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Abstract: This study investigated the failure behaviour, energy absorption response and load
carrying capability of fibre-glass (FG)/natural silk fibre (NS)/epoxy hybrid composite cylindrical
tubes subjected to an axial quasi-static compression test. The reinforced cylindrical composite tubes
were prepared using mandrel assisted hand lay-up technique. The specimen tested were three (3)
fibre-glass cylindrical tube, each consisting of 5 layers of (FG); three (3) natural-silk fibre cylindrical
tubes, each consisting of 15 layers NS-fibre and FG/NS/epoxy hybrid cylindrical tubes, each
consisting of 3 layers of FG, 9 layers of NS-fibres. The height of each tube was 50 mm; the thickness
was 10 mm and the internal diameter was 65 mm. The energy absorption and load carrying ability of
the tubes were analyzed by measuring specific energy absorption, maximum peak load (P,..) and
total energy absorption (TE) as a function of diverse fibre fraction under compressive loading.
Failure mechanism of the tubes was analyzed from high resolution photographs obtained during test.
As expected, FG/NS/epoxy hybrid tubes performed better in load carriability and energy attenuation
while NS tubes performed better in progressive crushing failure behaviour. Deformation morphology
suggests micro to macro cracks, tear propagation, delamination and collapse.

Keywords: hybrid composite; energy absorption; crashworthiness; failure mechanism




853

1. Introduction

The demand for reinforced composites of high structural efficiency, capable of impact energy
attenuation and possessing good crashworthiness has become of great interest in a number of
industries including aerospace, automobile, shipping and sport industries to mention but a few. Fibre
reinforced plastic (FRP) composite structural members play a major role in today’s aerospace,
automobile and advanced manufacturing systems because of their perceived advantages. These
advantages include high strength to weight ratio, light weight compared to more traditional materials,
and superior shock absorbing behaviour [1-4]. The energy attenuation characteristics of such
member are vital for structural applications, especially when they are subjected to impact loading or
collision with external objects. Their ability to absorb impact energy as they deform during impact
results in less structural damage to other component parts or even occupants of the assembly. The
investigation of crashworthiness parameter in composite structures is meant to predict the load
carrying capability of such structures in other to avert disastrous or massive damage and protect the
occupants in an event of collusion.

Research works in recent decades have shown that the use of fibre-reinforced plastic composite
materials in automotive, marine and aerospace industries may result in significant efficient and
economic benefits. These benefits include lower fuel consumption due to reduced structural weight
and durability due to strength and stiffness properties [5—8]. Owing to these merits, attention has
been devoted to using FRP composites for the enhancement of vehicle structural crashworthiness by
their appliances in particular acrospace and automobile parts to serve as collapsible energy absorbers
in an event of crash or collision with external objects [3]. They are both used as structural members
that are able to absorb large amount of energy while deforming progressively in a controlled manners.

A review of previous investigations show that the study of crashworthiness parameters of
diverse thin-walled tubes made from a range of fibre reinforced composites in various shapes and
sizes has been carried out [2,4,9-17]. It was evidence from this review that most FRP composite fail
in a brittle manner under axial compression load unlike their metallic counterpart which fails
plastically. One common denominator among the composite structures is the predominant micro-
cracks which initiates the unset of structural failures. Other reports from the literatures also indicated
that FRP composite failure modes depend on the shape, size, material characteristics, environmental
condition and the test parameters employed [7,15,16,18-22].

The search for an optimum FRP composite structure with supper superior crashworthy and
energy attenuation properties is still a very viable current research area. Though, this search has led
to many notable improvements and has increased tremendously the application of FRP composites in
many aerospace and automobile components and parts. We have looked at natural silk fibre
composite square tubes, triggered and non-triggered, cylindrical tubes under axial compression and
low velocity impact of square plates in our previous investigation [2—4,17,23,24].

