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In this study, a type of tube with an open-hole AL alloy tube nested outside the CFRP tube
is designed and fabricated, and the energy absorbing characteristics and failure
mechanism under quasi-static axial compression are discussed. It is found that the
summing tube composed of two single tubes has less energy absorption than the
hybrid tube. Numerical simulation and theoretical models are used to evaluate the
influence of the hybrid tube in terms of cost and weight, and it is found that under the
same energy absorption, the hybrid tube has a weight reduction of 39.2% compared to the
open-hole AL tube, which was 25.7% of the cost of the CFRP tube. This hybrid structure
has potential as the load-carrying and energy absorption tube.

Keywords: composite tube, axial crushing, crashworthiness, numerical simulation, integrated design

1 INTRODUCTION

Thin-walled tubes have been found to have wide applications as crashworthy structures in the
engineering field for their high structural efficiency and low usage cost (Lu and Yu, 2003; Du and
Song, 2004; Zhang, 2008). An essential index of thin-walled structures is energy absorption which
can be achieved by the plastic deformation of metal or fracture of composite material. Specific criteria
should be followed in designing crashworthy structures—that is, higher energy absorption capacity,
lower peak load value, and enough deformation displacement. Facing the lightweight development
trend, the design of thin-walled tubes concerning the load-carrying ability, energy absorption,
material cost, efc. is of more importance.

In recent years, efforts have been made to improve the crashworthiness of metal thin-walled tubes,
such as cross-sectional design, variable thickness, inducing angle/groove, and opening hole (Baroutaji
etal,, 2017; Ha and Lu, 2020; Bhutada and Goel, 2021). Compared with the metal one, a composite thin-
walled tube shows higher specific mechanical advantages and becomes a potential alternative as a
crashworthy structure (Lau et al., 2012; Zhu et al,, 2018; Isaac and Ezekwem, 2021). Metal/composite
hybrid tubes can combine the stable deformation of metal and lightweight property of composite (Reuter
and Troster, 2017; Sun et al,, 2018; Ma et al., 2019; Wang et al., 2020). It is found that hybrid tubes showed
relatively better load-carrying and energy absorption characteristics than single tubes. Moreover, inducing
open hole in thin-walled tubes has been found to be beneficial for improving crashworthiness
characteristics (Liu et al., 2017; Liu et al., 2020; Ren et al., 2021).

In this study, the influence of open-hole and hybrid configuration on the load-carrying and energy
absorption of tubes under axial compression will be explored. First, inducing hole is a design in the
AL tube which is combined with the CFRP tube. Then, the quasi-static axial compression
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FIGURE 1 | Dimensions of an open-hole AL tube.

experiments are carried out to investigate the energy-absorbing
characteristics and failure mechanism of three types of tubes,
namely, open-hole AL, CFRP, and hybrid. Finally, the validated
FE simulation and theoretical model are used to evaluate the cost
and weight of the hybrid tube compared with single tubes.

2 DESIGN, FABRICATION, AND
EXPERIMENT

Design conception of the open-hole AL tube is shown in Figure 1.
The open-hole ratio y is defined by
6

:271)

1

Y

where 0 is the central angle of one corresponding to the entire
tube, which is set at 25°. The center of the circular hole is located
at an axial symmetry, and the middle distance is d. The radius of
the circular hole is 7.

_ 6nR

T—M (2)

The outer area of the tube and open hole is S and S,
respectively. The area removal ratio f3 is defined as

Si
B=- 3)

AL tubes made of 6063-T5 whose properties are described in
Table 1 are commercially bought, and holes are drilled by a CNC
cutting machine as designed. CFRP tubes are supplied by Dezhou
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Carbon Fiber Composite Materials Co., Ltd. The length of the AL
tube is 120 mm, the tube diameter is 64 mm, and the wall
thickness is 2 mm. The length of the CFRP tube is 120 mm,
the tube diameter is 59.8 mm, and the wall thickness is 1.9 mm.
The hybrid tube is obtained by inserting the AL tube covered by
film adhesive into the CFRP tube. Three kinds of tubes are shown
in Figure 2. The radius of the open hole is 13.8 mm. A pair of
holes is located at the upper and lower quarter points of the AL
tube axially, and the other pair is symmetrically arranged.

A universal testing machine (UTM5305STXL) with a load
capacity of 300 kN is used to investigate the quasi-static axial
compression properties of various tubes, namely, AL, open-hole
AL, CFRP, and hybrid. These tubes are placed between the rigid
steel plate with a diameter of 150 mm. Compression speed is
chosen as 4 mm/min, and the maximum loading displacement of
each specimen is 80 mm.

