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Abstract Quasi-static experiments and numerical simulations are carried out to study three-point bending
behavior of a new kind of structures, i.e., double cylindrical tubes filled with closed-cell aluminum foam. The
deformation and failure mechanism of this new structure were observed and analyzed numerically using the
finite element method. It is revealed that the stress distribution and fracture of the foam-filled double-tube
structure are different from those of an empty tube and foam-filled single tube. Two cracks were found exper-
imentally, and both experiments and numerical simulation show that cracks initiated in the aluminum foam.
In comparison with empty and foam-filled single tubes, the load-carrying capacity of this new structure is
much steadier, the bending resistance is enhanced, and the weight efficiency of energy absorption is higher.
Parameters affecting the performance of the foam-filled double-tube structures are also studied.

1 Introduction

During the past two decades, many research works have been done to study the axial crushing behavior of
thin-walled columns, which work as energy absorption members, in order to improve their capacity [1-3]. On
the other hand, a study on the real-world vehicle crashes showed that up to 90% involved structural members
failed in bending collapse mode [4].

As the results obtained in many related works, empty tubes are not suitable for bearing three-point bending
loads due to their very low resistance to indentation. In order to achieve higher bending resistance and weight
efficiency in energy absorption, ultra-light metal fillers such as aluminum foams were filled into thin-walled
structures. The bending behavior of such structures was studied by many researchers in the past several years.
Santosa and Wierzbicki [5] and Santosa et al. [6] investigated the effect of foam filling on the bending resistance
of thin-walled square columns through numerical simulation and quasi-static experiments. It was shown that
filling of foam improved the load-carrying capacity by offering additional support from inside and increases the
energy absorption. It was also pointed out that partial filling of foams increased the energy absorption to weight
ratio of the structure. The three-point bending behavior of the foam-filled cylindrical tubes was studied by Xie
etal. [7,8]. They showed that higher foam density could increase the load-carrying capacity of the foam-filled
cylindrical tube but will reduce the displacement before failure. The bending behavior of hat profiles filled with
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Fig. 1 Engineering stress—strain curves of the profile materials
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Fig. 2 Uniaxial compression stress—strain curves of aluminum foams

aluminum foams was studied by Chen [9]. It was found that filling of aluminum foams increased the specific
energy absorption of the structures. Chen et al. [10] performed numerical simulation and weight optimization
on foam-filled sections under bending condition. The results showed the potential of thin-walled columns filled
with aluminum foams as weight-efficient energy absorbers. Zarei and Kroger [11] studied the bending crash
behavior of empty and foam-filled thin-walled square aluminum beams experimentally and numerically. An
optimization procedure was applied to find the optimum foam-filled beam that absorbs the same energy as
optimum empty tubes with lower weight. Kim et al. [12] studied the bending collapse of thin-walled cylindrical
tubes filled with several pieces of foams experimentally and numerically. They pointed out that the bending
resistance of tubes with three pieces of filler was higher than that with one piece of filler.

For a structure under bending, the energy absorption as well as the bending resistance is of importance
when considering its crashworthiness. Although filling of aluminum foams increases the bending resistance of
thin-walled columns, it is found that columns filled with aluminum foams fail much earlier than those without
fillers, which limits the energy absorption of the structures. In this paper, the quasi-static three-point bending
behavior of an improved structure, i.e., double cylindrical tubes filled with closed-cell aluminum foam, is
studied in detail experimentally and numerically. The deformation and failure mechanism are analyzed, and
the results are compared with those of empty tubes and foam-filled single tubes.

2 Experimental setup
2.1 Specimens

The tube material used in the experiments is AA 6063 T6. Uniaxial tension test results of the material are shown
in Fig. 1. Slight differences for material AA 6063 T6 with different thicknesses were found. The closed-cell
aluminum foam was provided by Luoyang Ship Material Institute, CSIC, China, and produced by liquid state
processing using TiH; as foaming agent. The uniaxial compression test results of the foams are shown in Fig. 2
where pr denotes the apparent density of the foam.
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Table 1 Dimensions of cylindrical tubes (in mm)

Outer tube Inner tube

Diameter (mm) Thickness (mm) Diameter (mm) Thickness (mm)
1 38 1.0 20 1.2
2 38 1.6 24 1.2
3 38 2.0 22 1.4
Table 2 The parameters of specimens
Specimen  Profiles (outer-inner) Aluminum foams mi (g)  Smax (mm) Enmax (J) Es (J/g)

Thickness (mm)  Mass (g) Mass (g)  Density (g/cm?)