It is true that extensive research on failure behaviour and energy absorption of composite
materials in diverse geometry has been investigated, but no report was found on fibre-glass
(FG)/natural silk fibre (NS)/epoxy hybrid composite cylindrical tubes subjected to an axial quasi-
static compression. Therefore the innovation of this research work was the characterization of fibre-
glass/natural silk/epoxy hybrid composite. In this present investigation, fibre glass/natural silk/epoxy
hybrid cylindrical composite tubes have been investigated and analyzed. Since the superior
compression advantage of fibre glass and the tensile advantage of natural silk fibre were combined to
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fabricate the composite tube, better crashworthy characteristics is expected. The present study will
then focus on which structure has the most functional crashworthy properties by absorbing the
crushing energy in a safe and progressive manner and to determine the failure mechanism of the
structures by comparing fibre-glass composite tubes, natural silk fibre composite tubes and
FG/NS/epoxy hybrid composite tubes.

2. Materials and method

Three categories of specimen were used in this study; each set consist of 3 composite tubes
made of the same composite materials. The first sets were made up of woven natural silk/epoxy
cylindrical composite tubes consisting of 15 layers of woven natural silk (NS) fabric from Bombyx
mori fibres and epoxy resin matrix (for more details on natural silk properties please refer to [2,4]).
The second sets were fibre-glass tubes consisting of 5 layers of fibre-glass/epoxy and the third sets
were NS/FG/epoxy hybrid composite tubes consisting of 9 layers of NS and 3 layers of GF. The
length of each tube was 50 mm with a thickness of 10 mm and internal diameter of 65 mm. The
schematic diagrams of the cylindrical composite tubes are shown in Figure 1.
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Figure 1. Dimensions and schematic diagram of the specimens.
2.1. Test procedure

The axial quasi-static tests were performed using a fully automated INSTRON MTS 810
universal testing machine with 250 kN loading capacity. All tests were performed at a constant test
crosshead speed of 20 mm/min. There were no special conditioning of the specimen used in
performing the test. The ambient condition of the laboratory at the time of the test was within the
acceptable range. Temperature was between 23 to 26 °C and humidity was between 50% to 60%. All
samples are placed between two rigid steel flat plates; three samples of each composite specimen are
tested and the average value was recorded. The crushing load-displacement curve of each specimen
is obtained from the computer software attached to the test machine. The absorbed energy is
calculated by numerical integration of the load-displacement curve. The mean crushing load is
decided by dividing the value of the absorbed energy by the crushing length.

AIMS Materials Science Volume 6, Issue 5, 852-863.



855

2.2. Quasi static experimental test

Axial quasi-static compression on cylindrical composite tube configurations were carried out to
assess the crashworthiness of the tubes. The amount of load which a structure can carry under quasi-
static experimental crushing test can be considered through two load levels observed in a load versus
displacement curve. The first load level is the initial crushing load, and the second load level is the
average crushing load. The initial crushing load can be obtained directly from the load-displacement
reaction, while the average crushing load can be obtained by averaging the crush load values over the
crush displacements through the post-crush zone. There are three vital zones which help to interpret
the load-displacement curve of any composite material specimen under quasi-static experimental test.
First is the pre-crushing zone which indicates the elastic behaviour/nature of the composite material.
The material seems to obey Hook’s law at this zone. Once there is an initiation of failure in any part
of the specimen, it marks the end of the zone. The second zone is known as the post-crushing zone;
under this zone cyclic loads are prevalent indicating the spread of failure across the length of the
specimen. These cyclic loads are categorized as average crushing loads. The third zone is known as
the compaction zone, the crushed residue of the specimen compacts together leading to sudden
increase in the load-displacement curve under this zone.

