EPPCT 2018 10P Publishing
IOP Conf. Series: Earth and Environmental Science 199 (2018) 032076 doi:10.1088/1755-1315/199/3/032076

Study on energy absorption capacity of carbon fiber tube

Liu Yuhao, Gu Haiming, Ren Jiwei, Wang Xu
(China Automotive Technology and Research Center Co.,L.td, Tianjin, China)
*Corresponding author’s e-mail: 1370786276@qq.com

Abstract. In order to study the energy absorbing capacity of carbon fiber pipe in collision, a
material test bench was designed with the help of collision sled. The influence of induced holes
on the mechanical properties of carbon fiber sample was studied. Through two different ways
of collision, the torn and bending energy absorbing capacity of the carbon fiber square tube
was obtained, and the way to increase the energy absorption capacity of the carbon fiber square
tube was discussed.

1. Introduction

With the development trend of automotive lightweight, how to improve automobile performance and
reduce the weight of automobiles has become the greatest concern of major automobile manufacturers
(121 Carbon fiber materials have the characteristics of high strength, light weight and corrosion
resistance. Carbon fiber and its fabric are light and bendable, able to fit different component shapes,
and considerably convenient to form . In the automotive industry, it is often used to make car body
panels, replacing traditional sheet metal parts; or used to manufacture complex aerodynamic
components to improve car performances of dynamic and maneuverability . Due to its excellent
physical and chemical properties, the application prospect is very broad.

In practical applications, the mechanical properties and energy absorption capacity of carbon fiber
materials under high-speed impact are difficult to obtain directly, which brings about great difficulties
for the design of vehicles energy adsorption structures. Aiming at this situation, in this paper a
material test bench was designed and utilized to relevant test. The influence of induced pores was
explored, and the calculation method of carbon fiber square tube energy absorption capacity was
provided, making a reference for the design of carbon fiber structure.

2. Material test beach

In order to obtain the response of carbon fiber materials under the impact, a test bench for carbon fiber
material was designed by means of an accelerated collision vehicle, the schematic diagram of which is
shown in Figure 1. Thereinto, 1 is the test bench body; 2 is a rubber block to protect the rear; 3 is the
sliding table, 3.1 is the protective surface, 3.2 is the end face of the sliding table rear, 3.3 is the
threaded hole for counterweight mounting, 3.4 is the material impacting surface; 4 is the linear guide
rail; 5 is the test material; 6 is a rubber block to protect the front end; 7 is the four-jaw chuck. An
acceleration sensor is attached to the rear-end surface of the sliding table to collect the acceleration of
the sliding table 3 in the test. The real test beach is shown in Figure 2.
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Figure 2. Practical image of material test beach
During the test, the material sample hit the impact surface at a uniform speed, resulting in the
vehicle (sample) accelerating first and then moving at a constant speed. The acceleration is displayed
in Figure 3. The acceleration distance of the vehicle could be obtained by integral, which was also the
reserved distance between the end plane of the test material and the material impacting surface,
calculated by the Equation (Eq.) 1.
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Figure 3. Acceleration curve of the vehicle

S=[[ adt (Eq.1)
where a is the acceleration of the vehicle, S is the displacement of the vehicle, and t is the end time of
the vehicle acceleration.

3. Study on influence of induced holes on the mechanical properties of carbon fiber material

The process parameters of the carbon fiber material used in this paper were: square cross section,
outside length of 40mm, tube wall thickness of 1.5m, 7-layers plain cloth layer, carbon fiber direction
of 0° and 90°, epoxy resin in prepreg, and autoclave molding. In order to facilitate the study of the
effect of induced pores on the mechanical properties of carbon fibers, a round tube sample was used
for the test.

Three different types of slotted carbon fiber tubes were selected, respectively named A (the number
of axial induction slots was 3, the number of radial induction slots was 4), B (the number of axial
induction slots was 3, and the number of radial induction slots was 2), and C (no induction slot). The
specific dimensions are shown in Figure 4. In the test, the mass of the counterweight block was 78kg,
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the impact speed was 20km/h, and the maximum acceleration of the vehicle was18g. The vehicle
curve is shown in Figure 3.
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Figure 4. Dimensions of carbon fiber tubes

Through the test, the acceleration-time curves of the vehicle and the impact surface could be
directly acquired, and the displacements of the vehicle and the impact surface could be respectively
obtained by Eq. 2, followed by an acquisition of the relative displacement, namely crumple length of
the sample. Eq. 3 was utilized to draw the force-time curve of the material, thereby obtaining the
force-displacement curve of the material, shown as Figure 5. The status of the sample is presented in
Figure 6. As can be seen in the figure, the tearing of the three carbon fiber samples is basically the
same and their coincidence of the acceleration-displacement curves are comparatively high, without
big fluctuations. Therefore, it is considered that the opening of the induced pores has less effect on the
tearing and mechanical properties of the carbon fibers.

