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Braided composites tubes have been reported to have a great potential in crash energy absorption
applications. However, previous works were limited to thermoset braided composite tubes. In this study,
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1. Introduction

Replacement of metals by composite materials in structural
parts becomes a real challenge for industrials because of the crucial
need to create lighter vehicles. A major difficulty is to understand
the dynamic behavior of composite structures such as energy
absorbers. They must absorb a high amount of energy during a
crash and have a stable way to do it. Originally they are made of
metallic materials. But the high properties of composite materials
make them very attractive to improve performance and decrease
fuel consumption [1].

The mechanical behavior of tubes made of metals has been well
studied and understood [2–12]. The energy is dissipated by plastic
deformation, creating symmetrical or non-symmetrical progres-
sive buckling. Metallic materials are easily simulated which allow
a complete and costless knowledge of the behavior of a structure
and of the influence of the different parameters, such as trigger
[6]. Different attempts have been made to combine metallic and
composite materials to create composite tubular structures, such
as filling metallic tubes with foams [11] or by wrapping them with
fibers [12].

Energy absorbers completely made of composite materials have
been proposed [13,14]. Because of their lower viscosity, thermoset
reinforced composite tubes were widely used and studied [15–27].
Different modes of crushing have been identified, such as splaying
and fragmentation modes [20]. The crushing modes and conse-
quently the specific energy absorption are dependent on multiple
parameters such as the tube geometry [28–32], fiber type [33,34]
and architecture [31,32], matrix resin [35], testing speed
[32,36,37], temperature [38], trigger [39,40] and surface treatment
[41]. Recently, Mahdi and Sebaey [42] have reported that radial
reinforcements improve crashworthiness capabilities. Besides,
some studies have investigated the absorption capabilities of
natural fibers reinforced polymer composite tubes [43–46].

The use of reinforced thermoplastic composites materials for
energy dissipation has received less attention [40,41,47–53].
Hamada et al. [47] achieved a specific energy absorption as high
as 180 kJ/kg with unidirectional carbon fiber/PEEK composite
tubes. Therefore, high crashworthiness performances can be
expected from composite materials. Hamada et al. [50] split the
absorbed energy into the energy dissipated in longitudinal
cracking of walls, the energy required for splitting of fronds into
beams, the energy needed for fiber fracture, the energy dissipated
in frictional heating and some others. They also attributed the high



value carbon/PEEK tubes’ specific energy absorption to the higher
fracture toughness of the carbon/PEEK composite material.
Hamada et al. [49] showed that rapid cooling of carbon/PEEK leads
to 15% higher specific energy absorption than gradual and slow
cooling. Hamada and Ramakrishna [51] investigated fiber material
effects and founded that specific energy absorption of carbon/PEEK
composite boxes is 20% higher than glass/PEEK tubes. In terms of
fiber orientation effects, the highest specific energy (225 kJ/kg) is
achieved with tubes having ±15 fiber orientation [52].
Ramakrishna et al. [50] concluded that carbon/PEEK tubes have
the highest energy absorption capability compared to carbon/PEI
(188 kJ/kg), carbon/PI (168 kJ/kg) and carbon/PAS tubes (148 kJ/kg).
Zarei et al. [53] were interested in woven glass fiber polyamide
composite square and hexagonal tubes. The highest specific energy
absorption (�56 kJ/kg) is obtained for the thicker square tubes.
However, higher crash load efficiency is obtained for hexagonal
tubes.

A limitation of the use of composites in crash is the phenome-
non of delamination. In laminated composites, the bond between
Fig. 1. Overview of the e

Table 1
Testing conditions for glass/polypropylene tubes.