6E20a 1.6-0 124.5-0 - — 124.5 - - —
6E20b 1.6-0 124.5-0 — — 124.5 - - -
6S20a 1.6-0 124.5-0 114.0 0.44 238.5 12.9 559 0.23
6S20b 1.6-0 124.5-0 124.2 0.48 248.7 11.2 49.2 0.20
6D21a 1.6-1.2 124.5-42.4 81.0 0.47 247.9 26.3 111.3 0.45
6D21b 1.6-1.2 124.5-42.4 79.1 0.46 246.0 27.6 115.3 0.47
6DI11a 1.0-1.2 83.0-42.3 95.0 0.50 220.3 17.2 56.0 0.25
6D11b 1.0-1.2 82.9-42.3 92.6 0.49 217.8 18.9 62.8 0.29
6D31a 2.0-1.2 152.8-42.3 84.6 0.53 279.7 42.5 212.0 0.76
6D31b 2.0-1.2 153.0-42.3 86.2 0.54 281.5 28.0 142.0 0.50
6D22a 1.6-1.2 124.5-51.6 73.3 0.54 249.4 40.3 155.6 0.62
6D22b 1.6-1.2 124.5-51.6 70.2 0.52 246.3 43.1 164.1 0.67
6D23a 1.6-1.4 124.5-59.6 85.8 0.56 269.9 26.2 141.2 0.52
6D23b 1.6-1.4 124.5-59.6 84.8 0.55 268.9 26.4 144.0 0.54
4E20a 1.6-0 87.5-0 — — 87.5 - - -
4E20b 1.6-0 87.5-0 — — 87.5 - — —
4S20a 1.6-0 87.5-0 76.8 0.42 164.3 13.3 70.9 0.43
4S520b 1.6-0 87.5-0 84.7 0.47 172.2 10.6 55.8 0.32
4D21a 1.6-1.2 87.5-29.8 55.5 0.46 172.8 26.4 140.3 0.81
4D21b 1.6-1.2 87.5-29.8 60.1 0.50 117.3 24.0 138.5 1.20

Empty tube Single tube with foam Double tube with foam

Fig. 3 Sections of different tube arrangements

Table 1 gives the dimensions of the cylindrical tubes in the experiments. The parameters of specimens are
listed in Table 2. The specimens in this paper are named according to the following rule. The first number in
the specimen named “6D21a” means the ratio of the span L to the diameter D of the outer tube, followed by
the arrangement or filling status that £ means empty tubes, S means foam-filled single tubes, and D means
foam-filled double tubes. The third and fourth number means the type of outer and inner tube, respectively, in
Table 1. The last letter is a serial number of each specimen type. The arrangements of different structures are
shown in Fig. 3.

2.2 Experimental details

The arrangement of the three-point bending is shown in Fig. 4. MTS809 Material Test System was used for
the experiments. The diameter of the cylindrical punch and the supports is 10 mm. The total length L and the
span length L of different arrangements depend on the ratio Lo/ D and the diameter D of the outer profile. L
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Fig. 5 The reproducibility of experiments

is 270 mm when L/ D equals 6, and 190mm when Lg/D equals 4. The angle between two wedged sides of
the upper punch is about 60 degrees. A constant loading velocity of 0.2 mm/s was used to bend the specimens.

2.3 Definitions

In order to make a comparison of the experiment results easier, the following definitions are used in the paper.

E = fOS F ds denotes the energy absorbed by the structure up to the displacement of S. When the maximum
displacement Sp,x at global failure is chosen, the associated Epax represents the total energy the structure can
absorb before failure. Here, the maximum displacement Spayx is defined as the displacement when the force of
the structure falls sharply at the late stage as the vertical dash line shown in Fig. 5.

Es = E/my denotes the specific energy absorption to describe the mass efficiency of the structure, where
my is the total mass of a specimen. Again, when Engx is used as E, then Egpyax represents the specific energy
absorption of the structure before failure.
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Ly/D=4

Ly/D=6

Fig. 6 Final deformation of different tube structures

3 Experimental results and discussion
3.1 Reproducibility of experiments

The force—displacement curves of two foam-filled double-tube specimens 6D23 are shown in Fig. 5. The
reproducibility of other tests is also very good. Since the experiments are reproducible, only one curve for
each structure is used in the comparison later.

3.2 Deformation and failure mode

Each test was finished either when the deflection reaches its maximum allowed by the test arrangement or
when a crack was found. The final deformation of different structures is shown in Fig. 6. Apparently, the
main differences in the deformation patterns of these structures are the indentation depth and the maximum
deflection.
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Ly/D=4, Ly/D=6
Fig. 7 Cracks and neckings in foam-filled single tubes (upper) and foam-filled double tubes (lower)

Fig. 8 Longitudinal sections of a a foam-filled single tube and b a foam-filled double tube

Comparing with foam-filled structures, the indentation of the empty tube is much more obvious and the
final deflection is the largest. On the other hand, comparing with the foam-filled double-tube structure, the fold
size of the foam-filled single tube is smaller but its final deflection is much smaller.

