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ABSTRACT

Lightweight sandwich structures are used in the aircraft industry because of their high
strength-to-weight and stiffness-to-weight ratios. Structural components are often subjected to
edge loads in compression or tension. The sandwich structure under the edge compression load
exhibits excellent compression capacity. On the contrary of loading under flatwise compression,
the sandwich under edge compression undergoes drastic tearing and fracture. The current study
is based on experimental work on sandwich-structures made of carbon fiber and natural fiber
reinforced face sheets with different core materials. The natural fiber (hemp) is highlighted in the
current study to improve the fracture resistance of skins. The hemp-skin demonstrates
comparable compression properties to those of carbon fiber under edge compressive load. The
skin from hemp has great fracture resistance while the carbon one experienced dramatic fracture,
tearing, and delamination. This outcome of the current study, in addition to the lightweight, low-
cost ease handling, simple manufacturing, and eco-friendship make the hemp a competitive
industrial material in aerospace applications. More details about the manufacturing and the
failure modes are discussed as well.
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manufacturing of sandwich structure [9 &12].

1. INTRODUCTION
The carbon fiber reinforced plastic (CFRP)

Improvement of mechanical properties of
structures is a big demand in aerospace
applications as they are highly efficient
when it comes to light-weight and stiff
components [1-5]. The sandwich structure
plays an essential role in such modern
manufacturing  industries  [6-8]. The
properties of composite materials are
affected very much by the structure
components [9-11]. Reinforced plastics
composite such as fiberglass, carbon fiber,
and Kevlar, Foam and honeycomb are the

components used widely in the
Received:190ctober, 2020, Accepted:240ctober, 2020

composite is considered as one of the lightest
components but it is a relatively high-cost
material in the manufacturing process [13].
Also, natural composite materials from plants
are; wood, hemp, and bamboo [9, 10 &14] are
used as cores or skin facings in sandwich
members. Also, core is made out of cellular
materials (foam, honeycomb) [15]. Some
honeycomb structures are natural, they
include; honeycomb weathering in rocks,
beehives and tripe [16]. Due to the growth of
environmental awareness, the change to the
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eco-friendly materials at affordable costs is
highlighted [2, 14 & 17-22]. Research on
this recent type of structural material is very
beneficial for promoting the application of
green and light-weight functional materials
[23]. Utilization of the natural textile in the
composite as fiber reinforcement is well
recommended for high-performance. These
fibers as their advantages on good fiber
orientation, fiber distribution, high strength,
and easy to handle during composite
fabrication are preferred [14]. Among the
natural fibers is the hemp. Hemp is a so-
called bast fiber, the hemp plant (Cannabis
Sativa) is used for making this fiber. It is
utilized for textile production. Hemp was a
common natural fiber before cotton became
a mass product. Today the market is
dominated by Chinese hemp because of its
strength also in bio-composites. The
ecological advantages of hemp are; no
irrigation needed, no chemical treatment,
and 100% biodegradable. Hemp is nowadays
recognized as a sustainable fiber [24].
However, in the sandwich structure, various
failure modes are affected by the material
properties of the components (facings,
adhesive, and core), geometric, design, and
type of loading [25]. Loading direction
affects the failure mode strongly whereas the
sandwich  fractures  under  flatwise
compression  differ  from  edgewise
compressions’.  Edgewise = compressions
testing has been studied early on metallic
skin facing-sandwich (Ti and Al) by Paul M.
Jenkinson [26] in 1966 for aerospace
purposes. He adopted the edge compression
in his study because the flight structural
components are often subjected to edge
loads in tension or compression. Compared
to metal, fracture mechanisms of composite
materials are still in the development
process [27]. Generally, woven fiber
reinforced plastic composite laminates carry
loads in many directions [28] and frequently
undergo interlaminar fracture [29].