Name Length (mm) Orientation (�)

V2-20-1 200 20
V2-20-2 200 20
V-20-1 110 20
V-20-2 110 20
V-20-3 110 20
V-20-4 110 20
V-20-5 110 20
V-20-6 110 20
V2-45-1 200 45
V2-45-2 200 45
V-45-1 110 45
V-45-2 110 45
V-45-3 110 45
V-45-4 110 45
V2-75-1 200 75
V2-75-2 200 75
V-75-1 110 75
V-75-2 110 75
V-75-3 110 75
V-75-4 110 75
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the layers is only assured by the matrix which allows failure
without dissipating a significant amount of energy. Composite
materials with 2.5D fibers architecture avoid this problem by
creating through-the-thickness reinforcements. Refs. [44–66] have
already investigated the energy absorption capability of braided
thermoset composite tubes, including triaxial preform design as
‘‘3D-braid’’. The use of 2.5D structured composite materials with
through the thickness reinforcement can enhance energy absorp-
tion performances of braided structures.

The purpose of this article is to study crash energy absorption
capability of circular 2.5D-braided thermoplastic composite tubes.
Two composite materials have been considered: glass fibers
associated with polypropylene matrix and carbon fibers with
polyamide matrix. The influence of braiding fibers orientation
has also been studied. The different modes of crushing are
described and the performances of energy absorption have been
calculated. To the best of author’s knowledge, this is the first time that
the crashworthiness efficiency, of 2.5D-braided composite tubes, and
moreover with thermoplastic resin is investigated.
xperimental setup.

Impact angle (�) Impact speed (m/s) Chamfer

0 8.17 45�
0 8.17 45�
0 4.9 45�
0 5 Flat
15 4 45�
15 4 Flat
15 4 45�
0 4.9 45�
0 8.17 45�
0 8.17 45�
0 5 45�
0 5 Flat
15 4 45�
15 4 Flat
0 8.17 45�
0 8.17 45�
0 5.2 45�
0 5 Flat
15 4 45�
15 4 Flat



Table 2
Testing conditions for carbon/polyamide tubes.

Trial Length (mm) Orientation (�) Impact angle (�) Impact speed (m/s) Chamfer

C-30-1 110 30 0 5.2 45�
C-30-2 110 30 0 7.1 45�
C-30-3 110 30 15 4.5 45�
C-30-4 110 30 0 7 45�
C-45-1 110 45 0 7 45�
C-45-2 110 45 0 7.1 45�
C-45-3 110 45 0 7 45�
C-45-4 110 45 15 4 45�
C-45-5 110 45 0 7 45�
C-45-6 110 45 0 7 45�

Fig. 2. Schematic of the load–displacement curve.
2. Method

2.1. Experimental setup

Crushing tests were carried out by using a drop-weight tower
(Fig. 1). A total weight of 319 kg was dropped from a height
between 0 and 3.5 m to achieve impact velocities up to �8 m/s.
The composite tubes were riveted to an intermediate metallic
plate, which is fixed on the bottom support, instrumented by a
force transducer, through four screws. The experimental setup
was also instrumented by a Photron SA1 high speed video camera.
Images were stored at a frequency rate of 4000 pictures per second.
The tracking software TEMA motion is used to determine the
displacement of the falling mass which is called the striker
henceforth. Both the force transducer and the video camera were
synchronized by using a home-made trigger. Force measurements
were initially recorded using a sampling rate of 1 MHz. Subse-
quently, the step time of force signals was aligned with the step
time of displacement signals, i.e., 250 ls.

2.2. Composite tubes and impact loading

Two materials have been used. The first one is named Twintex
and produced now by Fiber Glass Industries. It is made of a comin-
gled glass fibers and polypropylene matrix. The second one is a
comingled carbon fibers and polyamide matrix produced by COM-
FIL. The 2.5D-braided reinforcements were realized by DJP with ply
by ply interlocked bias fibers. In terms of the glass fiber reinforced
composite, three different fiber configurations were produced:

� 240 doubled axial fibers and 80 simple fibers oriented at ±75�,
� 320 doubled axial fibers and 320 simple fibers oriented at ±45�,

and
� 320 doubled axial fibers and 320 simple fibers oriented at ±20�.

