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This present study investigates experimentally and numerically the crush response and energy absorption per-
formances of auxetic foam-filled square tubes under quasi-static axial loading. Three different structures:
empty, conventional and auxetic foam-filled square tubes have been compared and examined with respect to
the deformation modes and load-displacement curves. Standard compression tests were conducted on the
tubes to evaluate the influence of auxetic foam in the energy absorption of empty tubes. Moreover, results
from computer simulation have also been supplemented to further examine the abovementioned effect. It is dis-
covered that the auxetic foam-filled square tube is superior to empty and conventional foam-filled square tubes
in terms of all studied crashworthiness indicators.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled structures are broadly designed and used in crashwor-
thiness applications such as automotive, aeronautical and collision safe-
ty protection structures to absorb and dissipate the direct impact forces
[1]. When subjected to a collision, thin-walled structure absorbs kinetic
energy through plastic deformation due to progressive crushing. The
metallic thin-walled tube is a widespread energy absorbing device
owing to impressive folding deformation when subjected to axial com-
pression. Moreover, thin-walled tubes have generally low cost, low
weight, high ductility and ease of production [2-4]. Therefore, these
structures have received extensive attention. Over the past decades, nu-
merous studies have been carried out to improve the energy absorption
and energy dissipation of metallic thin-walled tubes via changing the
material characteristics, geometry, wall thickness and locating material
filler inside them [5-13].

One of the most important goals in designing and energy absorbing
device is to absorb maximum energy with minimum mass. To obtain a
lightweight design, cellular materials such as foams have great energy
absorption performance as they can endure large deformation at almost
constant load [14]. As the importance of understanding the crushing be-
havior of foam-filled tubes (FFT) is increasing, several studies have been
conducted using theoretical, numerical and experimental methods in
recent years. Gupta and Ray [15] studied the collapse of ‘as-received’
and ‘annealed’ thin-walled empty and filled square tubes under lateral

* Corresponding author.
E-mail address: aroozbeh2@live.utm.my (R. Alipour).

http://dx.doi.org/10.1016/j.matdes.2015.08.152
0264-1275/© 2015 Elsevier Ltd. All rights reserved.

loading theoretically and experimentally. The filler material was in the
form of polyurethane foam or Kail wood. Experimental and numerical
study on circular aluminum alloy 6060-T4 filled with hydro aluminum
AS foam under axial and oblique quasi-static loading was conducted
by Bervik et al. [16]. Results concluded that the influence of foam filler
is more pronounced for the mean crushing load than for the peak
load. In other aspect, Santosa et al. [17] realized that the increase of
the mean crushing load of a filled tube has a linear dependence with
the foam compressive resistance and cross-sectional area of the tube.
In addition, Aktay et al. [18] investigated the quasi-static axial crushing
of extruded polystyrene aluminum FFT. In this study a numerical inves-
tigation of the crushing issue has been validated by a series of experi-
ments to specify proportional models for filled tubes. Gameiro and
Cirne [19] studied circular dynamic axial crushing of aluminum tubes
of different geometries, empty and filled with micro-agglomerate
cork. Results indicated that the ratio of tube diameter to the thickness
and length of tube known as slenderness are significant parameters
that globally govern the percentage increase in energy absorbed by tu-
bular structures after cork-filling during impact loading. In numerical
parametric studies, Ahmad and Thambiratnam [20-22] found that
using foam-filler materials in conical thin-walled tubes assist in improv-
ing the crushing stability and collapse mode of a structure, resulting in
great crashworthiness performance in both axial and oblique forces in
the mode of quasi-static and impact loading. In a similar study,
Mirfendereski et al. [23] carried out a parametric study to quantify the
quasi-static and dynamic crush load and energy absorption response
of empty and foam-filled tapered rectangular tubes to simplify their ap-
plications as energy absorbers. Number of oblique sides in loading, foam
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Fig. 1. Schematic behavior of material with (a) PPR and (b) NPR [48].