Interlaminar shear fracture and delamination
of the laminate results in stiffness and
strength reduction [30] Edgewise
compressive loading of  sandwich
constructions stresses the facings and the
core-to-facing bonds as well. In sandwich
members under edgewise compression,
compressive failure of the skins occurs if the
core is sufficiently stiff. Otherwise, facing
wrinkling takes place first and the core is
still in the linear elastic range [25]. Also due
to the thin thickness of the face sheets, they
always experience face buckling and local
failure modes. Fiber rupture at upper and
lower skin edges, core shear fractures,
delamination, and face/core debonding are
common failures in sandwich structure [31].
The factors that affect the failure modes
highly are the strain rate, load direction, and
the material types of sandwich components.
Low-velocity  impact  properties  of
composite fiber metallic laminates and
quasi-static indentation have been studied
before by Nagwa Elzayady et. al [30]. They
proved good properties in both quasi-static
and low-velocity strain rates in a laminate
composite. Static loading is highlighted in
the current research. The current work aims
to improve the properties of light-weight
composite sandwich structure based on
utilizing the eco-friend materials. Balsa
wood, foam, and paper board (carton)
honeycomb are selected as core materials
and two different skins; one is from woven
carbon fiber composite and another is a bio-
composite from the hemp fabric. The study
focused on enhancing the fracture resistance
of sandwich structure under edge-
compression which is a big shortage when
using composite carbon fiber skin in heavy
applications of aircraft.

2. EXPERIMENTAL WORK
2.1 Fabrication Method

Sandwich-structures are made of skin sheets
from carbon fiber and natural (hemp) fiber
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reinforced with epoxy while the core is made
from different materials. The raw materials
are displayed in Figure 1 are used in the
fabrication processes. The manufacturing
has been made in three consequent steps; 1-
Preparation the first skin from carbon fiber
by cutting 0.25 mm- thickness woven
prepreg carbon fiber ply into rectangular
plies with large sizes, laying up the plies
without adding epoxy resin to be ready for
the curing process. 2- Preparing the second
skin from hemp textile; the hemp also was
prepared by the hand laying-up with adding
epoxy (Figure 2) and then cured as the same
as carbon in the autoclave. 3- Different core
sheets were held between every two similar
skins before curing. The cores are balsa
wood, foam, and paper board (carton)
honeycomb. The curing process was carried
out using a vacuum bag technique for 2
hours at 130 °C. The details of the curing
system of the carbon composite were
discussed before by Nagwa Elzayady &
Eltahry Elghandour [1]. The cooked
specimens (Figure 3) were cut using a
diamond saw into groups according to the
skin and core types (Figure 4). All wood
core members are having dimensions= (85 x
38 x14) mm which are designated by length-
1 samples while the dimensions of the
specimens having foam-core and
honeycomb-core =  (126x38x14) are
designated by length-2 samples. The
configurations of the samples are listed in
Table 1 as an average of three values. For
the difficulty of obtaining the same sizes in
all conditions, the comparison is based on
the specific properties (properties—to-weight
ratio). Also, in the manufacturing processes,
the similar weight of the final products
having different skin sheets has been
considered as much as was possible to
facilitate the comparison.

Table 1 Configurations of the samples

Mat. H- C- | H-F | CF H- C-
w w Cart Cart

v 452 | 452 | 67.03 | 67.03 | 67.03 | 67.03

(cm®)

M 12 12 | 13 11 12 10

(gm)

« 265 | 260 | 190 | 164 | 179 | 149

O

g/ m)

H; is Hemp, C; is Carbon, W; is Wood, Cart.; is Carton

Balsa wood

Fig.1 Raw materials of cores and skins

Hemyp strip

Fig. 2 Preparation of the hemp composite by hand laying-
up method
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: \ Hemp-skin sample
Carbon skin-sample —

Fig. 3 Samples after the curing process in the aut/oclave

Fig. 4 Finished specimens

2.2 Testing

Three samples were prepared from each
configuration to confirm the results. Testing
has been carried out onto 20000 Ibs Instron
universal testing machine. The samples were
located freely on the lower head of the
machine and the load was applied parallel to
the skin sheet (Figure 5). Examining their
compression resistance was under the
edgewise compression test. The output data
were on the machine attached computer.

Fig. 5 Load direction in edge compression onto an example
of the tested sample

3. RESULTS AND DISCUSSION

The results of the compression test are
plotted in Excel sheets, the comparison at
results is based on the skin type and the
three conditions are discussed according to
three different materials of the core. Each
condition discusses two graphs, one for the
behavior of the force-displacement curve
and the other for the values of properties and
the specific properties to weight ratio. The
graphs of the three conditions are in Figures;
6 -11. The analysis is oriented to the specific
properties to deliver appropriate comparison
and avoid miss leading. In other words,
comparing the higher property to another
counterpart, it may be on the expense of the
weight, so the structure properties relative to
its overall weight is helpful. Composites
differ from isotropic  materials as
considerable control can be oriented to the
larger-scale structure. On the contrary to the
metallic behavior under a compression load,
the force-displacement curve of under edge
compression fluctuates. This is plain from
the force-displacement charts in Figure; 6, 8
& 10. The phenomenon attributes to the
nature of the orthotropic structure of the
sandwich with its different component
materials. These different materials of the
sandwich make the structure deforms in a
combined way; elastic and plastic during
loading. This makes the tested member
compressed at certain displacements and
expands at others. This phenomenon does
not exist significantly in the flat
compression testing of the sandwich. The
three conditions of different cores are
discussed in the following paragraphs.