3. Results and discussion
3.1. Crushing history and load versus displacement curve behaviour

The crushing history and the load versus displacement curve behaviours of the axially
compression crushing test for each composite configuration are shown in Figures 2—4. The photos
depicting the crushing history are shown in Figures 2—4a while the load-displacement curves
correlating with the crushing photos are shown in Figures 2—4b for easy viewing and analysis. From
the evaluation of the load-displacement response of the tested specimens, it is possible to quantify
the crashworthiness performance of the composite tubes by estimating the values of parameters such
as peak load, average load, total and specific energy absorption as well as crushing force efficiency.
A general observation show that all 3 composite tube configuration load-displacement curves
behaved linearly until they reached the first peak load, then followed by sharp drops of the curve
which signifies the inception of deformation in the tube. For fibre-glass/epoxy (FG/E) composite, the
sharp drop occurred at 70 kN, 2.53 mm displacement; natural silk/epoxy (NS/E) composite at 34.83 kN,
2.03 mm displacement and fibre-glass/NS/epoxy hybrid composite at 186.97 kN, 3.04 mm
displacement, respectively (see Figures 2—4b).

Observations showed in Figure 2a under FG/E composite tube specimen when the linear curve
approached the first peak load value. Micro cracks were first initiated at the top of the composite
tube due to the built up of local stress concentration around the metal plate-composite tube contact
face. The initiation of cracks marked the end of linear curve at first peak. With further quasi-static
compressive load on the tube, the micro cracks propagated into macro cracks downwards along the
tube length forming outward fronds and displaying average crushing load oscillation along the curve.
The fluctuating load value continued until the second peak was reached at 36.9 mm displacement
and 99.5 kN peak load value (see Figure 2b). In the case of NS/E composite tube specimen Figure 3a,
crack formation also began from the top of the tube, then propagated mid-way along the tube length,
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causing mid-length deformation and outside frond failure. The curve behaved in a similar manner as
the FG/E until it reached a second peak value at 39.9 mm displacement and 86.9 kN peak load value
(see Figure 3b). The hybrid composite specimen in Figure 4a behaved a little differently from the
previous two specimens reported. Cracks and delamination of the laminate started from the bottom
contact surface of the tube. Crushing was noticed from both side of the tube length as the
deformation continued. The load-displacement curve behaved partially in similar manner like the
two previous until it reached a second peak value at 39.8 mm displacement and 151 kN peak load
value (see Figure 4b).
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Figure 2. Show 50 mm FG/epoxy composite specimen (a) photos taken at different
stages of the test and (b) load versus displacement curve of the axial compression test.
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Figure 3. 50 mm natural silk composite sample (a) photos taken at different stages of the
test, (b) load versus displacement curve of the axial compression test.
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Figure 4. 50 mm fiber glass/natural silk fibre hybrid composite specimen (a) photos taken at
different stages of the test, (b) load versus displacement curve of the axial compression test.

3.2. Crashworthiness behaviour

In other to correctly assess the crashworthiness performance of a thin-walled composite tube,
parameters such as peak and average crush load, specific absorbed energy, total absorbed energy,
generated during the test are interpreted and discussed.

3.3. Peak and average crushing loads behaviours

Peak load is one of the most important parameters used in assessing the crushing behaviour of
any thin-walled tube. This is because that data from load response can reveal the structural integrity
at low-speed or even low energy collision/impact of the tube. It is always satisfying for a structure
not to have permanent deformation after impact, as this deformation would be considered as adverse
damage and bad attribute of the tubes structural integrity. Factors that influence the peak load values
include the type of reinforcement involved, the fibre volume content, and the type of stacking
sequence used. In the present investigation, the initial peak load and the average crushing load value
for fibre glass (FG/epoxy) composite are 99.5 and 61.4 kN; NS/epoxy composite is 86.9 and 23.8 kN,
and FG/NS/epoxy hybrid composite is 151 and 91.5 kN respectively as shown in Figure 5. As
expected, the hybrid composite showed better performance in both peak and average load response
while fibre glass performed better than natural silk fibre. Observation also showed that natural silk
fibre composite tubes showed better progressive crushing behaviour.
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Figure 5. Show peak and average crushing load (kN) of FG, NS, FG/NS/epoxy composite.
3.4. Energy absorption characteristics
3.4.1.  Specific energy absorption

