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Abstract

In this study, carbon fiber reinforced polymer matrix
composites were produced to investigate the trigger effect
on energy absorption performance. Production was carried
out by vacuum infusion method. Three types of trigger
geometry were opened on the composite crash boxes
produced and also comparison sample without trigger was
prepared. The quasi-static compression tests of these four
different samples were carried out and the energy
absorption performances of the samples were evaluated
with the obtained data. In addition, the damages of the
samples were examined, and it was revealed how they
changed with the trigger. Accordingly, the sample
described as S-2, (the triggered sample, which consists of
four symmetrical slits downwards from its upper surface)
exhibited the best performance in terms of absorbed energy.
Additionally, the peak forces were reduced with the triggers
opened and the maximum peak force decreases were seen
in S-3(with hole type triggers) and S-4 (with horizontal slit
type triggers) samples.

Keywords: Carbon fiber reinforced composites, Crash
box, Trigger

1 Introduction

Automobile manufacturers compete in the automotive
sector to build better cars with essential performance and
safety standards. In the event of an accident, a significant
quantity of energy is produced due to the velocity and mass
of the cars, and this energy needs to be adequately absorbed.
Manufacturers strive to produce safer vehicles so that
passengers and the vehicle are minimally affected in the
event of a collision [1]. The production of forces that may
hurt the driver and passengers because of the energy that
cannot be effectively absorbed will put their lives in danger.
There are parts called crash boxes specially designed for this
damping in vehicles [2]. Studies on crash boxes have become
more crucial as the relevance of concepts like sustainability,
the environment, and fuel efficiency has increased along
with the necessity of wvehicle lightness and rising
competition. Such structures in vehicles are categorized as
collision energy absorbent element structures. Every crash
endurance study focuses on energy-absorbing structures like
bumpers and crash boxes. A vehicle-mounted crash box is a
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Bu calismada enerji absorpsiyon performansi {izerine
tetikleyici etkisinin incelenmesi i¢in karbon fiber takviyeli
polimer matrisli kompozitler iiretilmistir. Uretim vakum
infiizyon metodu ile gergeklestirilmistir. Uretilen kompozit
carpisma kutularinin tlizerine ti¢ ¢esit tetikleme geometrisi
acilmig ve bir de tetikleyici igermeyen Kkarsilastirma
numunesi hazirlanmistir. Bu dort farkli numunenin yari-
statik basma testleri gerceklestirilmis ve elde edilen datalar
ile  numunelerin enerji emme  performanslari
degerlendirilmistir. Bunun yaninda numunelerin hasarlari
incelenmis ve tetikleyici ile nasil degistigi ortaya
konmustur. Buna gore S-2 olarak tanimlanan numune (st
ylizeyinden asagiya dogru dort simetrik yarik ile tetiklenen
numune), emilen enerji agisindan en iyi performansi
sergilemistir. Ayrica agilan tetikleyiciler ile tepe kuvveti
digiiriilmiis ve maksimum tepe kuvveti azalmalart S-3
(delik tipi tetikleyiciye sahip) ve S-4 (yatay yarik tipi
tetikleyiciye sahip) numunelerinde goriilmiistiir.

Anahtar kelimeler: Karbon fiber takviyeli kompozitler,
Carpisma kutusu, Tetikleyici

thin-walled structure fixed to the front of the vehicle. In the
event of a collision-related crash, the structure functions as
an element that absorbs energy in the car. This crash box
structure is intended to act as a vehicle's passive safety
system, absorbing kinetic energy in frontal collisions,
limiting vehicle deceleration to a safe level, and reducing the
risk of injury to the occupants [3]. The workspace of the
crash-box structure includes a variety of components and
methods, but mostly adds to the workspace for crash
resistance. Due to these factors, proper decisions should be
taken taking on the crash boxes' ability to absorb kinetic
energy as well as its manufacturing potential, price, and
weight. The layout of the crash box is one of the most
frequently discussed subjects. To comprehend the plastic
deformation behavior of various thin-walled constructions,
including cylindrical, square/polygonal, conical/conical, and
hat-section beams, as well as how well they can fit as an
energy-absorbing component, these structures are
investigated and compared [4-6]. Some studies have
investigated the roles of thin-wall structure size and
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thickness in collision behavior. In the design of the crash
box, many designs were assessed under various conditions,
including infills, hybrids, and multicellular structures.
Studies on the configuration of defects are carried out to
assess the energy absorbed by thin-walled structures with
trigger defects [7].