3.1 Wood-core

The force-displacement curves of the
compression test of wood-core specimens
are plotted in Figure 6, Both curves of hemp
and carbon-skin sandwich are so far similar
to the Maximum force value, while the
carbon-skin one absorbs more energy in the
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advantage of the second moment of area raises the
stiffness values. Thus, the hemp- skin with wood
core carries a compression load as much as the

plastic stage. The more absorbed energy is
due to the long distance that member
displaced (10 mm) as in Figure 6. This

observation exhibits the importance of the
plastic stage like the elastic one in the
sandwich structure under loading. The
hemp-skin carries as much as the
compression force of the carbon-fiber one.

=== Hemp skin == Carbon skin

25000

20000

15000

Force (N)

10000

5000

U T T 1
0 5 10 15

Displacement (mm)

Fig. 6 Force- displacement of wood-core samples having
length-1 (85mm)

The properties of both kinds of sandwich
structures are graphed in Figure 7. The
maximum force values are 22.2 kN and 21
kN for carbon samples and hemp samples
respectively. Also other properties; stiffness,
specific force, and specific stiffness rest of
properties, comparable values for both skins
when the wood core is inserted in between.
On the other hand, the specific properties of
both kinds have approximate value = 1.8
kN/gm which is extremely high as a specific
crushing force could be carried by a
sandwich member. The specific stiffness
also is high numbers; approximately, 1.5
(KN/mm)/gm for both skins. The high
values of the stiffness in hemp samples
probably refer to using the balsa wood as a
stiff core material. Also testing under the
edge compression and as a result taking the

carbon fiber.

24 2
22
20
18
16
14
12
10

Max. Force (kN) & Stiff. (kN/mm)
Specific Force (KN/gm) & Specific stiff .
kN/mm}/gm

=T S T - = (I« =

Hemp Carbon
Skin type

m Maxi. Force (kN)

m Stiff. (kN/mm)

B Specific Force (kN/gm)

B Specific stiff. (kN/mm)/gm

Fig. 7 Properties and specific properties of wood-core
samples having length-1 (85mm)

3.2 Foam-core

The results of the foam-core sandwich
members are plotted in Figure 8 and Figure
9 for the force-displacement curves and the
properties respectively. The behaviors of
samples of both kinds of skin with foam
core are somehow similar to each other. The
behavior is different from that in the wood
core case. This is a reasonable output as the
foam is less-strength material than the balsa
wood. Hence, the members having foam
cores are unable to carry high force
magnitude or displace long distance. Despite
the size of these samples is one-third that of
wood cores’. For that, the graph in Figure 9
is plotted to obtain the specific properties of
the sandwich structure in the case of using
foam cores. Therefore; the results could be
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compared in both cases; wood-core and
foam-core form (Figure 7 & Figure 9).

20000
18000
16000 - —
= 14000
2
< 12000
g
S 10000

8000 L
!

6000 k

4000 \
2000 f‘
° J
T 1
0 2 4

Displacement (mm)

=®=Hemp skin == Carbon skin

Fig. 8 Force- displacement of foam-core samples of length-
2 (126 mm)

The results in Figure 9 reveals the specific
properties of carbon-skin specimens doesn’t
change significantly with a foam core, the
stiffness and force are; 1.66 (KN/mm)/gm &
1.6 kN/gm. The samples having the hemp
skin are affected by changing the core (0.91
kN/mm)/gm & 1.12 kN/gm). The hemp
supports a relatively high load and it is still
comparable to the carbon but the stiffness is
degraded. This effect is predicted because of
the hemp fabric nature.

