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Abstract: Hybrid structures have the advantage of combining different types of materials at the same
time. The trend of lightweight design in the transportation industry has promoted the development
and application of composite materials with good crashworthiness performance. Low-density crush-
able foam-filled metal-composite hybrid structures have potential advantages as energy-absorbing
components. This study investigated the mechanical characteristics of four different polyurethane
foam-filled hybrid structures and their individual components under quasi-static axial compres-
sion. The experimental results showed foam-filled hybrid structures could change the deformation
mode and improve stability during the compression process. Meanwhile, these hybrid structures
could also improve energy absorption compared with their individual components. Among the
different configurations, specimen C-PU-C (i.e., polyurethane foam filler between an outer CFRP
tube and an inner CFRP tube) had the highest energy absorption capacity, at 5.4 kJ, and specific
energy absorption, at 37.3 k] /kg. Finally, a finite element (FE) model was established to analyze the
mechanical characteristics of the hybrid structures by validating the simulation results against the
experimental results.

Keywords: hybrid structure; aluminum alloy;

composite material; polyurethane foam;
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1. Introduction

Thin-walled structures have been widely used as energy-absorbing components in
transportation and aerospace engineering; meanwhile, the strong demand for high perfor-
mance and light weight is encouraging the application of different structural configurations
and materials. Sandwich structures, which comprise two thin hard face sheets and an inner
core, are an effective type. In general, face sheets are made of a metal- or fiber-reinforced
composite, and the core is made of honeycomb, metallic or polymer foam. Typical sand-
wich structures under compression conditions include sandwich tubes [1], beams [2,3]
and panels [4,5]; they have good energy absorption behavior and high specific energy
absorption under quasi-static or impact loading conditions. Sandwich tubes can enhance
their light weight and crashworthiness by using different materials to guide deformation
modes and to absorb as much energy as possible.

The mechanical behavior of thin-walled metal tubes under quasi-static and impact
loading conditions has been extensively investigated in the past decades. For example,
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Andrews et al. [6] classified the failure modes as concertina, diamond, mixed and Euler
buckling modes. Subsequently, more researchers focused on the application of aluminum
alloy for the advantage of light weight. In addition, some thin-walled tubes with special
shapes are able to improve crashworthiness performance. For example, Yao et al. [7] inves-
tigated the crashworthiness of circular hybrid corrugated tubes under axial compression,
and they had better energy absorption capacity than ordinary corrugated tubes. Li et al. [8]
investigated the crashworthiness of corrugation-reinforced multi-cell square tubes, which
also exhibited high energy absorption capacity and good weight efficiency. Meanwhile, the
mechanical behavior of thin-walled metal tubes can be predicted by the given geometry
and material parameters, and validation using the finite element method (FEM) has been
demonstrated [9-11].

In addition, composite materials have attracted increasing attention for their great
potential with respect to their light weight, and carbon fiber-reinforced plastic (CFRP),
as one a typical class of composite materials, is gradually being used in transportation.
Compared with traditional metallic materials, composites exhibit higher stiffness, higher
strength and lower density, so they have good potential with regard to crashworthiness and
light weight [12,13]; however, their cost is higher than metal now. In contrast to metal tubes,
the primary energy absorption mechanisms of thin-walled CFRP tubes are fracture failure
modes such as delamination between laminates, fiber breakage, and matrix cracking [14].
The energy absorption capability and specific energy absorption of thin-walled CFRP tubes
are better than those of aluminum tubes with a similar shape [15]. Therefore, researchers
have focused on the crashworthiness of metal-composite hybrid tubes, combining the
advantages of the two materials. Zhu et al. [16] compared the mechanical behaviors of
metal /CFRP hybrid structures under static and dynamic loading, and unlike Al tubes,
the energy-absorbing capacity of the CFRP tubes decreases considerably under dynamic
loading condition. Wang et al. [17] investigated how to achieve the best possible balance
between the performance and the cost of hybrid structures by means of multi-objective
optimization. Hussein et al. [18] studied an energy dissipating mechanism for crushing
square Al/CFRP tubes; specially designed platens were used to reduce the initial peak
crushing force and increase the energy absorption of the CFRP tubes. Some researchers
have focused on multi-cell hybrid tubes and structural multi-objective optimization [19,20].
In addition, the finite element method (FEM) is able to simulate composite structures under
quasi-static and dynamic loading. For example, Batuwitage et al. [21] investigated the
impact behavior of CFRP strengthened square hollow steel tubes by numerical simulation.