density and boundary conditions were parameters investigated in their
research. The effect of low density filler material, such as aluminum
honeycomb or foam, on the axial crash behavior of square box tube sub-
jected to quasi-static loading was evaluated by Santosa and Wierzbicki
[24].Recently, the potential utilization of integral-skin foams as stiffen-
ing elements located in thin-walled tubes known as ex situ FFT has
been reported by Duarte et al. [25,26]. Also, some research has been fo-
cused on using functionally graded foam as the filler in thin-walled
tubes aimed to improve crashworthiness efficiency [27,28]. Investiga-
tion in the mentioned literature shows that energy absorbing efficiency
of thin-walled tubes may be improved by using foam fillers. However,
FFTs are not necessarily preferable to non-filled tubes [14]. Aside from
geometrical specification of tubes, the filler material can significantly in-
fluence some crashworthiness indicators such as specific energy ab-
sorption (SEA). This effect arises from several factors such as density
and mechanical properties of fillers. Diversity of materials used as filler
in the tube illustrates the mentioned fact.

All the materials inserted in the tubes mentioned in the literature
have a level of capacity to absorb energy. One of the most common spec-
ifications is to have a positive Poisson's ratio (PPR). There is another
generation of material which has negative Poisson's ratio (NPR). In con-
trast with PPR materials, materials possessing NPR have a counterintu-
itive behavior and exhibit an uncommon property of becoming
contracted transversely when compressed longitudinally and vice
versa [29,30]. This type of material has been named auxetic by Evans
[31] and described in details by Love [32]. There are several references
to describe, manufacture and investigate the behavior of auxetic mate-
rials such as foams [33-37]. The NPR feature of auxetic materials brings

(a)

Zz

us a lot of remarkable capabilities such as better fracture toughness, in-
creased strength, good acoustic behavior, superior energy dissipation
and absorption and improved damping and indentation resistance
[38-41]. The applications of these structures in some industrial cases
have continuously been evaluated [42-47].

Although several studies have contributed to auxetic foams in the
area of manufacturing, mechanical behavior and various applications,
the authors could not find a direct discussion focused on using auxetic
foams as filler inside thin-walled tubes. The aim of the present study
is to assess the effects of using auxetic foam inside thin-walled tubes
for enhancing the crashworthiness performance in comparison with
conventional foam-filled and empty tubes. This study also highlights
the possibility of using finite element techniques in simulation of
auxetic material behavior in impact and crashworthiness applications.

2. Brief theory of auxetic foam

As mentioned in the Introduction section, conventional materials
show PPR, so that their cross-section becomes smaller in tension and
larger in compression, and vice versa for the NPR materials. A schematic
of the behavior of both materials are shown in Fig. 1. The NPR class
of material is known as “auxetic”, derived from the Greek word
“auxetikos” which means “tendency to increase” [46].

Auxetic foams, generally produced by the open cell foam, are a trea-
sured class of various auxetic materials due to their low price, easy avail-
ability and fabrication method. Methods to convert conventional foams
into auxetic have been extensively researched. The concept of auxetic
foams was proposed by Kolpakov [49]. Lakes [50] was the first to report

(b)
Y Model

A

"

Fig. 2. Schematic of; (a) a 2D auxetic re-entrant foam cell, (b) a 3D model of an auxetic foam cell [59].
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Fig. 3. Schematic of a 2D basic hexagonal unit cell for an auxetic structure [61].

a manufacturing process of auxetic foams via converting a metallic or
polymeric conventional foam. Multi-phase auxetic fabrication was pro-
posed by Bianchi et al. [33] who modified the fabrication process by
combining a re-conversion back to conventional foam via a shape mem-
ory polymer operation followed by a second auxetic conversion. Friis
et al. [51] suggested that the thermal transformation technique applied
for thermoplastic foams could also be utilized on metallic foams,
although this may be difficult because of the higher melting points of
metals. Solvent-based auxetic fabrication [52], vac-bag auxetic fabrica-
tion [36] and dual density auxetic fabrication [53] are the other typical
methods for converting conventional polymeric foams into the auxetic.