S®) = [f, a(t)dt ( Eq.2)
F(t)=M*a(t) (Eq.3)

where S(t) is the displacement of the vehicle (impact surface), a(t) is the acceleration of the vehicle
(impact surface), F(t) is the force on the impact surface (sample), M is the counterweight of the impact
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Figure 5. Mechanical properties of different carbon fiber tubes
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pe A carbon fiber

(a) Tearing of

(b) Tearin of type B carbon fiber

(c) Tearing of type C carbon fiber
Figure 6. Tearing of different carbon fiber tube

4 Study on energy absorption capacity of carbon fiber tubes

4.1 Determination of test scheme

Carbon fiber crumple adsorbed energy mainly through two ways, torn energy absorption and plane
bending energy absorption. For the convenience of research, the square tube was selected for
experiment. Two test approaches were designed as below. Scheme 1: The material sample was cut
with the horizontal plane of the four-jaw chuck jaw as the fixed surface and the vertical surface as the
cutting surface. Under the circumstances, 8 torn edges appeared, and the bending side length was
100mm (the sum of the chuck jaw cutting surfaces); Scheme 2: the chuck was replaced by a fixed
block, with 4 torn edges of the material sample impacted by a plane and the bending side length of
240mm (the collision plane is the collision surface). The two experimental schemes are shown in
Figure 7. The test sliding beach had a counterweight of 78kg, at a speed of 20km/h, and its
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acceleration curve is illustrated by Figure 3. The status of the material sample after the test is
presented in Figure. 8.

(as Test scheme 1
e ——

(b) Experiment scheme 2
Figure 7. Test schemes

(a) The sample after test by scheme 1

(b) The samplé after test by scheme 2
Figure 8. Samples after test

4.2 Test data verification
For the purpose to verify the reliability of the beach acceleration curve, the vehicle and the sliding
beach were verified by the test data, to determine the reliability of the test results. The verification way
is as shown in Eq. 4:
Dcrumple:Dvehicle' Dsliding beach(Eq- 4)
where Derumpte 1S the crumple distance of the carbon fiber sample, Dyenicte is the vehicle displacement
during the crumple process of the carbon fiber material. Dyiiging beach is the displacement of the carbon
fiber material.
The displacement of the test vehicle was calculated by Eq.5.
Dvehicle:Dvehicle total ‘Dvehicle acceleration (Eq 5)
where Dyenicle total is the total displacement of the vehicle in the test (obtained by twice integral of the
vehicle acceleration); Dyenicle acceleration is the displacement of the vehicle before collusion with the
sliding beach (obtained by twice integral of the vehicle acceleration).
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The displacement of the sliding beach is obtained by twice integrations of its acceleration. The
crumple distance of the carbon fiber sample was calculated and displayed in Figure 9, and the
maximum compression of the carbon fiber is 36.05 mm. The actual amount of compression (measured
value) was 35.90 mm, as shown in Figure 10. Owing to high goodness of fit of the calculated value
and the practically measured value, the calculated values were adopted to calculate the material
parameters in the subsequent calculations. The verification process of scheme 2 was the same as that
of scheme 1, with the calculated value of 36.01 mm and the actual measured value of 35.80 mm.

The force-displacement curve of the materials in the two schemes was determined by utilization
the crumple curve of the carbon fiber samples and the acceleration curve of the sliding beach,
exhibited in Figure 11. As seen in the figure, in the two schemes, the carbon fibers are stable at the
crumple stage (after the second peak),u &nd the force-displacement curves are basically consistent.
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Figure 9. Compression of carbon fiber
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Figure 11. Force-displacement curves of the two schemes

4.3 Reverse calculation of energy absorption capacity of carbon fiber

The main energy absorption ways of carbon fiber are torn and plane bending adsorption. Therefore,
we hoped to obtain the torn and bending energy absorption capacity of the test sample through
experiments. Relying on the test curve, Eq. 6 was obtained.