For foam-filled sandwich structures, aluminum honeycomb, aluminum foam and
polyurethane (PU) foam can be used as good fillers to absorb energy. On the other hand,
composite tube-reinforced foams or honeycomb also exhibit remarkable crashworthiness
performance [22-24]. Li et al. [25] compared the crashworthiness of empty and Al foam-
filled thin-walled tubes, and foam-filled circular tube structures possessed high energy-
absorbing efficiency. Sun et al. [26] compared the crashworthiness of empty circular CFRP
with CFRP/aluminum/steel tubes filled with Al foam or honeycomb under axial quasi-
static compression, this study showed the potential of foam /honeycomb-filled CFRP tubes
as energy absorbers. Zhu et al. [27] investigated the crashworthiness behavior of a circular
Al tube internally reinforced with a composite skeleton and Al foam under quasi-static
loading, with the tests showing that the strong interaction between foams and the skeleton
had a very noticeable contribution towards total energy absorption. Zheng et al. [28] in-
vestigated the influence of some parameters on the mechanical behavior of Al foam-filled
Al/CFRP hybrid tubes under quasi-static axial compression. PU foam is the most com-
monly used polymeric foam [29], and it is used as the filler in energy absorption systems in
a variety of applications such as bumpers for bridge protection [30,31], blast-resistant con-
nectors [32,33], and various kinds of folded structures [34,35]. Hussein et al. [36] compared
the compressive response of square Al tubes filled with PU foam and Al honeycomb, and
the tubes that were filled with both PU foam and Al honeycomb exhibited obvious perfor-
mance improvement. Gan et al. [37] investigated the mechanical behaviors of foam-filled
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CFRP and Al thin-walled structures under quasi-static compression, and the experimental
results showed that circular CFRP tubes filled with PU foam had better energy absorption
capacity than square and hexagonal structures. In addition, the SEA of the CFRP tube filled
with PU foam was higher than that of the Al tube filled with Al foam.

As mentioned above, Al foam-filled sandwich structures have been investigated
widely, but there research is lacking on PU foam as filler. This work aims to study the
crashworthiness characteristics of PU foam-filled Al/CFRP tubes with different hybrid
configurations. Firstly, a series of quasi-static axial compression tests for empty and foam-
filled Al/CFRP hybrid tubes was carried out to explore their mechanical behavior. Secondly,
the deformation mode and energy absorption demonstrated in these experimental results
were investigated. Then, some economic indicators were considered to evaluate their
energy absorption performance. Finally, numerical models were built in Abaqus/Explicit
and validated by experimental results

2. Experiments
2.1. Preparation of Specimens

In this study, the CFRP tubes were made in prepregs with T300 0/90° woven carbon
fabric and epoxy. In addition, the aluminum tubes were made of AA6061. There are two
kinds of tubes for CFRP and Al: outer and inner tubes, respectively. The length and the
thickness of all tubes were 150 mm and 1.5 mm, respectively, and there were six plies,
with a stacking sequence of (0°, 90°)3. In addition, the outer tubes, which had a diameter
of 60 mm, were designated as CFRP-O and AL-O, respectively. In addition, the inner
tubes, which had a diameter of 35 mm, were designated as CFRP-I and AL-I, respectively.
The density of the PU foam was 0.2 g/cm?. The length and the diameter of the PU foam
column used to test the material characterization were 100 mm and 56 mm, respectively.
The diameter and the thickness of hollow PU foam columns, the length of which was
the same as the tubes, were 56 mm and 10 mm, respectively. The manufacturer of all the
specimens was YHXK Co., Ltd. in China. Table 1 summarizes the geometric dimensions of
all the specimens for the experimental study. In addition, four foam-filled hybrid structures
were prepared as shown in Figure 1a, C-PU-AL denotes the hybrid configuration with
a CFRP outer tube, a foam core and an Al inner tube; the rest can be determined in the
same manner.