In the case of mechanical properties approach, reports [36,37,46,53]
show that the conversion process of conventional foams into auxetic
improves the mechanical properties. Many of these observations have
been directly attributed to the enhancement of foam density due to
the volumetric compression ratio applied and the change in the cellular
structure [54-57]. The abovementioned variations lead to the changes
in four elastic properties of the material: volumetric change under
strain, stiffness, compressibility and rigidity which are respectively de-
scribed by Poisson's ratio, Young's modulus, bulk modulus and shear
modulus [48]. Choi and Lakes [58] discovered that the energy density
of auxetic foam becomes greater compared to conventional types
under large non-linear deformation.

There is an approach to calculate some mechanical properties of
auxetic foams with respect to their microstructures. For instance, in
one of the most comprehensive studies, Chan and Evans [59] modeled
the cell geometries and volumes in 2D and 3D for auxetic foams. It
was realized that the cell geometry becomes similar to the bow-tie re-
entrant microstructure to some extent (Fig. 2) when the conventional
foam is converted into auxetic foam.

(a) (b)

After measuring the dimensions of the cells and averaging, the di-
mensions of the model were calculated based on the similarity of strain
energy. From the strain energy point of view, the elastic modulus and
Poisson's ratio for one of the faces of re-entrant structure (Fig. 3)
shown in Fig. 2(b) can be expressed by Eqgs. (1) and (2), respectively
[60].

G + sine)
Ei =

=k b cos30 (1)

sinf (g + sin9>

Viy =
12 cos20

2)

where h,  and 6 are as defined in Fig. 6 and b is the depth of unit cell.
The value of k can be calculated using Eq. (3).

k—Eb <§)3 3)

The term of E is the intrinsic Young's modulus and t is displayed on
Fig. 3. Details of analytical solution and numerical result of the 3D re-
entrant structure of auxetic material have previously been published
in [34].

3. Fabrication and experimental procedure

Fabrication method and experimental procedure used are presented
in this section. The energy absorption of three types of thin-walled
square tubes; empty square tube (EST) conventional foam-filled square
tube (CFFST) and auxetic foam-filled square tube (AFFST) subjected to
quasi-static loading are experimentally studied.

3.1. Material preparation

3.1.1. Fabrication process of auxetic foams

The fabrication process of foam consists of two steps: fabricating the
conventional polyurethane foam and converting the conventional foam
into the auxetic.

In this research, conventional polyurethane foam was fabricated by
mixing a suitable weight ratio of two chemical compounds which
were Polyol and Isocyanate. According to other researches, the stiffness
of the foam is too dependent on the weight ratios [62]. After mixing the
compounds, the mixture was poured into a mold. The mold was then
capped and kept at room temperature for more than two hours. The
conventional polyurethane foam was ready in the three mentioned
steps. Fig. 4 shows the different steps of the fabrication process.

Fig. 4. Different steps of polyurethane foam fabricating; (a) mixing, (b) pouring in the mold, (c) capping the mold.
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(b)

Fig. 5. Different steps of converting process; (a) cutting and covering, (b) cylindering and sinking, (c) applying pressure, (d) molding, (e) heating in the oven.

Next stage after fabricating the conventional foam was to convert it
to the auxetic. This converting process consisted of the following steps.
First the fabricated polyurethane foam was cut into favored cubic spec-
imens using a foam cutter. These specimens were then put in a thick-
walled aluminum cylinder (both closed-end) and immerse in hydraulic
oil. To avoid oil penetration, the foam specimens were covered with the
plastic cover and silicate glue. A hydraulic oil pump (able to apply pres-
sure between 5 and 50 bar) was used to apply a hydro-static pressure on
the specimens. After that, the specimens were placed in an aluminum
mold and put inside an oven to be heated to 160 °C as the softening tem-
perature. The final step of converting process was to cool down of spec-
imens at the ambient temperature. The different steps of converting
process and equipment used are shown in Fig. 5.