3 RESULT AND DISCUSSION

3.1 Crashworthiness Indices

Crashworthiness indices are considered including energy
absorption EA, mean crushing force MCF, peak crushing
force PCF, crushing efficiency CFE, and energy absorption
per unit weight SEA. All these indices of each specimen are
calculated through the load-displacement curves directly
obtained from the experiment. Energy absorption EA refers to
the total energy absorbed by the specimen during the test which
corresponds to the area under the load-displacement curve. It can
be calculated as follows:

d
EA = jF (x)dx (4)

The F (x) represents the instantaneous compression force, and
d is the compression displacement. Mean crushing force MCF
under a certain crushing displacement d is calculated by

MCEF = %. (5)

Peak crushing force PCF refers to the maximum load during
the quasi-static compression experiment. Crushing efficiency
CFE refers to the ratio of MCF to PCF.

F
FE — mean . 6
C PCF (6)
CFE is an important indicator that reflects the ability of the
energy absorption element, and high value is beneficial. SEA is
defined as

TABLE 1 | AI6O63-T5 AL alloy material properties.

Elastic Poisson’s ratio v

modulus E (GPa)

68.2 0.3

Density p (kg/m®)

2,700

Ultimate
strength ¢, (MPa)

Yield
strength o5 (MPa)

191 238
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FIGURE 2 | Three kinds of tubes: (A) open-hole AL, (B) CFRP, and (C) hybrid.
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FIGURE 3 | Load-displacement curve with deformation modes of the
AL tube.

SEA = —. (7)
m

3.2 Single Tube

3.2.1 AL Tube

The load-displacement curve and the crushing process of AL
tube are shown in Figure 3. With the increase of the crushing
displacement, the load capacity of the AL tube decreases sharply
after it reaches the peak load (107.7kN) because the AL tube
processed by T5 has a higher strength and brittle fracture, which
will make its minimum carrying capacity very small. As the
upper pressure platen moves downward gradually, collapse of

the AL tube was observed following with the second and third
peak load. While the fragments produced in the previous
crushing process impacted the remaining AL tube, the lower
half of the AL tube touched the upper pressure platen and
irregular wrinkles that resulted in an incomplete accordion
deformation of the AL tube being created. Under the effect
of these folds, the numerical value of the next wave crest will
decrease.

3.2.2 Open-Hole AL Tube

The load-displacement curve of the open-hole AL tube is
shown in Figure 4, where the peak load of the open-hole
AL tube is lower than that of the unopen-hole AL tube. The
main reason is that the opened hole will guide the deformation
of the AL tube and reduce the load. With the increase of the
crushing displacement, the lower hole of the open-hole AL
tube is crushed. The wrinkles produced by the guide hole will
appear without contributing to the energy absorption of the
open-hole AL tube. The upper part and the lower part of the
round hole get contacted because the round hole at the bottom
was destroyed. Dislocation occurred after a short contact time.
The upper AL tube is in direct contact with the lower bottom
plate. The contact between the upper and the lower AL tube
results in a small bugle in the load-displacement curve, while
the contact between the upper AL tube and the lower pressing
platen enables the entire upper tube to continue to absorb
energy so that the second peak occurs. Because the bottom of
the AL tube is the irregular shape left by the lower round
hole, the upper round hole has produced small deformation
energy absorption. The existence of the round hole led to the
entire AL tube to generate cracks from the right side of the
round hole. The spread of the cracks makes the entire open-
hole AL tube no longer have the capacity of absorbing energy.
The upper hole of the open-hole AL tube has a regular
deformation; however, the upper hole has irregular
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FIGURE 4 | (A) Load-displacement curve with deformation modes of open-hole AL tube and (B) vertical view of the crushed open-hole AL tube.
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FIGURE 5 | (A) Load-displacement curve with deformation modes of CFRP tube, (B) profile view of the crushed CFRP tube, and (C) detailed view.

deformation when the shape of the AL tube was deformed. The
energy absorption of this level model is very low, which
belongs to a medium length collapse model.