AL-PU-AL AL-PU-CFRP
(AL-PU-AL) (C-PU-AL)

@)

? Hydraulic
r wedge grip

Moving upper
platen

Specimen

Fixed lower
platen

(a)  (b)

Figure 1. Preparation of specimens and quasi-static compression tests. (a) Four foam-filled hybrid structures; (b) quasi-static

compression test configuration.
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Table 1. Summary of all the specimen for the experimental study.

Specimens Th(lli::;‘)e 58 Weight (g) ]?;a(ﬁele:;r L(:I%: )h D(g/\cs:l:gf)p Materials
CFRP-I 15 36.9 35 150 1.5 T300/epoxy
CFRP-O 15 64.5 60 150 15 T300/epoxy
AL-I 15 63.9 35 150 2.7 AA6061
AL-O 15 111.6 60 150 2.7 AA6061
Foam - 49.2 56 100 0.2 Polyurethane
Foam-H 10 433 56 150 0.2 Polyurethane
AL-PU-AL - 218.8 60 150 - AL-PU-AL
AL-PU-C - 191.8 60 150 - AL-PU-CFRP
C-PU-AL - 171.7 60 150 - CFRP-PU-AL
C-PU-C - 144.7 60 150 - CFRP-PU-CFRP

2.2. Material Characterization

To develop effective numerical models, tests were conducted on CFRP, Al and PU
foam materials to obtain the mechanical properties in accordance with the ASTM D3039
and D3518 procedures in an MTS Landmark testing machine at room temperature, as
shown in Figures 1b and 2. The stress—strain curves of AL, PU foam and CFRP materials

are shown in Figure 3.

Specimen

|\
=\l

I“

Extensometer
OO

(@) (b)

Figure 2. Specimens for tensile test. (a) Specimen and fiber orientation for the tensile test; (b) tensile test configuration.

2.3. Quasi-Static Compression Tests

All the quasi-static compression tests were implemented in a standard MTS 322 uni-
versal testing machine with a loading capacity of 500 kN at room temperature, as shown in
Figure 1b. All tests were carried out at a constant speed of 2 mm/min. The final crushing
distance was 80 mm, which was more than half of the original length of the specimen. The
force and displacement data were completely recorded by the system and the deformation

of specimens were photographed in detail.
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Figure 3. Experimental results of the material tests. (a) Stress—strain curve of AL; (b) stress—strain curve of PU foam; (c)
stress—strain curve of CFRP; (d) force-displacement curve of PU foam under quasi-static compression.

2.4. Crashworthiness Indicators

In this study, several widely used indicators were used to evaluate the crashworthiness
of these single tubes and hybrid structures, including energy absorption (EA), specific
energy absorption (SEA), mean crushing force (MF) and peak crushing force (PCF).

Energy absorption (EA) measures the total strain energy absorbed by the structure
during the crushing process, which is determined in terms of the area under the force—
displacement curve, defined as:

EA = /OdF(x)dx )

where d is crushing displacement.
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The specific energy absorption (SEA) means energy absorption in unit mass, de-
fined as:
sEA =4 &)
m
so materials with a higher SEA may be helpful for the lightweight design of structures.
The mean crushing force (MF) is used to show the average level of force, for a given

crushing distance d, defined as:

MF = % 3)

In addition, the peak crushing force (PCF) is the maximum value of force during the
compression process. Generally, PCF appears in the initial stage of the compression process.
In addition, a higher PCF possibly means a relatively higher vehicle deceleration, which
increases the risk of occupants being injured in a collision accident. Thus, lower PCF values
are preferred.

3. Numerical Models
3.1. Finite Element Modeling

The finite element (FE) model was built in the commercial finite element method soft-
ware ABAQUS/Explicit. Figure 4 illustrates the finite element (FE) model of the specimen
C-PU-AL, which consists of five parts. Both the upper and the lower plate were modeled
using discrete rigid elements, the upper plate moves and the lower plate is fixed. The CFRP
tube was modeled in six layers and meshed with continuum shell elements (SC8R) with
a size of 1.0 mm X 1.0 mm x 0.25 mm. Cohesive elements with the same size as CFRP
were adopted here to capture the delamination behaviors between the adjacent laminates.
The aluminum tube was meshed using S4R elements with a size of 1.0 mm x 1.0 mm. In
addition, the polyurethane foams were modeled using C3D8R elements with a size of
1.0 mm x 1.0 mm x 1.0 mm. In addition, a general contact with a friction coefficient of
0.2 was used to capture the interaction between these individual components.