3.1.2. Material specification

The tube samples were simple square cross-section tubes made from
1 mm aluminum sheets for ease and affordability. The heights and
cross-section of the tubes were 50 mm and 26 x 26 mm, respectively.
The mechanical properties of the samples were determined based on
ASTM E8M standards.

Stress (MPa)
-]

Strain

In order to determine the density of the foams, the specimens were
measured and weighed prior to testing. Uniaxial compression tests of
square cubes of foam according to ASTM D3574-95 were conducted to
extract the stress—strain curve for both conventional and auxetic foams.

Although the Poisson's ratio of material can be normally calculated
using strain gauging, this method is not precise, reliable or accurate
enough for flexible material such as foam. In order to have better accu-
racy, specimens were initially subjected to a uniaxial compression test.
During the test, a high-speed camera was used to capture the elastic de-
formation of foams at the different compression stages. Using image
processing technique and based on observed deformation in the differ-
ent directions, perpendicular strain and longitudinal strain were deter-
mined. Finally, Poisson's ratio was calculated by dividing the negative
perpendicular strain with longitudinal strain [63]. Stress-strain curves
of aluminum tube and foams are displayed in Fig. 6. The specifications
of materials are listed in Table 1.

3.2. Experiments

The initial geometry of specimens is shown in Fig. 7. Each test
includes 5 samples in which the average data was used for the

(b)
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Fig. 6. Stress-strain curves of; (a) aluminum, (b) foams.
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Table 1
Mechanical properties of aluminum tube and foams.
Value
Property Symbol
Aluminum  Conventional foam  Auxetic foam
Young's modulus  E (GPa) 56 52 9.6
Initial yield stress o, (MPa) 115 0.51 0.36
Poisson's ratio v 033 0.01 —0.26
Density p (kg/m®) 2700 58 96

crashworthiness assessment. Quasi-static compression test on the sam-
ples was done by using an INSTRON universal testing machine as shown
in Fig. 8. The loading rate was set to 1.5 mm/min. The samples were
compressed up a crush length of 30 mm.

4. Finite element analysis

In the present study, the computer simulations were conducted
using the nonlinear finite element (FE) code ABAQUS/Explicit. Models
of the square tubes were developed using hexahedral elements with 8
nodes which appropriately simulated the buckling mode of the tubes.
Auxetic and conventional foam were modeled using 8 node solid ele-
ments with hourglass control. Stiffness-based hourglass control was
employed to avoid zero energy deformation modes. After convergence,
element sizes of 1 mm for the tubes and 1.9 mm for the foam filler were
chosen to achieve acceptable results.

A rigid body was used for the jaws. Surface-to-surface contact was
used for contact between the jaws and the tubes and also between
tubes and foams. Self-contact was also used for the tube wall and
foam itself. The friction coefficient between foam and tube were
equaled to 0.19 [64]. The lower jaw was stationary and the upper one
moved downward up to 30 mm crush length with a loading speed of
1.5 mm/min, similar to experiments. Identical boundary conditions to
experimental set-up were applied to all models using a couple of refer-
ence points. Upper jaw was fixed in all degrees of freedom except for
along loading direction. The lower jaw was fixed in all degrees of free-
dom. Explicit dynamic solver was used for simulation. A finite element
model of a sample is shown in Fig. 9.

4.1. Simulation of tube behavior
The isotropic plasticity model was employed to simulate the tubes.

The plastic hardening behavior of the tubes was calculated using
Eqgs. (4) and (5) and data obtained in Fig. 6(a).

or = 0g(1 +8£) (4)

(a)

Fig. 7. Tube configuration; (a) EST, (b) CFFST, (c) AFFST.

Fig. 8. Loading process of a sample.

er=In(1+e)— 2L (5)

where o and or are the engineering and true stresses, respectively.
In similar, & and & are the engineering and true plastic strains.

4.2. Simulation of foam behavior

Since the behavior of foam is different from that of metal, classical
plastic theory cannot be used to describe their behaviors. Therefore,
some constitutive models have been developed, so that the yield surface
depends on both the mean stress and the Von Mises equivalent stress.
Also all of them are phenomenological models [65].