A more important feature of the results is that the failure modes of these structures are totally different.
While no crack was found in the empty tube, both of the two foam-filled structures cracked at the downside.
Comparisons between the two structures are shown in Figs. 7 and 8, showing the position of cracks and the
sections of the fractured part, respectively. It can be seen that there is only one crack in the foam-filled single
tube, which is just underneath the loading point. However, there are two cracks inside the foam of the double-
tube structure, which are located symmetrically on the two sides, as shown in Fig. 8. Although only one crack
can be found on the tube surface, a necking band located on the opposite side is obvious, as shown in Fig. 7.
This is evidence that the cracks inside the foam occur earlier and lead to subsequent cracks in the outer tube.
The mechanism will be discussed later in the numerical simulation.

3.3 Load-carrying capacity

The punch force—displacement curves for different structures are shown in Fig. 9. It should be noted that a
rising of force in the late stage in specimen 4E20b is because the specimen surface comes into contact with
the wedged sides of the upper punch at large rotation, and a sharp final drop of force in some specimens is
associated with the fracture of the specimen.
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Fig. 10 Energy absorption of different structures

It can be seen from Fig. 9 that foam fillers increase the load-carrying capacity significantly. Another fea-
ture is the dropping trend of the force after its peak for the empty tube because of its serious indentation. The
load-carrying capacity of the foam-filled single tube is the highest but it fails much earlier. Comparatively,
the load-carrying capacity of the foam-filled double-tube structure is almost constant before failure, and the
maximum displacement Sy« is much larger than that of the foam-filled single tube, though its load-carrying
capacity is slightly lower.

3.4 Energy absorption

The variations of energy absorption E and the specific energy absorption Eg with punch displacement for
different structures having the same outer tube are shown in Fig. 10. The vertical and horizontal dash lines
at the ends of the curves in this Figure denote the maximum displacement Sy« of the punch and the energy
absorption Epax or Egmax Of the structure before failure, respectively. As expected, the energy absorption E
of foam-filled structures is always much higher than that of empty tubes. Although the energy absorption E of
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Fig. 11 Punch force—displacement curves of foam-filled double-tube structures with different inner tubes

a foam-filled single tube is a little bit higher than that of the foam-filled double-tube structure, the total energy
absorption Ep,x of the latter is much higher than that of the former because of its large displacement before
failure (Smax)-

From Fig. 10b, it can also be seen that the specific energy absorption Es and Egyax of the foam-filled
double-tube structure is much higher than that of the foam-filled single tube and the empty tube. In other
words, foam-filled double tubes are more weight efficient than the other structures in energy absorption.

3.5 Effect of the span

A comparison of the punch force—displacement curves for different structures with different span is also shown
in Fig. 9. It can be seen that the load-carrying capacity of all structures drops when Lo/ D increases from 4
to 6. While the maximum displacement of the foam-filled double-tube structure becomes slightly larger, the
load decreases faster after its peak.

3.6 Effect of the inner tube diameter and thickness

The punch force—displacement curves of foam-filled double-tube structures with different inner tubes are
compared in Fig. 11. It is found that the force of specimen 6D22a with an inner tube diameter of 24 mm is
only slightly lower than that of specimen 6D21a with a smaller inner tube diameter of 20 mm but the same
thickness of 1.2 mm. However, its maximum displacement becomes significantly larger. Comparatively, when
increasing both the inner tube diameter and thickness, specimen 6D23a with an inner tube diameter of 22 mm
and thickness of 1.4 mm, the load-carrying capacity rises obviously but the maximum displacement is almost
the same.

So, enlarging the inner tube increases the maximum displacement, and thickening the inner tube increases
the load-carrying capacity but may reduce the maximum displacement.

3.7 Effect of the outer tube thickness

The effect of the outer tube thickness is shown in Fig. 12. It can be seen that thickening the outer tube increases
both the load-carrying capacity and the maximum displacement and, as a result, the capacity of energy absorp-
tion. Particularly, if the outer tube is thick enough, e.g., 6D31 with the thickness 2.0 mm, the force decreases
very slowly at the later stage. This behavior is of advantage for crashworthiness.

4 Numerical simulation

In order to explore the deformation and failure mechanism of the foam-filled double-tube structures, numerical
simulations were conducted. The foam-filled single tubes were also studied for comparison.
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Table 3 The material parameters in detail
p (glem?) E (GPa) v vy k
Tube 2.7 59 0.3
Foam 0.43 0.625 0.1 0 1.732

4.1 Model

The explicit finite element code ABAQUS was used in the simulation. Three-dimensional models have been
constructed, and nominal dimensions were used for the geometry, refer to Fig. 4b and Table 1. An elastic-plastic
model was adopted to the aluminum alloy. The material model used in the simulation for the closed-cell alumi-
num foam is the crushable foam developed originally by Deshpande and Fleck [13]. The material parameters
used in the simulations are obtained from the experiments and detailed in Table 3.