PU Foam CFRP-O

Figure 4. The FE model of the hybrid specimen C-PU-AL (polyurethane foam filler between outer
CFRP tube and inner aluminum tube) and individual components.



Metals 2021, 11, 118

7 of 19

To improve the calculation efficiency, a much higher loading rate was allowed to
simulate the quasi-static experiments in the explicit finite element (FE) analysis, satisfying
the requirement that kinetic energy not exceed 5% of internal energy, and that the velocity
of the upper crosshead remains constant at 1.0 m/s.

3.2. Material Models
3.2.1. Aluminum Tube

In this study, the aluminum tube was modelled using an elastic-plastic material
model based on the von Mises isotropic plasticity algorithm with the following mechanical
properties: Young’s modulus 70.0 GPa, density 2.7 g/cm?, and Poisson’s ratio 0.3, while
the true stress—true strain curve was obtained from the uniaxial test, as plotted in Figure 3a.

3.2.2. Polyurethane Foam

The polyurethane foam was modelled using the *CRUSHABLE FOAM material model
with isotropic hardening with following mechanical properties: Young’s modulus 49.4 MPa
and density 0.2 g/cm3; the true stress—true strain curve is plotted in Figure 3b.

3.2.3. CFRP Tube

As distinct from the metal tube, the CFRP tube is a kind of multi-layered composite
structure. In order to simulate the real physics of the crushing of composites, in this study,
the material model of CFRP tube included two parts: one was an intra-laminar constitutive
model reflecting the constitutive behaviors of fiber and matrix, and the other was an
inter-laminar constitute reflecting the mechanical behaviors of the adhesive layers.

In the intra-laminar constitutive model, composite ply is thought to be a homogeneous
orthotropic material, the material parameters describe both the elastic stress—strain relations
and the failure behaviors along the fiber directions, as well as matrix cracking under shear
loads. The material parameters of the elastic and failure behaviors along the fiber directions
used in this study are shown in Table 2.

Table 2. Material parameters of the elastic and failure behaviors along the fiber directions.

Description Variable Value
Density(kg/ m3) 0 1560
Elastic properties (GPa) Eq 7.5
- E, 7.4
- G 5.0
- V12 0.04
Damage initiation (MPa) X1+ 789
- X1- 704
- Xo, 748
- Xo, 698
- S 107
Fracture energies (kJ/ m?) G}j 95
- Gp, 145
- Grl 90
2—
- G fo 140

In the inter-laminar constitutive model, the material parameters describe the adhesive
bonds between adjacent plies and simulate the delamination phenomenon. A traction-
separation law comprised of a damage criterion based on a quadratic nominal stress
criterion and damage evolution based on the Benzeggagh-Kenane fracture criterion. The
material properties describing the inter-laminar damage model were the same as those
reported in [31].
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4. Results and Discussion
4.1. Experimental Results
4.1.1. Aluminum Tubes

Figure 5a,b show the deformation modes and load—displacement curves of the inner
aluminum tube (AL-I) and the outer aluminum tube (AL-O), respectively. For AL-I, there
were typical concertina modes during the first two deformation process, so it exhibited
good stability, and the force was regular and repeatable with crushing displacement
changes. However, the deformation mode changed to diamond mode when the crushing
displacement reached about 33 mm, the tube wall did not fold completely inward; sharp
corners were formed on the opposite side and appeared alternately, so the stability of
the deformation process became bad and the force obviously decreased. Finally, the AL-I
formed a mixed deformation mode.