In this study, the constitutive model is typically used in energy ab-
sorption structures based on the volumetric hardening during loading
process. This model is devoted a yield surface with an elliptical depen-
dence of deviatoric stress on pressure stress in the meridional plane
[66].

The yield function (F) for crushable foam materials is defined in
terms of the Kirchhoff stress and given by Eq. (6) [67].

F= /@ + a2(p—py—B (6)

where ¢ is the Von Mises equivalent stress and p is the mean stress.
The parameters po and B of the yield ellipse are related to the yield

Uy=-30

Hexahedral
Elements

Rigid Plates

Fixed

Fig. 9. A finite element model of samples.
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Fig. 10. Yield surfaces and flow potential for the volumetric hardening.

strength in hydrostatic compression (p.) and to the yield strength in hy-
drostatic tension (p;). Then, py and B are calculated by Eqgs. (7) and (8).

_ Pc—D:
po=PRt @)

s=af5?] ®

The parameter « represents the shape factor of the yield ellipse in
the p-q stress plane and can be calculated as

o :34k 9)
Bk + k)(3—k)
0
k= % (10)
C
ke = I% (1
c

where 02 and p? are the initial yield strength in uniaxial compression
and the initial yield strength in hydrostatic compression, respectively.

Eq. (6) represents an elliptical yield surface in the stress plane of Von
Mises stress versus the mean stress as illustrated in Fig. 10 [67].

(a) (b)

The plastic strain rate for the volumetric hardening model is as
follows.

0G
Pl_ Pl
gl =g'g (12)

where & is the equivalent plastic strain rate and G is the flow poten-
tial, (Eq. (13)).

G=/q?*+[3p2. (13)

The parameter 3 represents the shape factor of the yield ellipse and
the ellipse for the flow potential which is determined via Eq. (14).

3 /12y
B=——=L 14
V2V 1+2y, (14)
where v, is the plastic Poisson's ratio given by
3k
Vp =g (15)

The yield surface intersects the p-axis at -p, and p. as shown in
Fig. 10. It is assumed that p, remains fixed throughout any plastic defor-
mation process. By contrast, the compressive strength, p, evolves as a
result of compaction (increase in density) or dilation (reduction in den-
sity) of the material. The evolution of the yield surface can be expressed
through the evolution of the yield surface size on the hydrostatic stress
axis as a function of the value of volumetric compacting plastic strain,
— &Ml With a constant p,, this relation can be obtained from a user-
provided uniaxial compression test data using Eq. (16) [68].

, 1 1 p
Oc(efan)[0(6ta) (g2 5) + 5]

Oc (Sgiial)

PACHE (16)

Pe+

(c)

Fig. 11. Deformation modes; (a) EST, (b) CFFST, (c) AFFST.
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Fig. 12. Numerical and experimental load-displacement curves for (a) EST, (b) CFFST and (c) AFFST.

whereo, and €&, are the compressive stress and axial plastic strain

due to compression, respectively. The elastic behavior is modeled only
as linear elastic as shown in Eq. (17).

o=D%: ¢ (17)

where D® represents the fourth-order elasticity tensor and o and &
are the second-order stress and elastic strain tensors, respectively.

The true stress-strain curve data points and material properties ob-
tained from Fig. 6(b) were utilized for calibrating the foam materials
model.

5. Crush response and energy absorption performances

Fig. 11 shows the deformation modes of EST, CFFST and AFFST, ex-
perimentally and numerically. Since the main objective of the present
research is to investigate the global behavior of auxetic foam-filled
tubes under axial loading, the effect of localized buckling has then
been ignored in the simulation. Nonetheless, the numerical and experi-
mental results show a good agreement. Load-displacement curves of
the samples achieved from experiments and FE simulations have been
plotted and compared in Fig. 12. It is evident that a good correlation be-
tween the results has been achieved. As mentioned earlier, each exper-
imental test includes 5 samples. The experimental results are almost
identical with the standard deviations of 1.78, 1.94 and 1.97 for EST,
CFFST and AFFST, respectively. Likewise, the standard errors for the
EST, CFFST and AFEST are 0.8, 0.87 and 0.93, respectively. Thus, the aver-
age data were used for the crashworthiness assessment.

