Sandwich Structures.
Journal of Reinforced Plastics and Composites,
30(18), 1539-1547.

Xu, J., Liu, J., Gu, W., Wang, Z., Liu, X., Cao,
T., 2018. Effect of Cell Size on the Energy
Absorption of Closed-Cell Aluminum Foam.
Materials Testing, 60, 583-590.

Harte, A.M., Fleck, N.A., Ashby, M.F., 2000.
Sandwich Panel Design Using Aluminum
Alloy Foam. Advanced Engineering Materials,
2(4), 219-222.

Ashby, M.F., Evans, A.G., Fleck, N.A,
Gibson, L.J., Hutchinson, J.W., Wadley,
H.N.G., 2000. Metal Foams: a Design Guide.
London: Butterworth, Heinemann, 251.

Daniel, .M., Gdoutos, E.E., Wang, K.A., Abot,
J.L., 2002. Failure Modes of Composite
Sandwich Beams. International Journal of
Damage Mechanics, 11, 309-334.

Fiber-Reinforced
Manufacturing, and

57



Failure Analysis of Low-density Foam Core Sandwich Structures under Three-point Bending Loading

10. Carlsson, L.A., Kardomateas, G.A., 2011.
Structural and Failure Mechanics of Sandwich
Composites, Springer, USA.

11. Styles, M., Compston, P., Kalyanasundaram,
S., 2007. The Effect of Core Thickness on the
Flexural Behaviour of Aluminium Foam
Sandwich Structures. Composite Structures,
80(4), 532-538.

12.Kabir, K., Vodenitcharova, T., Hoffman, M.,
2014. Response of Aluminium Foam-Cored
Sandwich Panels to Bending Load. Composites
Part B-Engineering, 64, 24-32.

13.Jiang, B.H., Li, Z.B., Lu, F.Y., 2015. Failure
Mechanism of Sandwich Beams Subjected to
Three-Point Bending. Composite Structures,
133, 739-745.

14.Lim, T.S., Lee, C.S., Lee, D.G., 2004. Failure
Modes of Foam Core Sandwich Beams under
Static and Impact Loads. Journal of Composite
Materials, 38(18), 1639-1662.

15. Technical Data Sheet, Dost Kimya Inc., 2014.
Carbon Fabric-200gr/sqm 3K Plain. Rev.2.2,
Turkey, 1.

16. Technical Data Sheet, 2011. Universal
Structural Foam: Airex C70. 3A Composites.
17. Technical Data Sheet, 2009. Laminating Resin
MGSTM L160 and Hardener H160, Hexion,

The Netherlands, 10.

18.McDonough, W.G., Dunkers, J.P., Flynn,
K.M., Hunston, D.L., 2004. A Test Method to
Determine the Fiber and Void Contents of
Carbon/Glass Hybrid Composites. Journal of
ASTM International, 1(3), 1-15.

19. ASTM C393/C393M-11, 2011. Standard Test
Method for Core Shear Properties of Sandwich
Constructions by Beam Flexure. Annual Book
of ASTM Standards, ASTM International,
West Conshohocken, USA, 8.

20. ASTM D7249/D7249M-12, 2012. Standard
Test Method for Facing Properties of Sandwich
Constructions by Long Beam Flexure. Annual
Book of ASTM Standards, @ ASTM
International, West Conshohocken, USA, 9.

21.Kaw, A.K., 2006. Mechanics of Composite
Materials, CRC Press, 2™ Edition, USA, 457.

22.Steeves, C.A., Fleck, N.A., 2004. Collapse
Mechanisms of Sandwich Beams with
Composite Faces and a Foam Core, Loaded in
Three-Point Bending. Part II: Experimental

58

Investigation and Numerical Modelling.
International Journal of Mechanical Sciences,
46(4), 585-608.

23.Sadeghian, P., Hristozovand, D., Wroblewski,
L., 2018. Experimental and Analytical
Behavior of Sandwich Composite Beams:
Comparison of Natural and Synthetic
Materials. Journal of Sandwich Structures and
Materials, 20(3), 287-307.

24.Bezazi, A., Mahi, A., Berthelot, ].M., Bezzazi,
B., 2007. Experimental Analysis of Behavior
and Damage of Sandwich Composite Materials
in Three-Point Bending. Part 1. Static Tests
and Stiffness Degradation at Failure Studies.
Strength of Materials, 39(2), 170-77.

C. U. Miih. Mim. Fak. Dergisi, 35(1), Mart 2020