3.3 Carton core

The same as in wood and foam cores the
results of samples of honeycomb paper
board (honeycomb carton) core are graphed.
Figures 10 and 11 are for the force-
displacement curves and the properties
respectively. Predictively, the curves of both
skins (hemp & carbon) with a soft cellular
carton honeycomb core are distinguished by
fast collapsing at the least magnitudes of
load values. Concerning the specific
properties-to-weight ratio, are similar to the
foam-core ones, this is for the hemp skin
samples. Because the honeycomb is the
lightest weight-core in fabricated samples.

The specific properties of the stiffness and
the force are; 0.86 (KN/mm)/gm & 1.1
KN/gm for the hemp-skin. Regarding the
carbon-skin specimens, the specific stiffness
is high; 1.87 (kN/mm)/gm while the force-
to-weight ratio is still comparable to the
hemp one (1.29 KN/gm). So, it seems the
hemp thickness used in manufacturing the
tested samples is not enough to support so
much stiffness with the weaker core
material.

20 1.8
18
16
14
12

— 14
— 12

10 | £
8 | o8 g
6 - 0.6 g

- 04 ~
4 — 2
2 | 0.2 =
0

Max. Force (kN) & Stiff. (kN/mm)
Specific Force (KN/gm & Specific stiff.

Hemp Carbon
Skin type
- Maxi. Force (kN)
Stiff. (kN/mm)
Specific Force (kN/gm)
: Specific stiff. (kN/mm)/gm

Fig. 9 Properties  and specific properties of foam-core
samples of length-2 (126mm)

Finally, the hemp-skin sandwich with
different core types nearly supports crushing
specific compression load as much as a
carbon-skin sandwich. Hemp also has
comparable specific stiffness with wood core
(stiff core), while the carbon-skin sandwich
excels on in supporting more specific
stiffness with weak cores. So, it is concluded
that the hemp thickness used in
manufacturing the tested samples not
enough to support the weaker core. It is
recommended to increase the hemp skin
thickness slightly and decreasing the epoxy
resin to be capable for sustain more
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Fig. 10 Force- displacement of honeycomb carton-core

samples of length-2 (126 mm)
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Fig. 11 Properties and specific properties of honeycomb
carton-core samples of length-2 (126mm)

4. FRACTURE MODES

Figure 12 includes samples of the failure
images of the wood-core specimens during
the loading and after load releasing. The
pictures show the failure of the sandwich of
carbon fiber composite is due to the fracture
of both skin and wood core at the above
surface (contact area to the upper head of the
machine). The carbon skin suffers fiber
delamination and tearing. On contrary, the
failure of the hemp sandwich occurs as a
result of the core fracture only. The wood-
core fracture between the hemp skins is
more severe as a large crack arises in the
middle of the core in addition to the rupture
at the contact area to the upper head of the
compression machine. The hemp skin is kept
sound and does not undergo rupture or fiber
damage. Regarding the images in Figure 12,
they exhibit strong adhesion between the
hemp skin and the wood core. Whereas, the
shear plane in this sandwich structure is at
the underneath layer of wood. In other
words, a thin wood layer of the core has
been separated from the core and bonded to
the hemp skin. The shear plane at the carbon
fiber sandwich happened at the resin
between the skin and the core. The fracture
modes demonstrate better fracture resistance
in the composite of the hemp skin than that
of the carbon fiber one and prove good
wettability of hemp as well. This outcome
probably attributes to the less brittleness of
the hemp textile fiber than the woven carbon
fibers’. Despite the difference in the fracture
modes of both skin types, the experimental
results demonstrate comparable values of
load and stiffness. The failure modes reveal,
strong wood core with less damage was
more sustainable part than the composite
carbon skin. While the hemp skin when
strengthened by the bonded wood layer, acts
as a new strong skin for load sustainably.
These different fracture modes are
confirmed with the experimental results.
Thus, more advantages are added to the
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sandwich structures when utilizing the hemp
material in manufacturing composite skin.

Core edge tearing
Core fracture

|
It | 3
|
4 \ [ 3
I& B\
RN

Elastic-plastic Drastic tearing
skin buckling At skin edge and face
debonding

0 . /
Edge wear Face debonding  Shear
underneath

the core

Deboninet:ween core sheeth\&

Shear underneath wood core layer
between face core and face defor

12-b

Fig. 12 Failure modes of wood-core composite samples
under loading and after load releasing from different views;
a) & b)

The same as wood-core specimens, other
failure modes of foam-core samples under
loading are shown in Figure 13-a and the
images after load releasing are in Figure 13-
b. It could be concluded from Figure 13, the
composite skin with hemp fiber textile after
load releasing remains consistent without
delamination or fracture but it undergoes
wrinkling under loading. The wrinkling
occurred at different zones, above, in the
middle, and at the bottom. Figure 13 (a&b)
shows good adhesion between the hemp and
the foam core. The carbon skin with foam
experienced fiber delamination, fracture at
edges, and severe tearing as manifested in
Figure 13-b. The debonding between carbon
skin and the foam core due to the poor

adhesion between them was observed in the
carbon sandwich.