There are several indicators to evaluate the crashworthiness of axial
crushing of a structure and to design a controllable crushing pattern for
maximizing energy absorption and allowable peak forces during the
collapse. In present study, peak force (Pyqx), energy absorption (EA),
mean crush force (Py,), specific energy absorption (SEA) and crush
force efficiency (CFE) are the parameters which are used in measuring
crashworthiness [69]. The P,,q« demonstrates the force needed to initi-
ate collapse and to commence the energy absorption process. Energy
absorption (EA) is a criterion to specify the stable limit of a structure

Table 2
Numerical and experimental results from axially compressed specimens.

FE simulation

Samples g Pnax  Pm  SEA CFE EA Pnax Pm  SEA CFE
) (kN) (kN) (ki/kg) (%) () (kN) (kN) (k]/kg) (%)

EST 1362 141 45 10 298 1572 152 52 116 32.8

CFFST 1684 142 56 111 375 1858 162 62 122 388
AFFST 1925 158 64 118 385 2068 169 69 127 393

Experimental

and allows a comparison among different designs. During axial
crushing, the EA is calculated via Eq. (18).

EA(d) = /OdF(ﬁ)dﬁ (18)

where d and 6 are the crushing distance and displacement respec-
tively and F denotes the crushing force. In particular, the area under
the load displacement curve is equal to energy absorption capacity.
The mean crush force (P,,), based on the EA can be determined using
Eq. (19) [70].

P =—. (19)

In particular, Py, for a given deformation indicates capacity of energy
absorption of a structure. The absorbed energy per unit mass of a struc-
ture namely SEA is formulated as follows.

sea — EA (20)
m

where m is the mass of the structure. It means that a greater SEA
leads to a better capacity of energy absorption with respect to the
mass of the structure. The CFE of a structure as the other key indicator
is calculated as follows.

CFE = Pm o 100%. 1)
Pmax
225 1 pExperiments
BWFE
=
o

EST CFFST

AFFST

Fig. 13. Comparison between numerical and experimental values of EA of samples.
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Fig. 14. Comparison between numerical and experimental values of SEA of samples.

The CFE determines the uniformity of load-displacement curve of
the crushing process. It means higher CFE illustrates a more ideal energy
absorption characteristic.

The value of all crashworthiness indictors used in this study is tabu-
lated in Table 2. Also, for better comparison and understanding, the FE
and experimental results of EA, SEA, P, and CFE are shown in Figs. 13
to 16. By referring to Table 2 and Figs. 13 to 16, it is noteworthy that
the FE results are always slightly higher than the experimental results.
This common discrepancy between these two results is due to the per-
fect FE model employed without considering any probable defect in the
tube and foam materials caused by manufacturing process. Moreover, in
FE simulation, the contact surface between foam and tube has been
modeled perfectly without any gap between the foam and tube.

From Fig. 12 and Table 2, the initial P,y of the AFFST is slightly
higher than that of the EST and CFFST which is surprisingly undesirable
in crashworthiness applications. However, this initial onset load effect
may be compromised with a greater energy absorption capacity obtain-
ed. This may be due to the NPR of auxetic material which made the extra
absorbent layers along the impact load transmission path. Considering
the higher strength of tube than foams, the study of P,,qx may not singly
enough and second peak load in load-displacement curves can assist to
better evaluate the crashworthiness ability. From Fig. 12, the onset of
second peak load in AFFST is almost two times and 30% greater than
that of the EST and CFFST, respectively. It leads to the increase in Py,
(Fig. 15 and Table 2) which leads to enhance the resistance ability of
structure versus impact loading. Thus, the crashworthiness perfor-
mance of structure becomes more impressive.