60 —

40

20 <

80

Diamond lobes —AL-O — AL-I
Concertina folds  Diamond lobes
—
¥ 60 —
- E
E z
=
8 Ll
S 40 /
20
— T 0 — T T T T 1
0 20 40 60 80 0 20 40 60 80
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(@ (b)
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-‘ﬂ ﬂ

T T T T v 0 T T T T T T T T
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Displacement (mm) Displacement (mm)

(9) (d)

Figure 5. Deformation mode and force-displacement curves of single tubes: (a) AL-O; (b) AL-I; (c) C-O; (d) C-I.

For Al-O, the diameter of the tube increased from 35 mm to 60 mm compared with
al-I; it exhibited a concertina mode only at the beginning of compression, and then it
turned into diamond mode; however, the stability of the compression process seemed
worse, the force was irregular and unrepeatable, and it changed within a small range.
Compared with the aluminum tube with typical concertina modes throughout the whole
compression process, these experimental results showed that deformation mode obviously
influences the mechanical behavior, and the energy absorption performance could not be
reflected perfectly. However, when the compression process is not under ideal conditions,
it would be very helpful to improve the energy absorption performance by having better
deformation mode.



Metals 2021, 11, 118

90f19

Force (kN)

Force (kN)

140

4.1.2. CFRP Tubes

Figure 5c,d show the deformation modes and load-displacement curves of the inner
CFRP tube (CFRP-I) and the outer CFRP tube (CFRP-O), respectively. Different from
the plastic deformation of the aluminum tubes above, the CFRP tubes exhibited obvious
breakage and failure during the compression process. At the beginning of compression,
similar to the metallic tubes, the CFRP tubes went through an elastic stage, and the force
increased rapidly to peak force, following which the force exceeded the load ability of
the tube and structure breakage appeared. An initial splaying mode appeared inside and
outside due to fiber breakage and delamination, and the force decreased rapidly. Then, the
fiber broke mainly along some paths and the compression and force were stable with small
fluctuations, and these results show that the force increases with increasing tube diameter;
therefore, the CFRP tubes exhibited good energy absorption ability.

4.1.3. PU Foam-Filled AL-AL Hybrid Structure

Figure 6a shows the deformation modes and force-displacement curves of AL-PU-AL.
These results show that this hybrid structure helped the outer aluminum tube achieve
typical concertina folds throughout the whole compression, with each fold being formed
about every 15 mm of compression displacement. The stability of this process was obviously
better than that of the single outer aluminum tube above. Then, the structure was cut along
the cross-section after the experiment, as shown in Figure 7a. The deformation of the inner
aluminum tube was similar to that of the inner aluminum tube (AL-I) above, and the foam
core was compressed between two tubes. Therefore, this hybrid structure exhibited a more
stable deformation mode.
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Figure 6. Deformation mode and force-displacement curves of hybrid structures: (a) AL-PU-AL; (b) AL-PU-C; (c) C-PU-AL;

(d) C-PU-C.
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Figure 7. Internal deformation mode of hybrid structures: (a) AL-PU-AL; (b) AL-PU-C; (c) C-PU-AL; (d) C-PU-C.

The force of this hybrid structure increased rapidly at the beginning of compression,
and when it exceeded the load ability of the structure, the force decreased to a very
low value and then changed with deformation. Compared with single aluminum tubes,
the force exhibited better repeatability, and this hybrid structure showed better energy
absorption ability.

4.1.4. PU Foam-Filled AL-C Hybrid Structure

Figure 6b shows the deformation modes and force-displacement curves of AL-PU-C.
Similar to AL-PU-AL, above, this hybrid structure also helped the outer aluminum tube
to achieve the typical concertina mode and exhibited good stability during the entire
compression. Then, this structure was cut along the cross section after the experiment to
investigate the deformation of the inner CFRP tube and the foam core, as shown in Figure 7c.
The failure mode of the inner CFRP tube was mainly fiber breakage and delamination,
but was obviously different from the single CFRP tube (C-I). All of the fiber was gathered
inside and it was largely restricted by the foam core. For the foam core, the side closer
to the outer aluminum tube was compressed by its plastic deformation, and the other
side was not obviously influenced by the CFRP tube. Therefore, this hybrid structure also
exhibited a more stable deformation mode.