3.2.3 CFRP Tube

The load-displacement curve of the CFRP tube under quasi-
static compression and the entire crushing process is shown in
Figure 5. The load-displacement curve shows a linear trend at
the initial stage of crushing, and the curve drops instantly when
it reaches the peak load (89.32kN). As the upper plate continues
to move downward, the top area of the CFRP will generate a
stress concentration area where many micro-cracks generally
spread, and they will divide the CFRP tube into many sheet
structures. Meanwhile, under the effect of layup, some sheet
structures deform to the inside, while some deform outside of
the tube, as shown in Figure 5B. After the stage of reaching the
peak load, the entire CFRP tube is in the deformed state of
mode I benefiting for the absorbing energy of the tube. The
load-displacement curve shows that the whole energy
absorption process of the CFRP tube is more stable than
that of the AL tube. However, the brittle fracture of the

CFRP tube makes its capacity of energy absorption to
reduce greatly. The AL tube can be used to limit the CFRP
tube in order to make the CFRP tube to become more compact
and to improve the energy absorption capacity of the
CFRP tube.

3.3 Hybrid Tube

The deformation mode of the hybrid tube is complex, and its
load-displacement curve and collapse process are shown in
Figure 6. The same as the open-hole AL tube and CFRP
tube, its initial curve still increases linearly to reach the peak
load (128.92 kN). The top of the CFRP tube inside the hybrid
tube did not deform, which is different from that of a single
CFRP tube. This is because the restriction of the AL tube on the
top prevents the CFRP tube from layering fracture. Through the
bottom view and the load-displacement curve, the lower hole of
the AL tube started to undergo deformation for energy
absorption; the inside of the CFRP tube deforms from the
lower part, and both the deformations result in a decrease in
peak load. As the compression displacement gradually increases,
the inside of the CFRP tube starts to produce cracks. As the
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FIGURE 6 | (A) Load-displacement curve with deformation modes of hybrid tube, (B) Vertical view of the crushed hybrid tube, and (C) Profile view.
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FIGURE 7 | Load-displacement curve of four investigated tubes.

crack spreads, the outer AL tube gradually compresses the lower
round hole until the round hole disappears.

Differing from the open-hole AL tube, the outer AL tube
cannot undergo dislocation because of the high strength of the
CFRP tube inside. After the lower round hole disappears, the
upper AL tube and the lower AL tube are in direct contact,
increasing the mean crushing force. The CFRP tube takes the
main responsibility of absorbing energy in the whole hybrid tube,
and the mean crushing force of the hybrid tube is also higher than
the mean crushing force of a single CFRP tube with stable
deformation. This also confirms the feasibility of limiting
brittle fracture of CFRP tubes with external AL tubes to
improve the energy absorption level. As the AL tube is
compressed and compacted gradually, its energy absorption
and load-displacement curve also rise gradually. Compared

with the single tube, the mutual restriction of the mixed tube
increases the capacity of absorbing energy. The mutual restriction
makes the performance of the material to be further exerted, and
the high strength of the CFRP tube also improves the energy
absorption level of the open-hole tube.

3.4 Comparison
The load-displacement curves of all three samples are shown in
Figure 7. It can be clearly seen that the load-carrying capacity of the
hybrid tube is higher than that of all single AL or CFRP tubes in the
half crushing process. All the crashworthiness indices mentioned
above are shown in Table 3. To better explore the influence between
the AL tube and CFRP tube, a simple sum of the open-hole AL tube
and the CFRP tube was carried out. The deformation of the AL tube
happened with fragment. By comparing Figures 4-6, we can see that
during the crushing process, the deformation state of the two tubes
that comprise the hybrid tube is of great difference to that of only the
single tube. It can be seen from Figure 5B that the CFRP tube
produces sheet structures that are bent in two directions under the
axial compression. As a result, the CFRP tube absorbs energy mainly
from the delamination and friction between the layered sheets and
the upper pressure platen. Axial crushing makes the CFRP tube to
generate cracks and transverse fractures, while the axial fibers on
each sheet are still together. It was obvious that these axial fibers in a
single CFRP tube are not fully utilized to absorb energy. However, it
is opposite for the hybrid tube as shown in Figure 6B due to the
constraint of the outer AL tube. The inward laminating and curling
sheets gradually lose their ability to absorb energy, while the rest of
the sheet continues to absorb energy. With the increase of crush
displacement, the AL tube starts to generate plastic deformation, and
the upper part and the lower part of the AL tube are in contact with
each other. Since it cannot be dislocated inward, the mean crushing
force is further increased. Differing from the open-hole AL tube, the
upper open-hole did not deform until the end of the
compression test.