From Fig. 13, concerning the energy absorption capacity, it is obvious
that the AFFST is advantageous over the other configurations in EST and
CFFST. It can be attributed to the toughness of auxetic foam which is an
important mechanical property since specifies the maximum EA of the

7 1w Experiments

mFE

P'II (kN}

EST CFFST AFFST

Fig. 15. Comparison between numerical and experimental values of mean crushing load of
samples.

45 7 m Experiments
40 { mFE

35 4
30 4 —
25 1

20 +

CFE (%)

15 4

10 4

5 -

EST CFFST

0

AFFST

Fig. 16. Comparison between numerical and experimental values of CFE of samples.

foam per unit. Toughness can be calculated by integrating the area
under stress-strain curve. As a result of converting into the auxetic,
the foam toughness increases [37] and causes to enhance the area
under load-displacement curve which improves the EA capacity.
Hence, the EA of the AFFST is 14.3% higher than that of the CFFST and
41.3% than that of the EST.

In Fig. 14, it is noted that as a CFFST changes to an AFFST, its SEA in-
creases at around 14%. It can also be highlighted that AFFST has 23%
greater SEA than EST. It means that despite of increasing the weight of
structure in AFFST, better capacity of energy absorption for this tube
can be obtained. By using auxetic foam, the structure becomes heavier
which is inevitable due to densification process during converting con-
ventional foam into the auxetic foam. Although increasing density is the
predominant effect of auxeticity phenomenon, the main influence of in-
creasing energy absorption capacity is due to the changing of micro-
structure during the converting process from conventional into the
auxetic. This micro-structural variations lead to obtain the NPR.
Previous most cited studies [46,50,71] showed that in parallel of in-
creasing in NPR, the indentation resistance and toughness are enhanced
remarkably. The former causes to increase the initial peak loads and the
latter leads to enhance energy absorption capacity. Furthermore, the en-
ergy absorption can be increased by using conventional foams with
higher densities; this however is not always desirable as it results in a
higher stiffness [58,72].

Fig. 15 shows that the P,,, of AFFST is greater than that of CFFST, while
the Py, of CFFST is greater than that of EST, i.e., using the auxetic foam as
the filler. The more absorbed energy obtains for a given deformation.

Fig. 16 depicts the CFE of EST, CFFST and AFFST. It is evident that
using auxetic foam has a relatively more noticeable influence on the
crushing efficiency as the CFE of the AFFST is about 1.29 times higher
than that of the EST and almost 3% greater than that of the CFFST. It
means that the similarity of load-displacement curves, AFFST is the
more efficient structure. It can arise from the NPR of auxetic foam, i.e.
when it is subjected to compressive load, the force compresses the
foam, and the foam compensates by spreading in the directions perpen-
dicular to and away from the direction of the load. In fact, the material
flows into (compresses towards) the vicinity of the load. This creates
an area of denser material, which is more resistant to impact and be-
comes more efficient for the energy absorption.

The tested samples were cut in order to evaluate the deformation
mode profiles after loaded, as shown in Fig. 17. It is evident that the
type and number of folds in the EST are different than that of the
CFFST and AFFST. The effect of localized bulking is explicitly visible in
the edge of the EST sample. Although the effect of localized bulking in
CFEST has decreased, the area between the folds has not been filled
completely. Thus, using the conventional foam as the filler could not
provide the progressive collapse during the loading process. In the
AFFST, the area between folds has been remarkably filled even though
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(a) (b)

(c)

Fig. 17. Cutting sections of the tested samples; (a) EST, (b) CFFST, (c) AFFST.

no bonding has been used to connect the foam and tube. From a theoret-
ical point of view, changing the conventional foam microstructure into
the auxetic leads to obtain the NPR [56]. The fabrication of auxetic
foam with a higher range of negative Poisson's ratio causes to achieve
a microstructure with low Pores per Inches (PPI). In particular, a higher
NPR determines the degree of re-entrancy of the cells and reduces the
blank spaces in the auxetic microstructure [36,51]. Due to this low PP],
when the auxetic foam is compressed up to the densification region, it
starts to expend laterally. This lateral expansion in conventional foams
is far less obvious due to the higher PPL Therefore, the possible reason
of more desired foam filled area in the AFFST can be attributed to the
re-entrant microstructure and its NPR. Thereby, the progressive collapse
in the AFFST is more desirable comparing to the EST and CFFST. More
importantly, the effect of localized bulking has been considerably de-
creased in the AFFST.