The force—displacement curve of this hybrid structure mainly exhibited the mechanical
properties of the outer aluminum tube, but at the final stage of compression, the force
increased. Part of the reason for this was that the foam core was compressed to densification.
Compared with the single aluminum tubes, this hybrid structure showed better energy
absorption ability.
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4.1.5. PU Foam-Filled C-AL Hybrid Structure

Figure 6¢ shows the deformation modes and force—displacement curves of C-PU-AL.
The outer CFRP tube exhibited a typical deformation mode similar to the single outer
CFRP tube, and this hybrid structure showed good stability during compression. Then, the
hybrid structure was cut along the cross section after the experiment, as shown in Figure 7c.
Different from the single outer CFRP tube, all fiber damage developed outwards, and was
restricted by the foam core.

The force—displacement curve of this hybrid structure fluctuated less than the indi-
vidual structures above and exhibited the mechanical properties of the outer CFRP tube.
In addition, the peak force was higher. At the final stage of compression, the force also
increased. Compared with single CFRP tubes, this hybrid structure showed better energy
absorption ability.

4.1.6. PU Foam-Filled C-C Hybrid Structure

Figure 6d shows the deformation modes and force-displacement curves of C-PU-C.
The final deformation mode showed that the outer and inner CFRP tubes were outward
fronts and inward fronts, respectively, as shown in Figure 7d. The force—displacement
curve of this hybrid structure exhibits the typical mechanical properties of CFRP tubes; it
fluctuated a little, and the peak force was close to the mean force, so the area enclosed by
the curve and the coordinate axis were bigger and showed better energy absorption ability.

4.2. Comparsion of Hybrid Structures and Their Individual Components

Table 3 shows a summary of the crashworthiness indicators of the single tubes and
hybrid structures obtained from the experimental results. For single tubes, the peak forces
of AL-O, C-O, AL-]I, C-I were 46.8 kN, 62.4 kN, 35.2 kN, and 50.5 kN, respectively. The
peak forces of CFRP tubes of the same size were 33.3%, 43.5% higher than aluminum
tubes, respectively. The energy absorption of AL-O, C-O, AL-I, C-I were 1.8 kJ, 2.3 k],
1.6 kJ, and 1.7 kJ, respectively. Therefore, C-O absorbed 26.7% more energy than AL-O,
and C-I absorbed nearly the same amount of energy as AL-I. The mean forces of AL-O,
C-O, AL-I, C-I were 22 kN, 27.8 kN, 20.5 kN, and 20.7 kN, respectively. For CFRP tubes,
their forces were close to the mean forces. The specific energy absorption of AL-O, C-O,
AL-I, C-I'was 15.8 k] /kg, 34.6 k] /kg, 44.9 k] /kg, and 25.6 k] / kg, respectively. Therefore,
the CFRP tubes exhibited an obvious advantage in terms of lightweight design as energy
absorption components.

Table 3. Summary of crashworthiness indicators of single tubes and hybrid structures obtained from
the experimental results.

Specimens EA (k]) SEA (kJ/kg) PF (kN) MEF (kN)
CFRP-I 1.7 449 50.5 21.3
CFRP-O 2.3 34.6 62.4 28.8

AL-T 1.6 25.6 35.2 20.0
AL-O 1.8 15.8 46.8 22.5
Foam-H 0.2 4.6 - 2.5
AL-PU-AL 3.7 16.9 81.8 46.3
AL-PU-C 4.6 24.0 81.5 57.5
C-PU-AL 5.2 30.3 94.1 65.0
C-PU-C 5.4 37.3 79.5 67.5

For hybrid structures, the peak forces of AL-PU-AL, AL-PU-C, C-PU-AL, C-PU-C were
81.8 kN, 81.5 kN, 94.1 kN, and 79.5 kN, respectively. The energy absorption of AL-PU-AL,
AL-PU-C, C-PU-AL, C-PU-C was 3.7 k], 4.6 k], 5.2 kJ, and 5.4 k], respectively. Therefore,
the C-PU-C hybrid structure exhibited the highest energy absorption capacity The specific
energy absorption of AL-PU-AL, AL-PU-C, C-PU-AL, C-PU-C was 16.9 kJ/kg, 24.0 k] /kg,
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30.3 k] /kg, and 37.3 kJ /kg, respectively. Therefore, the C-PU-C hybrid structure exhibited
an obvious advantage in terms of lightweight design as energy absorption components.