The majority of investigations on the crash box have,
according to the study of the literature, concentrated on how
well the crash box construction absorbs energy [3, 5, 8].
Existing studies are reviewed and some of them are given
below. When the results of previous studies are examined, it
is seen that geometric shapes give different results in energy
dissipation. The amount of energy dissipated varies
depending on the strength of the material of the crash box,
the thickness of the walls, the basic shape of the box and
some design parameters such as whether infill material is
used or not. Although the amount of energy dissipation
depends on the strength of the material used, strain is
required to dissipate energy. In other words, it is not
desirable to bear the impact by using a very strong and rigid
structure under impact. In such a case, the deceleration will
remain at very high values, high forces will affect the
passenger and cause the sensitive parts inside to be deformed
by not being able to withstand the load [9]. To reduce the
weight, cost, and increase energy absorption of crash boxes,
numerous experiments have been conducted. These studies
can be divided into classes such as changing the geometry,
using infill, and changing the material used, creating triggers
to manipulate the damage mechanisms of the crash box.

Zhonggang Wang et al. [10] carried out studies by
keeping the weight constant on a classical empty column and
columns divided into cells. In this study, it is aimed to
examine the folding mechanics. Like the previous study of
Nasir et al. [11], the results obtained in the experiments and
simulations were compared and the simulations were
confirmed, and then the studies were continued with
emphasis on simulation. Columns with different cell
numbers (n) were used in the studies. To determine the
contribution of the column connection types to the energy
absorption, the connection types are divided into three as
corner, t and diagonal. As the number of cells increased in
the columns, the thickness was decreased to keep the weight
constant. It was determined that thick-walled low-cell
structures were twisted and folded at longer lengths. The
oscillation amplitudes in the forces decreased significantly
due to the thinning of the walls as the number of cells
increased. In this study, it was also determined that the cross-
link type was the most effective connection type in energy
absorption. Corner and junction points influence energy
dissipation in multi-cell studies [12-14]. Heung-Soo Kim
[15] draws on studies that report that as more material is
added to the corner portion, more crash energy is absorbed.
The issue of global instability, however, could materialize
since the folding wavelength is substantially longer for
columns with thicker corners. Considering this negativity,
different profiles are envisaged to both increase the crash
energy absorption and provide a more stable and gradual
collapse under certain constraints. In this context, the idea of
adding an additional folding element to the corner of a cross-

section was proposed, and profiles with different cross-
sectional areas, produced with aluminum extrusion and one
more square column added to the corners, were put to the
test. According to the results obtained in a study in which the
effect of the number of sides of the polygon on the energy
dissipation is discussed [11]; Although the energy absorption
often increases with the increase of the number of edges, it
may decrease in some number of sides and when
approaching some number of sides, and considering that the
cylinder is an infinite polygon, it can be said that there is an
optimum point on the energy absorption depending on the
number of sides. Three categories of materials can be utilized
to make crash boxes: metal/alloy, composites, and hybrids of
composite-metal/alloy. Studies mostly focused on steel and
aluminum as the primary materials in the metal/alloy
category. On the other hand, aluminum is a strong yet
lightweight material, which has piqued the curiosity of
researchers who want to assess how well it can withstand
impacts. In the meantime, research on composite materials is
constantly in demand because there is such a demand for a
metal substitute [16-18]. To enhance energy absorption
capacity, crash box designs that are distinctive or original
have been made possible by the use of composite materials.
Huusayin [19] assessed the energy absorption capabilities of
axially crushed glass fiber reinforced plastic (GFRP) crash
boxes with various geometries. According to a comparison
of the collision outputs, the order of the geometries with
respect to energy absorbed was square, cylindrical,
hexagonal, and decagonal. The decagon shape had the
highest peak force value, and the square shape had the
lowest. Nia et al. [20] compared a big collection of aluminum
alloy tubes with various cross-sectional forms. The authors
found that cylindrical pipes absorbed the most energy per
unit mass under the same loading (quasi-static loading). The
gradual increase in the cross-sectional area of the samples
affected the maximum and average forces as well as the
energy absorption capacity [21].