N S 1
Dy * fo 1f(s)tear force ds + fO ! Hlf(s)bend force ds = Emvlz

S. S. 1
D2 * fo Zf(s)tear force ds + foz H2 f(s)bend forceds = Emvzz (Eq- 6)
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f(S)tear forceds = Qtear
f($)bena forceds = Qpena

where D; is the number of sample torn edges of the in scheme 1, D;=8; S, is the sample crumple
distance in scheme 1, S;=0.03605m; H; is the total width of the sample plane bending in scheme 1,
H;=0.1m; D> is the number of sample torn edges of the in scheme 2, D,=4; S, is the sample crumple
distance in scheme 2, S,=0.03601m; H; is the total width of the sample plane bending in scheme 2,
H;=0.24m; f(x)tear force is the tearing force function of the sample displacement; f(x)bend force is the
bending force function of the sample displacement in a unit plane width; m is the total weight of the
sliding beach, m = 78kg; Qe is the energy required to tear the sample of unit distance, namely torn
energy absorption capacity; Qvend 1S the energy required to bend the sample of unit distance at the unit
width, namely the bending energy absorption capacity; V; is the maximum speed of the sliding beach
in Scheme 1 (obtained by intergral of the acceleration of the sliding beach);V, is the maximum speed
of the sliding beach in Scheme 2 (obtained by intergral of the acceleration of the sliding beach).

Solution of Eq.6 could access to the torn energy absorption capacity Q. of 974.36J, when the
material underwent a unit length tearing; the bending energy absorption capacity Qpend Was 25.64J.

On account of Qrear /Qbend=38, when the side length of the carbon fiber square tube was 38 mm and
the carbon fiber tube underwent a unit distance tearing, the torn energy adsorption and the bending
energy absorption were equal, that was Quear=38Qbenda. When the side length of the carbon fiber tube
was longer than 38mm, the torn energy adsorption was greater than the bending energy absorption.
When the side length of the carbon fiber tube was shorter than 38mm, the torn energy adsorption was
smaller than the bending energy absorption.

Meanwhile, Quear and Quena are constant for a specific carbon fiber material, so the energy
absorption equation of the carbon fiber tube material can be described as Eq. 7.

(DQtear+HQbend) S:Q (Eq 7)

where D is the sides number of the carbon fiber tube, H is the bending side length of the carbon
fiber tube, S is the torn distance of the carbon fiber tube, and Q is the total energy absorbed.

It can be seen from Eq. 7 that, with the increase of the bending side length of the carbon fiber tube,
H(D)enlarges, while the total energy has no change, which results in the decrease of the crumple
distance. Here (DQeartHQbend) is considered as the whole energy absorption capacity of the carbon
fiber tube.

4.4 Design for increasing the energy absorption capacity of materials

Through the foregoing analysis, the bending and torn energy adsorption capacities of the materials
during the crumple process were obtained, and the whole energy absorption capacity of the carbon
fiber tube were defined. In order to increase the whole energy absorption capacity of the material
during the crumple process, a polygonal carbon fiber square tube (simultaneously increasing the
circumference and the sides number of the carbon fiber tube) was designed. The cross section is
shown in Figure 12. This polygonal square tube has 12 sides, with a total circumference of 284 mm.
Under the test conditions same as those set in the above description, the counterweight of the test
sliding beach was 78kg, at a target speed of 20km/h, and the test results are exhibited in Figure 13.

Figure 12. Sectional view of the polygonal square tube
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_(a) Sample test result
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(b) Test acceleration curve
Figure 13. Test results of polygonal carbon fiber tube

Through the experiments it was found that, when the circumference and the sides number of the
carbon fiber tube were increased, the polygonal carbon fiber square tube did not suffer axial crumple
in the tests, but undergo radial tearing, and nested together. As can be seen from the acceleration curve
of Figure 13, when the circumference and the sides number increase, the first peak of the acceleration
curve enlarges significantly, indicating that the axial stiffness of the polygonal square tube is also
improved significantly. When the axial stiffness of the square tube exceeds the radial stiffness, the
carbon fiber tube will be radially torn, and when the carbon fiber is radially torn and broken, the
sliding beach acceleration curve will sharply decline, with a great reduction of energy absorption
property. Therefore, for the purpose to ensure the good energy absorption property of the carbon fiber
tube, its circumference and sides number are required to be rationally designed.

5. Conclusions
In order to explore the mechanical properties of carbon fiber materials, in this paper a material test
bench was designed to test carbon fiber samples, and relevant conclusions were acquired.

(1)  The induced holes had less effect on the mechanical properties of carbon fiber materials.

(2) Both tear and bend of carbon fiber material can absorb the collision energy. The energy
absorption capacity of carbon fiber structures can be obtained by test data.

(3) For the purpose to ensure the good energy absorption property of the carbon fiber tube, its
circumference and sides number are required to be rationally designed.
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