Considering the computational efficiency, the velocity of the upper punch was set as 10 mm/s in the simu-
lation, faster than that actually used in the experiments. Nevertheless, its influence due to the inertia effect is
negligible. The boundary conditions are the same as those in experiments.

A friction factor of 0.3 was set for the interface between the tube and foam, as well as for the self-contact
of the tube. The interfaces between the outer profile and the upper punch or supports are keeping in contact.
Shell and continuum solid elements were used for the tubes and foam, respectively, and a mesh size of 2mm
was used according to the mesh convergence analysis.

4.2 The force—displacement curves

Comparisons of the force—displacement curves of the two structures obtained experimentally and predicted
numerically are shown in Fig. 13. Good agreement is reached except at a late stage after failure, since no
fracture mechanism was incorporated in the simulation. It should be noted that a small number of foam cells
appears along the thickness direction of the foam-filled double-tube structure, and the stress state shows a
strong gradient in the foam layer. This may result in diverse of its average response from that of a block
material due to the non-uniformity of the foam. So, the Deshpande—Fleck model is actually not applicable in
this case. However, the overall response of the structure depends on both the property of the foam filler and
that of the tubes. In the present case, the latter may be more important since the tubes bear most part of the
bending load. The reduced influence and the randomness may, more or less, explain the agreement reached.

4.3 Tensile strain of the outer tube

The evolution of the maximum tensile strain at the lowest part of the outer tube in the foam-filled structures
6S20 and 6D21 is shown in Fig. 14. As the displacement of the punch U, increases, the maximum tensile
strain ey, of the foam-filled double tube increases much slower than that of foam-filled single tube. This is in
accordance with the deformation discussed in the previous Section. In other words, reaching the same tensile
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Fig. 14 Comparison of maximum strain evolution in foam-filled single-tube 6S20 and double-tube structures 6D21

strain, the deflection of the foam-filled double tube is larger than that of the foam-filled single tube, in agree-
ment with the experimental results. So, the total energy absorption of the foam-filled double-tube structures
before failure is enhanced, in comparison with the traditional foam-filled single tube.

4.4 Stress distribution and failure mechanism

In our experiments, there are two cracks located symmetrically about the center of the foam inside and hap-
pened before failure of the outer tube. In order to make the failure mechanism clear, we must investigate the
stress distribution along the bottom path (dashed line) in the foam of the foam-filled double-tube structure
shown in Fig. 15. From the results of our numerical simulation, we found that the hydrostatic stress distribution
in the foam was similar to that in the foam-filled single tube. On the other hand, Fig. 16a shows that there
are two peaks of the equivalent Mises stress located symmetrically about the center of the structure. Here, the
horizontal coordinate zero locates the span center of the structure. The components of the deviatoric stress
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tensor are shown in Fig. 16b. The deviatoric shear stresses are almost zero except S»3. Both S11 (circumferential
direction) and S33 (axial direction) also have two peaks, and the distance between the two peaks is almost
equal to the distance between the two cracks in the foam observed experimentally. These evidences explain the
failure mechanism of the foam-filled double-tube structure, though a reliable failure criterion is not available
yet. This trend presented also suggests that improving the tensile strength of the foam may further enhance
the energy absorption capacity of the foam-filled double-tube structure.

4.5 Conclusions and discussions

In this paper, the quasi-static three-point bending behavior of foam-filled double-tube structures is studied
by experiments and finite element simulations, and the results are compared with those of empty tubes and
traditional foam-filled single tubes. Experimental results show that the foam-filled double-tube structure can
carry a steady load with enhanced bending resistance, higher energy absorption capacity, and weight efficiency.

Both experimental investigation and numerical simulations reveal that the deformation and failure mech-
anism of the new structure are different from those of an empty tube and foam-filled single tube. The tensile
strain along the bottom of the outer tube increases slower, and the failure of the outer tube at the bottom-center
was delayed. Two cracks located symmetrically on both sides at a distance from the loading position were
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found experimentally. Observation of the specimen section shows that cracks initiated in the aluminum foam.
The stress distributions calculated by the FE method approve this failure mechanism.

In this paper, we focus our attention on the effect of the structural topology and a few structural parameters.
In our early study [7], we have found that foam density may affect the bending and failure behavior of the
structure. However, only a limited range of the foam density was used in the present study. More experiments
should be conducted to investigate the influence of foam density and other parameters.

As mentioned in Refs. [6,8], partial foam filling can significantly increase the specific energy absorption of
foam-filled single tubes. It would be expected that partial filling could increase the specific energy absorption
of foam-filled double tubes as well, though it should be approved in the future.
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