In addition to the geometric shape of the crash box, which
is the main factor contributing to the crash-proof
performance; loading state can also affect collision behavior.
Understanding collision behavior under different loads helps
us determine where in a car the crash absorption structure
should be placed. Axial loading, oblique loading, lateral
loading, and bending loading are basically the four loading
states connected to car impact. Crash boxes, can be tested for
both axial and oblique impact loads in the quasi-static or
dynamic condition. [3, 4, 22]. To comprehend how the
breaking rate and energy affect the structure under
examination, different test settings might be used. The best
structure with the best crash performance should be
examined under various load situations.

Another method for creating a crash box structure that is
highly crashworthy is to employ triggers. Trigger, often
referred to as "crush initiator," "stress concentrator," or
"imperfection” in many different researches, is made with
the goal of stabilizing the collapse process and lowering the
peak force upon impact. Prior research has introduced many
trigger kinds, including cutting, grooves/corrugation, holes,
and uneven ends [19, 23, 24]. All research that used trigger
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in the crash box design came to the same conclusion: trigger
has a significant impact on the crushing reaction and the
energy absorption performance [25].

Some studies in this area are drilling [11, 26, 27],
irregular finishers [11] and partial cuts. Thin-walled square
tubes with rectangular and slotted windows were added by
Zhou et al. [27] to improve the impact resistance of tubular
structures. The authors presented quasi-static axial fracture
tests, numerical simulation analyzes, four single-window
tubes, twelve three-window tubes, and two conventional
tubes. The findings demonstrated that although the other
collapse modes of conventional tubes belong to the irregular
mode, those of conventional tubes belong to the symmetrical
mode. Additionally, the installation of windows can
significantly lower the first peak load and increase the
effectiveness of the crush force compared to standard tube.
Despite the significant mass reduction for windowed tubes,
the specific absorbed energy did not always increase.
Circular, square and hexagonal geometries were commonly
studied in crash box studies. The studies carried out with the
trigger were carried out by emphasizing the stress
concentration. In this context, circular geometry was chosen
to avoid corners.

The aim of this study is to produce crash boxes consisting
of lightweight and durable carbon fiber reinforced polymer
(CFRP) matrix composites by vacuum infusion method and
observe the effect of trigger type. Three different
irregularities (vertical slit, hole, and lateral slit) were created
to induce a trigger effect on the crash boxes produced in this
direction. In addition, a regular composite circular CFRP
crash box with no slits or holes was produced and tested for
comparison. The data obtained from quasi-static tests of four
different crash boxes were evaluated.

2 Material and methods

In this study, cylindrical crash boxes were produced from
carbon fiber reinforced epoxy matrix composite by vacuum
infusion method. The steps of producing carbon fiber
reinforced polymer matrix composite in cylindrical
geometry by vacuum infusion method are listed below. In
addition, a visual taken during production is given in Figure
1. 1) The surfaces of the molds consisting of rollers are
cleaned. 2) Mold surfaces are waxed to prevent sticking. 3)
Plain carbon fiber fabric is fixed to the mold with spray
adhesive to hold one end. 4) The fiber fabric is wrapped in
the amount determined according to the thickness planning.
5) Separator fabric is wrapped on glass fiber fabric. 6) Grit
meshes are wrapped on the separator fabric for homogeneous
progression of the epoxy. 7) Hoses that will provide vacuum
and epoxy flow are placed at both ends of the mold pipe. 8)
It is taped with heat resistant nylon and vacuum sealing tape.
9) With the hose extended from one end of the mold pipe,
the vacuum system is activated and all the air inside is
sucked. 10) With the help of the negative pressure created by
the vacuum, the end of the other hose is dipped into the
epoxy hardener mixture and the whole system is wetted with
the resin set. 11) The hose ends are clamped, and the system
is taken to the curing oven. 12) The composite system, cured

at 100 °C for 1 hour, is then separated from the mold pipe
and its burrs are removed.