The load-displacement curves of the hybrid tube and the
corresponding addition of two single tubes (open-hole AL tube
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FIGURE 8 | Comparison of hybrid tube and the sum of open-hole and
CFRP tubes in the load-displacement curve.

and CFRP tube) are compared in Figure 8. The results show that
the restraint between the AL tube and the CFRP tube is beneficial
to energy absorption. It can be seen from Table 2 that total energy
absorption of the hybrid tube is 10.5% higher than the sum of the
two single tubes. Except for the deformation of the upper part of
the open-hole tube, the hybrid tube in the remaining area is
higher than the sum of the two single tubes. The reason why the
energy absorption capacity can be improved is not only because
of the complex interaction between the two tubes but also because
of the great change in their deformation pattern. Although the
SEA of CFRP tubes is relatively high, the CFE of CFRP tubes is
relatively low due to the high peak load. The CFE of hybrid tubes
is higher than that of all the other tubes.

4 COMPARISON OF WEIGHT AND COST

Considering the same MCF to compare the weight and cost, the
key is to determine the thickness of tubes. The simulation method
has been validated by experimental results so that it is available to
calculate for the open-hole AL tube. As shown in Figure 9, the
upper and lower pressure platen were set as discrete rigid body,

Rigid body

Uz#0, others=0

Displacement
80 mm

Rigid body
Fixed

FIGURE 9 | Sketch of simulation setup.

platen was fixed except the displacement in the z-direction which
was set to 80 mm. Elastic—plastic constitution relationship and
ductile damage model AL 6063-T5 were considered. Mechanical
parameters are listed in Table 1. As a benchmark, the open-hole
AL tube whose thickness is 2mm was first simulated.
Load-displacement curves and collapse deformation mode are
shown in Figure 10, in which good consistency was achieved and
the validation of simulation method was proved.

Then, the thickness of the open-hold AL tube was changed as
3, 3.5, and 4 mm. Correspondingly, the MCF was obtained from
the simulation load-displacement curves, and linear fit was
conducted based on the existing values as shown in Figure 11.
Finally, the thickness of open-hole AL tube can be calculated by
giving the same MCF with the hybrid tube.

The analytical model to predict the MCF of CFRP cylindrical
shell was established in the study by Boria et al. (2013), as shown
in Figure 12. Consider the CFRP tube with diameter D and total
thickness T. It will be delaminated into two parts with equal
thickness ¢ after the axial compression of pressure platen. The
angle between two parts is defined as 2a. gy is the ultimate tensile
stress of the laminate. 0, is the shear strength of the matrix
material (about 45% of the tensile strength). y is the friction
coefficient. MCF can be expressed as

7 (2hTA, sin (&) + ad,)

MCF = 2h(1 - cos(a) + psin(a))’ ®

where A; and A, in the formula can be defined as

and the tube was meshed by C3D8R solid element. The lower \ = 00D )
pressing platen was completely fixed, and the upper pressing o

TABLE 2 | Crashworthiness index of all specimens.

Type EA (kJ) PCF (kN) MCF (kN) CFE SEA (kJ/kg)
AL tube 3.36 109.5 43.7 0.37 25.03
Open-hole AL tube 1.29 72.3 16.1 0.22 11.89
CFRP tube 2.74 89.2 356.2 0.39 48.96
Hybrid tube 4.49 128.8 56.2 0.43 27.51
Sum (open-hole AL + CFRP) 4.03 161.5 51.3 0.31 2451
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FIGURE 10 | Comparison of simulation and experimental results in (A) the load—displacement curve and (B) deformation modes.
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FIGURE 12 | Analysis model of the CFRP tube subjected to axial compression.
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A, = hoy + Do, , (10)

where h can be calculated by Eqs (8)-(10) and the experimental
results, whose value is 2.47 mm.

In order to get the same MCF with the hybrid tubes, the
predicted thickness of the open-hole AL tube and CFRP tube can
be obtained by the aforementioned simulation and theoretical
calculation methods, respectively. Moreover, the overall weight
and the corresponding cost of these three types of tubes can be
calculated based on the identical geometrical parameters. As a
result, the thickness required for the open-hole AL tube and
CFRP tube is 3.56 and 2.57 mm, respectively. As shown in
Figure 13, the hybrid tube saves 25.7% cost compared with
the CFRP tube and 39.2% weight compared with the open-
hole AL tube, which shows an advantage in balance between
cost and weight.

5 CONCLUSION

In this study, the design of thin-walled tubes concerning the load-
carrying ability, energy absorption, and material cost was
conducted. A type of tube with an open-hole AL alloy tube
nested outside the CFRP tube is designed and fabricated, and
the energy absorbing characteristics and failure mechanism
under quasi-static axial compression are discussed. It is found
that the summing tube composed of two single tubes has less
energy absorption than the hybrid tube. Numerical simulation
and theoretical model are used to evaluate the influence of the
hybrid tube in terms of cost and weight, and it is found that under
the same energy absorption, the hybrid tube has a weight
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