For the carbon fiber/polyamide composite, two reinforcement
architectures were considered. Namely,

� 320 doubled axial fibers and 320 simple fibers oriented at ±45�,
and
� 320 doubled axial fibers and 320 simple fibers oriented at ±30�.

All tubes were braided on a 120 mm-mandrel and consolidated
under an air-empty bag in an oven. A temperature of 210 �C has
been reached for glass fiber/polypropylene tubes and 260 �C for
carbon fiber/polyamide boxes. A thermal duct was used to avoid
folds of the braided composite.

The composite cylindrical tubes are either 100 or 200 mm long.
The inner and outer diameters are 116.5 and 123.5 mm, respec-
tively. Some tubes have 45� chamfers, the others have flat ends.
Two impact angles were investigated: 0� (axial impact) and 15�.
Information on fiber orientation, tube length, trigger, impact angle
3

and impact velocity, per test, are detailed in Tables 1 and 2 for
braided glass/polypropylene and carbon/polyamide, respectively,
composites tubes.

2.3. Analysis

The dropweight tower used for this experimental study was
instrumented with a force transducer and a high speed video cam-
era. For each experiment, the force signal F(t) and a sequence of
digital images were stored on a computer. These images were first
analyzed qualitatively to understand the crushing mechanism.
Subsequently, tracking software is used to determine the displace-
ment d(t) of the dropped mass or the striker. The crashworthiness
efficiency of the braided composite tubes are investigated in terms
of two parameters: the crash efficiency parameter g and the
specific energy absorption SEA. Fig. 2 depicts a typical load–
displacement curve. The crush Efficiency is defined as the aver-
age-to-maximum forces ratio. Namely,

CE ¼ Favg

Fmax
¼
R dmax

0 F dd

dmax Fmax
ð1Þ

where dmax is the maximum consumed length, Fmax is the peak force
and Favg is the mean force. This ratio should be close to 1 in order to
avoid overstressed conditions in the material while absorbing
energy. The average force is proportional to the absorbed energy
whereas the maximum force is proportional to maximum mass
deceleration. Consequently, the crush efficiency parameter high-
lights the capability of absorbing energy while keeping acceptable
deceleration.

The second parameter is the Specific Energy Absorption. It is
defined as the absorbed energy-consumed mass ratio, i.e.,

SEA ¼ W
qAdmax

¼
R dmax

0 F dd

qAdmax
ð2Þ



where W, q and A hold for the absorbed energy, composite material
density and cross-sectional area of the tube, respectively. In other
words the specific energy absorption is defined as the absorbed
energy per consumed mass. The higher the specific energy
absorption is, the lighter is the absorber.

The absorbed energy is determined by the area under the force–
displacement curve:

W ¼
Z dmax

0
F dd

� �
Fig. 3. Crushing process of a glass fibers composit

Fig. 4. Examples of crushing modes of continuous fibers composite tubes at 0� of impact
splaying in 4 parts on the bottom left (V2-45-2) and fragmentation on the bottom right
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In this paper, only the post-peak part of the force–displacement
curve is considered as this part represents the stable crushing
process. Thus, the specific energy absorption is determined by

SEA ¼
R d2

d1
F dd

qAðd2 � d1Þ
ð3Þ

where [d1, d2] � [0, dmax] is the interval of stable crushing. This way
we can avoid the influence of the peak force that highly depend on
the trigger.
e tube at an impact angle of 0� (test: V-75-2).

angle: folding mode on the high left (V2-75-1), splaying on the high right (V2-20-1),
(C-30-1).



3. Results

3.1. Crushing modes

Three stable modes of breaking have been identified: fragmen-
tation, splaying and folding with extensive matrix failure between
roving and rare delamination. Fig. 3 depicts the crushing sequence
Table 3
Crushing modes for glass/polypropylene tubes (impact angle 0�).