Figure 8 shows the force—displacement curves and energy absorption-displacement
curves of hybrid structures and the sum of their individual components (SIC). For AL-
PU-AL, at the initial stage, the peak force of the hybrid structure was almost equal to the
sum force of its individual components, and then the force of the hybrid structure was
higher. During the plastic deformation process, the peak force of SIC was about 50 kN,
and the peak force of hybrid structure was at first about 55 kN, then it increased gradually
when the compression displacement reached about 55 mm, mainly because of the ideal
deformation mode and the compression of PU foam, and it increased to about 55.9 kNN at
71.8 mm. The energy absorption of this hybrid structure was 3.7 k], just 0.1 kJ higher than
the energy absorption of SIC. Therefore, this hybrid structure assisted with exhibiting a
more stable deformation mode, but did not possess any obvious advantages in terms of
improved energy absorption.
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Figure 8. Comparison of force—displacement curves of hybrid structures and sum of their individual components: (a)

AL-PU-AL; (b) AL-PU-C; (c) C-PU-AL; (d) C-PU-C.
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For AL-PU-C, at the initial stage, the peak force of the hybrid structure was not equal
to the sum force of its individual components. It was found that AL-O and C-I did not
reach peak force at the same time. Here, the two peak forces of C-I and AL-O of SIC
were 91.7 kN and 71.2 kN, respectively, and the peak force of this hybrid structure was
between them. During the compression process, the force of the hybrid structure was
always much higher than SIC, the peak force of SIC was about 50 kN, and the peak force of
the hybrid structure was about 63 kN at first, then increased gradually when compression
displacement reached about 56.2 mm, and then increased to 69.9 kN at 74.4 mm finally.
The energy absorption of the hybrid structure was 4.6 kJ, and 1.0 k] higher than the energy
absorption of SIC. Therefore, this hybrid structure also exhibited a stable deformation
mode. Compared with AL-PU-AL, above, the force and energy absorption of the hybrid
structure were much higher.

For C-PU-AL, at the initial stage, the peak force of the hybrid structure was almost
equal to the sum force of its individual components. During the compression process, the
force of the hybrid structure was always much higher than SIC; the force of SIC changed
periodically and reflected the characteristic of metal tubes, but the force of the hybrid
structure changed slightly in the first half of the stroke and reflected the characteristics of
the outer CFRP tube, then it changed periodically gradually. The peak force of SIC was
about 61.5 kN, and the peak force of the hybrid structure was about 68.1 kN at first, then it
increased gradually when compression displacement reached about 68.5 mm, and finally
it increased to 77.3 kN at 75.6 mm. The energy absorption of the hybrid structure was
5.2 kJ, and 1.1 kJ higher than the energy absorption of SIC. Therefore, the force of this
hybrid structure exhibited the characteristics of both the outer CFRP tube and the inner
aluminum tube.

For C-PU-C, at the initial stage, the peak force of the hybrid structure was 26.2 kN less
than SIC, mainly because the failure of the outer CFRP tube and the inner CFRP tube was
not caused at the same time. During the compression process, the force of SIC changed
little around 50.0 kN, and the force of the hybrid structure changed little around 70.0 kN,
then it increased gradually when compression displacement reached about 70.0 mm, and
it finally increased to 77.9 kN. The energy absorption of the hybrid structure was 5.4 kJ,
which was 1.3 k] higher than the energy absorption of SIC.

In general, the experimental results showed that the force and energy absorption
of all hybrid structures increased compared with SIC. Firstly, the hybrid structures with
application of CFRP tubes increased more than the pure aluminum structures. Secondly,
the application of PU foam not only filled the space between the outer and inner tubes, it
also changed their deformation mode, and then influenced the mechanical characteristics
of the hybrid structures. During the compression process, the deformation of CFRP tubes
was restricted by the PU foam filler; they extended outside or gathered inside with more
friction and fiber breakage.