Figure 1. Production of a carbon fiber reinforced polymer
matrix crash box

The composite crash boxes obtained by means of these
stages were cut to 1/3-5 aspect ratio specified in the literature
and taken to the test phase [3]. An image of the produced
carbon fiber reinforced polymer matrix composites is given
in Figure 2. The inner diameter of the composite crash box
was 35 mm, the outer diameter was 40 mm, so the wall
thickness was 2.5 mm. Its length was 90 mm. Three types of
triggers were opened to carbon fiber composites produced in
this geometry, and also a non-triggered sample was reserved
for comparison. Composite materials are very sensitive to
secondary processes. And in our tests, it has been seen that
damage cannot be done only with the disk rotating at high
speed. For this reason, the engraving set operating at high
speed was used for unloading operations.
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Figure 2. Composite samples that were produced and
prepared for adding triggers
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Triggers opened on the sample are seen in Figure 3. If
these are disclosed: The S-1 sample was the non-triggered
sample. The S-2 sample contained four ridges opened 10 mm
vertically from the tip. The width of the slit was 3 mm. The
S-2 sample consisted of four symmetrical holes drilled 10
mm down from the tip. The diameter of the hole was 3 mm.
In the last sample, S-4, there were four symmetrical
horizontal slits opened 10 mm below the tip. The width of
the slits was 3 mm. The carbon fiber fabric used had a plain
structure and an area density of 400 gr/m2. The plain fabric
was wrapped in 10 layers. Hexon MGS Ir-160 epoxy and |h
160 hardener were used. Quasi-static compression test was
performed to determine the energy absorption of the crash
box obtained from the produced composite material. The
tests were carried out at 2 mm/min and continued for 35 mm.
These test conditions were taken from the literature [3].
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Figure 3. Sample types and the geometry of the triggers
opened on them

The force-displacement curves obtained from these tests
were drawn and the maximum force values were determined.
In addition, the energy values absorbed were calculated by
integrating the contact force displacement curves, that is, by
calculating the area under them. Since the samples were
about the same weight, the specific energy absorption used
in such studies, which provides a mass-independent
comparison, was not calculated, and the absorbed energies
were compared to evaluate the trigger type effect. In
addition, damage patterns were determined, and damage
mechanisms were discussed depending on the trigger type.
Three replicates were made for each sample and the results
were added. The weights of composite tubes were almost
equal to each other. As a result of the measurement, the
weight of the carbon fiber reinforced composite crash box
samples was determined as 36+2 grams.

3 Results and discussion

In this section, the samples were handled one by one, the
maximum contact force, the energy they absorbed, and the
damage images of the samples were discussed and then their
comparisons with each other were made. The first sample
was the S-1 sample. There was no trigger mechanism in this
sample. The contact force-displacement curve containing the
data of the S-1 sample is given in Figure 4. The maximum
contact force of this sample was 9.48 kN, while the average
contact force was 5.06 kN. The area found by integrating the
contact force displacement curve, that is, the energy it
absorbed, was 169 joules. When Figure 4 is examined, a
sudden decrease after a severe peak force and then partially
increasing and decreasing peaks are seen.

=

S-1

S o~ 0 O

Contact force (kN)

[SE TR VR S

= =

0 * E:Z) I'5 2-0 2-5 3'0 3‘5
Displacement (mm)
Figure 4. Contact force-displacement curve obtained
from the quasi-static compression test of the S-1 sample

Peak force is usually the force that occurs when the sample
is first damaged, and if this force is too high compared to the
average force, it is a negative situation in terms of crash box
efficiency. The small fluctuations seen after the peak force
occurred because of the breaking of the horizontal fibers in
the composite. The reason for the increase in the force is that
some of the delaminated fibers bend inward and create
resistance again.

In Figure 5, the images of the S-1 sample during the
quasi-static test is given in four steps, respectively. In the
first step, the sample was just placed and did not suffered any
damage. The second step includes the image when the
sample took the first damage, and the peak force occured.
The first fracture was located almost in the middle of the
sample and surrounded the sample. In the third and fourth
steps, it is seen that the fiber broke in the sample and the
overlapping parts forced each other to cut.