Name Orientation
(�)

Trigger Crushing mode

V2-20-1 20 Yes Splaying
V2-20-2 20 Yes Splaying
V-20-1 20 Yes Splaying + delamination
V-20-2 20 No Unstable: Euler folding
V-20-6 20 Yes Splaying + delamination
V2-45-1 45 Yes Splaying
V2-45-2 45 Yes Splaying in 4 parts
V-45-1 45 Yes Progressive

folding + splaying + delamination
V-45-2 45 No Splaying at the bottom (breaking of the

rivets)
V2-75-1 75 Yes Progressive folding
V2-75-2 75 Yes Progressive folding + splaying in 4 parts
V-75-1 75 Yes Progressive folding
V-75-2 75 No Progressive folding

Table 4
Crushing modes for glass/polypropylene tubes (impact angle 15�).

Name Orientation (�) Trigger

V-20-3 20 Yes
V-20-4 20 No
V-20-5 20 Yes
V-45-3 45 Yes
V-45-4 45 No
V-75-3 75 Yes
V-75-4 75 No

Fig. 5. Examples of crushing modes of continuous fibers composite tubes at 15� of impact
45-3), bending and splaying on the bottom left (V-75-3) and catastrophic failure on the
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obtained with test V-75-2 (Table 2). A progressive folding process
was observed.

In terms of glass/polypropylene tubes, the axial crushing
(impact angle equal to 0�) is mainly dominated by two stable
modes, namely, splaying and progressive folding (Fig. 4 and
Table 3). However, the absence of trigger can lead to an unstable
failure mechanism. The crushing mode is governed by the orienta-
tion of the fibers. Indeed, the crushing deformation of tubes, with
through-the-thickness bias fibers oriented at ±20� and ±45�, is
dominated by the splaying mode (Table 3). On the other hand,
the progressive folding mode is mainly recorded for tubes with
through-the-thickness bias fibers oriented at ±75�. The crushing
is however independent of tube’s length or the length-to-diameter
ratio (Table 3).

The off-axis crushing modes are given in Table 4 and some
examples are shown in Fig. 5. Similarly to the axial crushing, the
splaying mode is observed for ±20� and ±45� fiber orientation
whereas the progressive folding mode is observed for ±75� fiber
orientation. At ±20�, fragmentation occurs at the beginning of test
(except for test V-20-5). However, the splaying and progressive
folding modes are superposed to tube bending at ±45� and ±75�,
respectively.

For carbon/polyamide tubes, the fragmentation crushing mode
is dominating the failure mechanism at 0� impact angle (Fig. 4
and Table 5). This is independent of fiber orientation and trigger.
Crushing mode

Fragmentation at the beginning then splaying
Fragmentation at the beginning then splaying
Bending without breaking + splaying
Bending without breaking + splaying
Bending without breaking + splaying
Bending without breaking + splaying + progressive folding between
Bending without breaking + splaying + progressive folding between

angle: bending with rupture on the high left (V-20-3), without on the high right (V-
bottom right (C-30-3).



Fig. 6. Force–displacement curves for glass/polypropylene tubes (impact angle 0�) with through-the-thickness fibers orientated at ±20� (top), ±45� (middle) and ±75�
(bottom).
Some splaying is also recorded for experiments. On the other hand,
the off-axis crushing is dominated by a catastrophic failure (Fig. 5).

3.2. Force–displacement curves

Firstly, we are interested in the axial crushing of glass/polypro-
pylene tubes. Force–displacement curves are shown in Fig. 6. Three
6

stages were observed. In the first stage, the force rapidly increases
to a peak force. This is followed by a stable crushing part. By the
end of some test, densification is recorded if the crushed distance
approaches the total tube’s length. The peak force highly depends
on the trigger. Unchamfered tubes have higher peak forces mainly
for the splaying crushing mode, i.e., for ±20� and ±45� fiber ori-
ented tubes. The peak force is also dependent on the crushing



Table 5
Crushing modes for carbon/polyamide tubes (impact angle 0�).