Energy absorption response of a thin-wall composite structure is measured on the basis of the
absorbed energy (E,») per unit mass (M,,;) of the composite structure, known as specific energy
absorption (SEA) and defined mathematically in Eq 1 as:

Absorbed energy _ Egps
Mass of tube Mynit

SEA = (1)
The linear movement characteristics shown on the load-displacement curves were attributed to load
attenuation via elastic strain energy in each composite tube configuration. Figure 6 show the values
(SEA) of natural silk fibre, fibre-glass and NS/FG/ hybrid composites, plotted in chart form. It was
observed that the hybrid composite tube was a better energy absorber than the others, this was
expected.
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Figure 6. Specific energy absorption of FG, NS, FG/NS/epoxy composite.
3.4.2. Total energy absorption
Total energy absorption (7,,.), is measure of the total strain energy absorbed by the composite

structure during the crushing test, and can be estimated as shown in Eq 2 using the area under the
load-displacement curve expressed mathematically as:
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where P(/) is the instant crushing load and /,,,, is the total displacement.

Figure 7 shows the distribution of the total energy absorption capability of axially crushed
composite tubes in diverse materials configurations. Fibre-glass/epoxy (FG) composite had an
estimated value of 2457.367 J. Natural silk fibre/epoxy 950.033 J and FG/NS/epoxy hybrid had an
estimated value of 3660.216 J, respectively. As depicts in the calculated values, hybrid epoxy
composite tube absorbed more energy than the other two non-hybrid tubes.
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Figure 7. Total energy absorption (J) of FG, NS, FG/NS/Epoxy composite.

Hybrid composite materials refers to the combination of two or more materials constituent at
nanometre, molecular, micro or macro level to develop better material properties than each original
constituent. Owing to this advantage, the hybrid composite which contains two or more types of fibre
will certainly have more material property benefits as they will complement with what is lacking in
each other. The hybrid composite strength depends upon the properties of the reinforcing fibres
orientations, the fibre volume content, length of distinct fibres, sequential arrangement of the fibres
and fibre to matrix interface bonding [25]. The difficulty of selecting the well-matched fibres and the
level of their properties is the most important aspect when designing and fabricating hybrid
composite, but it became possible to develop new hybrid composite material with elevated properties
with careful arrangements of these parameters.

In summary, composite materials are preferred in impact energy applications due to its ability to
absorb impact energy while deforming. The three composite configurations tested in this study
absorbed energy through their different failure mechanisms. Observation showed that FG/epoxy
composite absorbed its energy through progressive crushing mode. NS/epoxy composite absorbed
via mid-length fracture and progressive crushing mode while FG/NS/epoxy hybrid composite
absorbed its energy through laminate delamination and progressive crushing mode.

3.5. Crush force efficiency (CFE)

The crush force efficiency (CFE) is the ratio mean for crushing force (Peqan) Which is divided
by the crushing force or fist peak load (P,u..x), see Eq 3:

CFE = fmean _ Imean 1) 3)

Pmax max
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The values calculated from this mathematical expression are very important in choosing superior
crashworthy materials. The estimated value always ranges between 0 and 1.0. Very small values
suggest a catastrophic of fracture failure mode while large values suggest progressive deformation
failure mode. Figure 8 shows the chart of the data obtained from the calculation since different
materials were involved. Varied data were also expected. Fibre-glass/epoxy composite tube
generated approximately 0.6. Natural silk/epoxy composite tube generated approximately 0.3 and
fibre-glass/natural silk/epoxy hybrid composite tube generated 0.5, respectively.
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0.5 4
0.4 -
0.3 1
0.2 4
0.1 4

FG NS FG/NS

Figure 8. Crush efficiency charts of FG, NS, and FG/NS/epoxy composite.
3.6. Crushing collapse behaviour