Figure 5. Damage of S-1 specimen during quasi-static
compression

Another sample was the S-2 sample. In this sample, four
vertically symmetrical slits were opened from top to bottom
with a length of 10 mm. The contact force - displacement
curve of the S-2 sample is presented in Figure 6. According
to this data, the peak force, which is the maximum contact
force of the S-2 sample, was 8.43 kN. In addition, the
average force was determined as 6.18 kN. Compared to the
S-1 sample, it is seen that there was a decrease in the
maximum contact force and an increase in the average force.
The energy absorbed by the S-2 sample was 210 joules. It
can be calculated that it absorbed 24.2% more energy
compared to the S-1 sample.

S-2

Contact force (kN)

5 10 15 20 25 30 35
Displacement (mm)

Figure 6. Contact force-displacement curve obtained
from the quasi-static compression test of the S-2 sample
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In addition, the requirements of decreasing the maximum
contact force and increasing the average force, which are the
parameters of increasing the performance of the crash boxes,
were also realized. The maximum contact force decreased by
11% and the average force increased by 22% compared to S-
1.

The damage steps of the S-2 sample during the quasi-
static test are given in Figure 7. The first step is the original
state of the sample, which was not yet been damaged. In the
second step, the first fracture occurred, where the peak force
was formed. The first fracture occurred at the lower border
of the trigger and encircled the sample across the diameter.
In the third and fourth steps, it is seen that the fibers were
progressing by breaking after the sample was perforated
regularly inward and outward. In particular, the final image
of the sample is a type of fracture that is frequently
encountered in the literature [28, 29] and is desired. Breaking
in this way allows the sample to absorb the maximum
amount of energy because of the absorption of the energy
exposed by the occurrence of both delamination and fiber
breaks.

Figure 7. Damage of S-2 specimen during quasi-static
compression

The third type of sample was the S-3 sample. The trigger
type opened in the S-3 sample was a trigger in which holes
with a diameter of 3 mm were drilled. Four symmetrical
holes were drilled 10 mm below the upper limit of the sample
in this sample. The contact force - displacement curve from
the S-3 sample is presented in Figure 8. Accordingly, the
maximum contact force that the S-3 sample responded to
occurred after the first peak force. While the first peak force
was 6.03 kN, the maximum contact force was 8.36 kN.
Besides, the average force was determined as 5.70 KN. The
amount of energy it absorbed was 198 joules. When
compared with the first two samples, the S-3 sample showed
a better performance than the S-1 sample without the trigger
in terms of both maximum contact force and average force.
However, it performed worse than the S-2 sample. As a
matter of fact, while the S-3 sample absorbed 14.6% more
energy than S-1, it absorbed 6% less energy than S-2. In
composite systems, hole application is one of the most
common mounting types during montage. According to the
results we obtained, there was an improvement in
performance compared to the reference sample, but a worse
performance was observed compared to the S-2 type. For this
reason, it will be more beneficial in terms of stress
concentration to perform secondary operations like in S-2
during assembly.

=

S-3
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W g th v = o0

Contact force (kN)
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Displacement (mm)

Figure 8. Contact force-displacement curve obtained
from the quasi-static compression test of the S-3 sample

Damage images of the S-3 sample during the test phase
are shown in Figure 9. Here, too, the first fracture started near
the trigger, and then the shear force effectively advanced first
on the upper side of the sample, and then the piles on the
lower side were met. Thus, the contact force of this sample
exceeded the first peak force after 15 mm. From this point
on, the fibers progressed by being damaged by breakage and
delamination like the previous samples.

Figure 9. Damage of S-3 specimen during quasi-static
compression

The final sample type was the S-4 sample. In this sample,
the trigger was the horizontal cuts located 10 mm below the
tip of the sample. The cuts were symmetrically positioned
and there were four. The contact force - displacement curve
consisting of the data of the S-4 sample is presented in Figure
10.