Name Orientation (�) Crushing mode

C-30-1 30 Fragmentation + some splaying
C-30-2 30 Fragmentation + some splaying
C-30-4 30 Fragmentation + some splaying
C-45-1 45 Fragmentation + some splaying
C-45-2 45 Fragmentation + some splaying
C-45-3 45 Fragmentation + some splaying
C-45-5 45 Fragmentation + some splaying
C-45-6 45 Fragmentation + some splaying

Fig. 7. Force–displacement curves for carbon/polyamide tubes (impact angle 0�) w

Fig. 8. Comparision of glass/polypropylene and carbon/polyamide force–disp

7

modes and/or fiber orientation. More precisely, the splaying mode
(±20� and ±45�) leads to higher peak forces than the progressive
folding mode (±75�). The post-peak stage (steady crushing part)
is also depending on fiber orientation. For ±20� and ±45� orienta-
tions (except for 110 mm-long tubes with fibers at ±45�), the force
is oscillating around a mean force that is softly decreasing. For ±75�
orientation, the force is rather oscillating a constant mean force.

Fig. 7 depicts the axial crushing force–displacement curves of
carbon/polyamide composite tubes. During the first stage, the force
rapidly increases in terms of displacement up to a peak force.
Subsequently, the force oscillates around a constant mean force
during the steady crushing stage. The peak force is much higher
ith through-the-thickness fibers orientated at ±30� (top) and ±45� (bottom).

lacement curves for an impact angle of 0� and fiber orientation of ±45�.



Fig. 9. Force–displacement curves for an impact angle of 15�.

Table 6
Crushing modes for carbon/polyamide tubes (impact angle 15�).

Trial Orientation (�) Trigger Crushing mode

C-30-3 30 Yes Catastrophic breaking
C-45-4 45 Yes Catastrophic breaking

Table 7
Crush efficiency and specific energy absorption for glass/polypropylene composites
tubes.

Table 8
Crush efficiency and specific energy absorption for carbon/polyamide composites
tubes.
for carbon/polyamide than glass/polypropylene tubes. The ampli-
tude of oscillations during the steady stage is also more important
for carbon/polyamide tubes.

In order to confirm the influence of matrix and reinforcement
materials, the force–displacement curves of carbon/polyamide
and glass/polypropylene 110 mm-long ±45� fiber oriented tubes
are compared in Fig. 8. This shows again that peak and average
forces are higher in carbon reinforced polyamide composite tubes.

In terms of off-axis crushing, both carbon/PA and glass/PP
composites tubes show a long softly increasing first part which is
belatedly followed by a steady stage (Fig. 9). In some experiments,
45 mm were required before reaching the stable phase.

The steady crushing stage of all force–displacement curves
shows some oscillations with certain periodicity. For progressive
folding mode, a 14 mm period was recorded that may correspond
to the structural pattern of the fibers. The splaying mode shows
a 5 and 10 mm period, for 110 and 200 mm, respectively, long
tubes. The hypothesis that this phenomenon is caused by reso-
nance of tubes has been proved wrong by a spectral analysis using
Matlab software which showed smaller periods. The 2.5D braided
carbon fibers tubes show periods that range between 7 and 10 mm.

3.3. Specific energy absorption

The specific energy absorption (SEA) for all tested specimens is
detailed in Tables 7 and 8. Firstly, we are interested in glass/poly-
propylene tubes. In terms of axial impact, the specific energy
absorption increases with decreasing length-to-diameter ratio
(Fig. 10 (top)) and increasing fiber orientation angle (Fig. 10 (mid-
dle)). The maximum SEA of �36 kJ/kg is then achieved with short
(110-mm long) tubes reinforced with fibers oriented in ±75� direc-
tions. The SEA of long tubes is 5–25% lower than that obtained with
shorter specimens (Fig. 10 (top)). Tubes with ±20� fiber orienta-
tions absorb up to 30% less energy than ±75� fiber oriented tubes.