Core & skin
deformation at edge

Core & skin
wrinkling

13-a

Deformation at the core and skin

Aggrissive rupture , fiber delamination & tearing at skin edge
13-b

Fig. 13 Failure modes of foam-core composite samples; a)
during loading and b) after load releasing

As well as, the failure modes of honeycomb-
core samples are included in Figure 14,
before and after loading. The failure modes
in the sandwich members of composite
hemp skin and honeycomb- core are so far
similar to that in the condition of foam core.
But more collapse induced with the
honeycomb-core. This observation reveals
that as the weaker core material inside as the
hemp skin composite experiences more
wrinkling. The adhesion between the
honeycomb core and skin is affected
negatively as well. This negative effect is
due to the large difference between the open-
cell core nature and the closed-cell core one.
The delamination and fracture are also
avoidable in the hemp skin with a
honeycomb core. On contrary, different
failure modes in the carbon kind happened.
These modes are plastic in the carbon skin
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when the debonding between the core and
the skin happens late during loading (Figure
14-a). But the deformation is elastic when
the early debonding occurred (Figure 14-b).
However, plastic deformation is clear from
Figure 14-a, which includes a worn skin.
And elastic deformations are in Figure 14-b
which displays sound carbon skin. The
debonding between core and skin refers to
the extremely poor adhesion between carbon
composite skin and the honeycomb-core.
The early separation prevents supporting
higher values of force and consequently
prohibits rupture or damage in the skin.

Finally, when the core has less stiffness
(foam or honeycomb), it behaves elastically
under loading and the failure mode is facing
wrinkling in hemp skin. Otherwise, buckling
failure of the skins happens if the core is
sufficiently stiff (wood). The failure modes
are similar to ref. [13]. Concerning to the
skins, the failure mode is fiber delamination,
rupture at the upper edge of carbon skin
when the core has high stiffness. Rather
than, the failure is face/core debonding in
when less core stiffness is utilized. Some
failures modes have been observed by [14]
in  metallic skin sandwiches (general
buckling, wrinkling, core crushing, and
core/skin debonding) are similar to the
composite skin sandwich in the current work
[14]. Also, failure mode in the form of
tearing at the carbon sheet edges is similar to
the same composite sheets when holding
fiberglass corrugated laminate core inside

[1].

Debonding at skin
face & rupture

14-a

Wrinkling at skin

£}

‘Wrinkling at skin

core and skin edge

14-b
Fig. 14 Failure modes of honeycomb core-composite
sandwich; a) during loading and b) after load releasing

5. CONCLUSIONS

Rather than the ecological advantages, high
strength, good fiber orientation, and fiber
distribution, lightweight, low cost, and ease
in handling, the strong adhesion between the
composite hemp and different kinds of core
materials add more advantages when it is
utilized in manufacturing the sandwich
structure. While Poor adhesion between the
composite carbon skin and the same types of
the core material is proved experimentally
and makes the carbon fiber type
disadvantageous in  some  sandwich
applications although its higher stiffness.

The load-supporting by the composite hemp
and composite carbon skins in the sandwich
structure is comparable in the condition of
strong core materials (wood) while in weak
core ones (foam and honeycomb) the carbon
skin excels the hemp skin in the stiffness
properties.

The failure mode is facing wrinkling in
hemp skin when the core has less stiffness.
Otherwise, buckling failure of the skins
occurs if the core is sufficiently stiff.
Regarding the skins, the failure mode is
facing fiber delamination, fracture rupture at
the upper edge of carbon skin when the core

145

Deformation at Debonding at skin



Vol.40, No.2. July 2021

has high stiffness. Moreover, the failure is
deboning between the skin and the core for
the less core stiffness.

Hemp skin demonstrates a high resistance to
the delamination, fracture, and tearing more
than carbon skin while the carbon skin has
better resistance to the wrinkling, in the
cases of weak cores

Hemp skin proves itself a competitive
material in the sustainable interiors for
aerospace applications
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