10 .
9 S-4
Z 8
= 7
86
2
E s
S 4
o
g3
o 2
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0
0 5 10 15 20 25 30 35

Dispacement (mm)

Figure 20. Contact force-displacement curve obtained
from the quasi-static compression test of the S-4 sample
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Accordingly, the first peak force of the S-4 sample was 6.03
kN, while the maximum contact force was 8.06 kKN. The
average contact force was 3.06 kN. The amount of energy
absorbed by the S-4 sample was 107 joules. When these
results were evaluated, it was determined that the absorbed
energy decreased compared to the other three samples. The
S-4 sample absorbed 96% less energy compared to the best
performing S-2 sample. Based on this result, it can be
concluded that the S-4 type trigger is in a geometry that
negatively affects the crash box performance. In terms of
energy absorption performance, ranking was S-2, S-3, S-1,
S-4, from best to worst.

The fracture steps of the S-4 sample are given in Figure
11. Unlike the other samples, it is seen that the fiber breakage
and delamination rate was low in S-4. Apart from this, after
the first trigger point was broken, a second circular cut
occurred, and these fractures progressed. Such a form of
damage reduced the rate of fiber delamination. Therefore,
the amount of energy absorbed also decreased.

Figure 31. Damage of S-4 specimen during quasi-static
compression

The amount of energy absorbed by all samples, the
average contact forces and the first peak forces are presented
in Table 1. In addition, the graphs obtained for these data are
presented in Figure 12, Figure 13. When Figure 12 is
examined, it is seen that the highest first peak force was in
the S-1 sample. One purpose of triggering is to lower this
peak force. Peak force decreased in all three triggered
samples. In addition, it is desired to increase the average
force in crash boxes. As seen in Figure 12, the average forces
increased in the S-2 and S-3 samples.

Table 1. Some data from quasi-static tests for each crash box

sample
Crash box First peak Average Absorbed energy
samples force (kN) force (kN) (joule)
S-1 9.48 5.06 169
S-2 8.43 6.18 210
S-3 6.03 5.70 198
S-4 6.04 3.06 107

The visual figure, where the amounts of absorbed energy
are given together, is seen in Figure13. When Figure 13 is
examined, it is seen that the energy absorbed in the triggered
S-2 and S-3 samples increased and decreased in S-4. In
summary, it can be determined that the triggered sample
showing the best performance was S-2.

10
N Peak force (kN) & Average force (kN)
8
Z s
3
& 4
=
2
0

S-1 S-4

Specimens

Figure 42. Comparison of first peak forces and average
forces of composite crash boxes

According to the results obtained in a numerical study [19],
when three types of triggers were opened on glass fiber
reinforced polymer matrix composite and evaluated in terms
of absorbed energy, it was revealed that the trigger had a
positive effect on energy absorption. This result overlap with
our results. In addition, one of the trigger types in the study
was in the form of vertical slots, which we used in our study
(S-2). It has been stated that this type of trigger increases
energy absorption, similar to that in our study. Similarly, it
is possible to come across many metal [30], polymer-based
[31] numerical [32] or experimental [33] studies on the
energy absorption performance of the trigger. In all of them,
opening the trigger positively affected the energy absorption,
similar to the results in our study.

Absorbed energy (joule)
5-1

5-3

Figure 53. The relationship between composite crash
boxes in terms of energy absorbed

4 Conclusion

This study is about increasing the performance of crash
boxes. In this context, carbon fiber reinforced polymer
matrix composites are good candidates when considering the
need for lightness and high strength in vehicles. In this study,
carbon fiber reinforced composites in the form of a
cylindrical thin-walled structure as a crash box were
produced by vacuum infusion method. It is known from the
literature that the trigger effect improves performance in
crash boxes. For this reason, three types of trigger geometries
were created on the samples to reveal how they affect the
absorption performance. In addition, one non-triggered
reference sample was produced. Quasi-static compression
tests were performed to determine the energy absorption and
mechanical responses of all these samples, and the obtained
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data was evaluated to compare the trigger profiles.
According to the results, vertical slits type triggers (in S-2)
and hole type triggers (in S-3) showed better performance in
terms of energy absorption. The horizontal slits type triggers
(in S-4) showed the worst performance. In addition, contact
force - displacement curve behaviors and sample damage
images were compared, and it was determined that they were
compatible with each other. Additionally, the peak forces
were reduced with the triggers opened and the maximum
peak force decrease was seen in S-3 and S-4 samples.
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