Fig. 10 (bottom) compares SEA obtained during axial and off-
axis impacts. It is reported that tubes absorb 20–30% less energy
during off-axis impact. The maximum SEA is obtained for ±45�
fiber oriented tubes.
8

The energy absorption of carbon/polyamide tubes is depicted in
Fig. 11. In opposite to glass/PP tubes, the carbon/PA SEA is decreas-
ing with increasing orientation. The highest SEA is �61 kJ/kg,



Fig. 10. Specific energy absorption for glass/polypropylene composite tubes: influence of length-to-diameter ratio (top), influence of the fiber orientation (middle) and
influence of the impact angle (bottom).
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Fig. 11. Comparison of specific energy absorption of glass/polypropylene and carbon/polyamide.
which is 70% as higher as the maximum SEA obtained with glass/PP
tubes. For ±45� fiber oriented tubes, carbon reinforced tubes absorb
40% more energy than glass reinforced tubes.

3.4. Crush efficiency

The crush efficiency is defined in Eq. (1) as the average-to-
maximum forces ratio. In terms of crashworthiness performance,
the ideal crush efficiency ratio is 1. The crush efficiency ratio (CE)
of all experiments is also reported in Tables 6 and 7. This ratio is
highly affected by the trigger mainly for ±30� and ±45� fiber orien-
tation. In these architectures, triggered tubes have high CE than
non-triggered ones.

The crush efficiency is also sensitive to length-to-diameter ratio
and to fiber orientation. In terms of glass/PP tubes, CE increases for
decreasing length-to-diameter ratio (Fig. 12 (top)) and increasing
fiber orientation (Fig. 12 (middle)). The best CE (�0.85) is obtained
for short tubes and ±75� fiber orientation. Similarly to axial impact,
the crush efficiency obtained in off-axial impacts increases with
increasing fiber orientation (Fig. 12 (bottom)). Fig. 13 depicts the
crush efficiency of carbon/PA tubes. Contrarily to specific energy
absorption, CE is increasing with increasing fiber orientation.
Moreover, glass/PP and carbon/PA tubes have almost the same
crush efficiency (�0.82) at ±75� fiber orientation.

4. Discussion

The crashworthiness efficiency of 2.5D braided thermoplastic
composite tubes was investigated. The crushing modes were
observed: splaying and progressive folding modes for glass/PP
tubes and fragmentation for carbon/PA modes. The splaying mode
is the most reported mode for braided composite tubes. It was
observed for carbon/epoxy [57,61,62,64] and glass/epoxy [61,63]
tubes. The folding mode is observed in Ref. [57] for braided
Kevlar/epoxy tubes and in Ref. [63] for glass/epoxy tubes. The frag-
mentation mode was also reported in Ref. [63] for glass/epoxy
tubes. Chiu et al. [55] concluded that braid yarns controls the
crushing mode. This is partially confirmed in this work as braiding
angle influence the crushing mode of glass/PP tubes. For low braid-
ing angles, the transverse stiffness and strength are not significant.
Therefore it is possible to tear the tube’ wall to make fronds. As
braiding angle increases, the transverse strength and stiffness
increase. It becomes hard to tear the tube’s wall. Therefore, the
10
progressive folding mode is privileged. This mode is close to
metallic crushing mode and is rather associated to ductile behavior
of fibers [57]. In the opposite, the fragmentation mode can be
attributed to the brittle behavior of carbon fibers.

In this study, the fragmentation mode yields to the highest spe-
cific energy absorption. Moreover, the folding mode gives higher
specific energy absorption than the splaying mode. This is opposite
to observations drawn by Gui et al. [63] who have reported the
splaying mode gives the highest SEA. Actually, the energy absorp-
tion capability cannot be associated to the only crushing mode. It is
also influenced by matrix or fiber material, fiber architecture, trig-
ger, etc. Moreover, the effects of these parameters should be rather
coupled as for example the energy absorption is influenced by the
crushing mode which also depends on fiber architecture or matrix
and fiber materials.