From the above-mentioned results of the AFFST, it reveals that
achieving a well-filled collapsed tube wall may attribute to an increase
in foam density (a decrease in PPI of auxetic structure) and NPR. In
order to decouple the effects of density and Poisson's ratio, a series of

Fig. 18. Conventional and auxetic foam with approximately a similar density.

1.6
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1.2 —— Conventional

Stress [MPa
[=]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 19. Stress-strain curves of conventional and auxetic foams in additional experiments.

additional experimental tests was conducted. The density and mechan-
ical properties of the conventional and auxetic foams are approximately
the same, yet different sign of Poisson's ratios used as the fillers in the
tubes. Foams and their stress-strain curves are shown in Figs. 18 and
19, respectively. Specifications of foams are listed in Table 3.

The finding is consistent with the earlier finding in which the AFFST
is superior to the CFFST in energy absorption performance based on the
energy absorption capacity and crush response. Tube configuration, de-
formation modes and load-displacement curves of the tested samples
are depicted in Fig. 20.

From Fig. 20(c), it is obvious that the area between folds has been al-
most completely filled in the AFFST than that of CFFST even though the
density of conventional and auxetic foams is approximately similar
while they have different sign of Poisson's ratio. Nevertheless, the filled
area in Fig. 17(c) is slightly greater than that in Fig. 20(c). This result re-
flects that the density of foam has also the substantial effect on the pro-
gressive collapse.

The experimental results of EA and SEA for these samples are
depicted in Fig. 21. From Fig. 21(a), it is noteworthy that the AFFST is ad-
vantageous over the CFFST in terms of EA with 6.15% increment. Also,
Fig. 21(b) indicates that as a CFFST changes to an AFFST, its SEA increases
up to 7.11%. The present results confirm that howbeit NPR has a signif-
icant influence to obtain higher EA and SEA, the effect of an increase in
the density of foam is also greatly considerable.

6. Conclusions

In this paper, the crashworthiness behavior of aluminum square
tubes namely EST, CFFST and AFFST under quasi-static loading condition
was experimentally and numerically studied. It shows a good agree-
ment between the experiment outcomes and simulation results. A com-
parison of the results showed that the AFFST has greater EA in
comparison with the other tubes. Overall, the AFFST exhibit 41.3% and
14.3% increment in EA than EST and CFFST, respectively. On the other
hand, despite of the increase in the total weight of the structure of the
AFFST, its SEA increases remarkably. Also an evaluation of the results in-
dicated that the AFFST has greater mean crushing load and CFE in com-
parison with EST and CFFEST. It shows that the AFFST offers more
controllable crushing pattern with respect to maximizing energy ab-
sorption. In the case of deformation mode, the AFFST showed better
progressive collapse in comparison with other tubes. Also the effect of
localized bulking was far less observed in the AFFST than in the EST
and CFFST. Above all, it is evident that a foam core with a negative
Poisson's ratio has a significant influence in the progressive collapse of
a thin-walled tube. However, results reflect that the density of foam

Table 3

Specification of foams.
Foam type p (kg/m3) v
Conventional 67.3 0.015
Auxetic 62.7 —0.19
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Fig. 20. Additional experimental tests; (a) tube configuration; (left) CFFST and (right) AFFST, (b) deformation modes (left) CFFST and (right) AFFST, (c) cutting sections of the tested
samples; (left) CFFST and (right) AFFST, (d) load-displacement curves.

(a) (b)

150 1 14
12 4
120 4
10
g
= 90 1 g 8 1
< 6
2 4
30 1 2 4
0 0-
Fig. 21. Comparison between CFFST and AFFST for new samples (a) EA and (b) SEA in additional experiments.
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