4.3. Simulation Results

Figures 9 and 10 show comparisons of the force-displacement curves and deformation
modes of the simulation results and the experimental results for the single tubes and the
hybrid structures, respectively. For the deformation mode, the simulation results matched
the experimental results well; for example, there were concertina folds and diamond lobes
in the single aluminum tube, and outward fronts and inward fronts in the single CFRP
tube. In addition, the simulation solved the interaction between the individual components
of the hybrid structures; the outer aluminum tubes were concertina folds, and the outer
and inner CFRP tubes were outward fronts and inward fronts, respectively. For the force—
displacement curves, the simulation results also matched the experimental results well.
The force of the CFRP tubes fluctuated obviously; part of the reason for this was that
the speed was much higher than the actual speed. A summary of the crashworthiness
indicators for the single tubes and hybrid structures from the simulation results is presented
in Table 4; the peak forces of the single tubes were lower than the experimental results,
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while the other results showed good agreement with the experimental results. Figure 11
shows a comparison of the energy—displacement curves of internal energy (ALLIE), kinetic
energy (ALLKE) and artificial strain energy (ALLAE) of AL-PU-AL and C-PU-C. ALLKE
and ALLAE were much smaller than ALLIE, which means that the simulation met the
quasi-static requirements. Summary of standard deviations of single tubes and hybrid
structures obtained from the experiment and simulation results are in Table 5.

Concertina folds
Diamond lobes

(@)

l— Outward fronts
Inward fronts |
e " =

(b)
Concertina folds Concertina folds
Inward fronts
(c) (d)

| Outward fronts I

Figure 9. Cont.



Metals 2021, 11, 118 15 0f 19

’— Outward fronts
Inward fronts

()

Figure 9. Comparison of deformation mode between the experimental results and simulation results: (a) AL-O; (b) C-O; (c)
AL-PU-AL; (d) AL-PU-C; (e) C-PU-AL; (f) C-PU-C.
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Figure 10. Comparison of force-displacement curves between the experimental results and simulation results: (a) AL-O; (b)
C-O; () AL-PU-AL; (d) AL-PU-C; (e) C-PU-AL; (f) C-PU-C.

Table 4. Summary of crashworthiness indicators of single tubes and hybrid structures obtained from
the simulation results.

Simulations EA (k]) SEA (kJ/kg) PF (kN) MF (kN)
CFRP-O 2.2 34.1 51.7 27.5
AL-O 1.9 17.1 40.8 23.8
Foam-H 0.2 4.6 - 25
AL-PU-AL 4.0 18.3 83.5 50.0
AL-PU-C 45 23.5 83.4 56.3
C-PU-AL 5.3 30.9 93.8 66.3
C-PU-C 54 37.3 82.5 67.5
3.0 2.0
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Figure 11. Comparison of energy—displacement curves between artificial strain energy (ALLAE), internal energy (ALLIE)
and kinetic energy (ALLKE) of the simulation results: (a) AL-PU-AL; (b) C-PU-C.
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Table 5. Summary of standard deviations of single tubes and hybrid structures obtained from the
experiment and simulation results.

Specimen EA SEA PF MF
CFRP-O 0.3 0.7 3.2 22
AL-O 0.3 1.1 24 1.1
Foam-H 0.2 0.2 - 0.1
AL-PU-AL 0.5 1.2 1.3 1.9
AL-PU-C 0.3 0.7 1.4 1.1
C-PU-AL 0.3 0.8 0.5 12
C-PU-C 0.3 0.2 1.7 0.3

5. Conclusions

This study investigated the mechanical characteristics of four different polyurethane
foam-filled hybrid structures and their individual components under quasi-static axial
compression. The deformation mode and energy absorption of these experimental results
were studied. Then, some economic indicators were considered in order to evaluate their
energy absorption performance. Finally, numerical models were built and validated with
respect to the experimental results. The following conclusions can be drawn:

1.  Polyurethane foam-filled hybrid structures can change the deformation mode of
individual tubes, and help to improve stability and energy absorption capacity during
the compression process.

2. Polyurethane foam-filled hybrid structures can improve the energy absorption com-
pared with their individual components. The energy absorption increases with the
use of CFRP material, and the C-PU-C hybrid structure exhibited the highest energy
absorption capacity, which is an obvious advantage in terms of lightweight design for
energy absorption components.
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