The specific energy absorption of glass/PP and carbon/PA
depends on the braiding angle. However, glass/PP SEA’s is increas-
ing whereas carbon/PA SEA’s is decreasing with increasing angle.
Actually, both behaviors were already reported in literature. Gui
et al. [63] found that SEA for glass/epoxy tubes increases with
decreasing braiding angle. Xiao et al. [64] and Flesher et al. [65]
depicted that SEA increases with increasing braiding angle for car-
bon/epoxy tubes. Okano et al. [61] showed that SEA increases with
increasing braiding angle for carbon/epoxy tubes. However, the
tendency is reversed when using flexible matrix. Here also we con-
firm that braiding effect is coupled matrix and fiber materials. In
terms of glass/polypropylene tubes, the SEA is increasing with
the increase of braiding angle. This can be attributed to the
increase of the transverse stiffness of the tubes. This has to be
associated with the crushing mode. More precisely, the transverse
stiffness opposes the tearing of tubes in the slaying mode and local
buckling. The higher the transverse stiffness, the higher the specific
energy will be. For the carbon/polyamide tubes, the SEA decreases
with the braiding angle. This can be explained by the fact that frag-
mentation is caused by axial compression loads. The increase of
braiding angle yields a decrease on the axial stiffness and then a
decrease in the absorbed energy.

The highest SEAs for glass/PP and carbon/PA tubes are around
36 and 61 kJ/kg, respectively. This shows that thermoplastic 2.5D
braided composites materials have a great potential to be use for
crashworthiness applications. The SEA of glass/PP tubes is compa-
rable to best metallic tubes SEAs as Cunat [67] showed that the SEA
of steel tubes is between 12.5 and 38 kJ/kg. Bouchet et al. [68]



Fig. 12. Crush efficiency for glass/polypropylene composite tubes: influence of length-to-diameter ratio (top), influence of the fiber orientation (middle) and influence of the
impact angle (bottom).
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Fig. 13. Comparison of crush efficiency of glass/polypropylene (short tubes) and carbon/polyamide.
found that aluminum tube’s SEA ranges from 22 to 43 kJ/kg.
However, the crush force efficiency of steel and aluminum tubes
was less than 0.6.

Carbon/polyamide tubes have 70% higher specific energy
absorption value than glass/polypropylene. Comparable crush
force efficiency was observed. Carbon/polyamide tubes used in this
study had manufacturing defects that lead to catastrophic failure at
off axis impacts. New results are needed to evaluate this material,
but manufacturing challenges are numerous.

In terms of thermoset braided composites, the SEA of carbon/
epoxy tubes ranges from 30 kJ/kg [62,64] to 87 kJ/kg [66]. On the
other hand, the highest reported SEA for glass/epoxy tubes is SEA
is �42 kJ/kg [63].

5. Conclusions

An experimental program was carried out to investigate the
crashworthiness performance 2.5D braided thermoplastic compos-
ite tubes. Two composite materials were considered. The influence
of tube length and braiding angle were studied. Three crushing
modes were observed: fragmentation, progressive folding and
splaying modes. The fragmentation mode consists in a progressive
fracturing of the composite material in small pieces. It presents the
highest specific energy absorption (61 kJ/kg) and is characteristic
of the carbon/polyamide braided tubes. On the other hand, the
progressive folding is close to metallic tubes behavior. Several
buckles appear and dissipate the crash energy. Internal damaging
can occur but the structure integrity remains. It is observed for
high braiding angles of glass/polypropylene composite tubes and
has specific energy absorption of 36 kJ/kg. The splaying mode
consists in a progressive tearing and bending of the tube’s wall.
Due to the through-the-thickness reinforcement, delamination is
reduced, leading mainly to efficient global bending of the tube’s
wall and extensive internal damages. The crashworthiness perfor-
mance of glass/PP tubes is comparable to best metallic and some
thermoset braided composites tubes performances. The carbon/
PA tubes crash energy absorption capability is comparable to per-
formance of some thermoset braided tubes and clearly better than
performance of metallic tubes. This first experimental program,
12
dealing with thermoplastic 2.5D braided composite tubes, showed
a great potential of this type of materials in use in crash energy
absorption. These results will be used for the validation of
analytical and numerical models for 2.5D composites.
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