Diverse types of composite materials currently being used as structural materials in passenger
vehicles, transportation of goods vehicles, acrospace industries and other industries, have extensively
experienced the forces of progressive deformation and stable collapse. Basically, two type of failure
mode mechanism exist in normal fibre reinforced polymer composite (FRPC). The first type is a
progressive folding similar to ductile metallic or plastic tube formation. The second type of failure
mode is a combination of fracture where most of the energy absorber composite tubes experience
initially micro-fracture which later propagate into macro-fracture and is known as progressive
crushing failure mode. However, Mamalis et al. [22] identified three distinct collapse mode namely
in their investigation: Mode I, Mode II, and Mode III representing end-crushing or delamination
mode, mid-length collapse mode, and mixed mode of collapse failure mode. Another study by
Weaver and Ashby as reported by [25], concluded that there are three main failure mechanisms of
tubular structure under axial load, which was local buckling failure mode, global bucking failure
mode, yield/fracture failure mode and axial crushing failure mode.

Figure 9 shows photographs of the collapse modes observed in the present investigation of
cylindrical composite tubes. Natural silk composite tube experienced a circumferential fracture
believed to have been initiated from a micro-macro crack due to axial applied load. This type of
failure mode agreed to Mamalis Mode III or Fracture/Yield of Weaver and Ashby investigations.
Fibre glass composite tube showed top-bottom end-crushing collapse behaviour, which agreed with
Mode I of Mamalis’ study. The hybrid material (natural silk/fibre glass hybrid) composite tube
which is the main focus of this investigation showed top end-crushing failure mode and bottom end
delamination collapse failure mode, a combination of Mode I and Mode III as suggested by Mamalis.
This behaviour is attributed to the hybridization nature of the composite tube material. The residues
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of the collapsed tubes were also observed and investigated. Natural silk showed a ductile behaviour;
Fibre glass showed a brittle behaviour while the hybrid showed a mixed behaviour of both brittle and
ductile nature (see Figure 9).

—

. NS/FG/Hybrid -

NS/FG/Hybrid

Figure 9. Collapse nature of the natural silk, fibre-glass and natural silk-fibre glass
composite tube specimen.

4. Conclusion

The study to investigate the crashworthiness of natural silk fibre, fibre glass and natural
silk/fibre glass hybrid reinforced epoxy cylindrical composite tubes has been investigated and
analyzed, the following conclusions were made:

A comparison of the peak and average loads of the composite cylindrical tubes show that
NS/FG hybrid reinforced epoxy composite tube, displayed superior peak and average load compared
to only natural silk and only fibre glass reinforced composite tubes, this characteristic is attributed to
the hybridization nature of the composite tube.

Total and specific energy absorption of the three (3) composite tube specimens tested were
compared. The result show that NS/FG hybrid reinforced epoxy composite tube absorbed more
energy with 51.8%, followed by fibre glass composite tubes with 43.8% and finally natural silk
composite tubes with 13.4%. This performance is also attributed to the hybrid nature of the
composite tube under investigation.

The crushing efficiencies of the tested composite tubes have been compared. The result shows
that FG/epoxy composite tube has slightly better crashworthiness capability than NS/FG/epoxy
hybrid and natural silk composite tubes. This is attributed to the superior compressive load
absorption capability of fibre glass.

The three configuration of tested specimen showed diverse modes of collapse. Natural silk
composite tube experienced a circumferential fracture believed to have been initiated from a micro-
macro crack due to axial applied load and end-crushing failure mode. Fibre glass composite tube
showed top-bottom end-crushing collapse behaviour, and natural silk/fibre glass/epoxy hybrid
showed top end-crushing failure mode and bottom end delamination collapse failure mode, a mixture
of Mode I and Mode III failure mode as suggested by Mamalis. This characteristic is also attributed
to the hybridization nature of the tube.
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