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Abstract: The deformation behavior and crashworthiness of functionally-graded foam-filled tubes (FGFTs) under
drop-weight impact loading were investigated. Closed cell aluminum, A356 alloy and zinc foams fabricated by the
liquid state processing were used as axial grading fillers for the manufacture of single-layer and multilayer structures
with different configurations. The results indicate that the deformation of multilayer foam filled tubes initiates from the
low-strength components, and then propagates in the high-strength components through the gradual increment of stress.
The use of more A356 alloy and aluminum foam layers provides greater specific energy absorption (SEA) for the
graded structures, whereas the high-strength zinc foam has no positive effect on the crash performance. The progressive
collapse of graded structures consisting of the aluminum and A356 alloy foams occurs in a symmetric mode under
quasi-static and drop-weight impact conditions. However, the zinc foam causes a combination of symmetric and
extension modes as well as greater localized deformation under dynamic loading and greater local rupture in
quasi-static loading condition. The AlI-A356 foam-filled tubes with a combination of the highest SEA (10 J/g) and the
lowest initial peak stress (o, of 10.2 MPa) are considered as the best lightweight crashworthy structures.

Key words: functionally-graded foam-filled tube; drop-weight impact; deformation behavior; specific energy
absorption; crashworthiness

been recently sought to meet ever increasing fuel
costs and stringent environmental regulations [5].
Moreover, an ideal energy absorber should maintain

1 Introduction

Metallic foams are a class of cellular materials
with unique physical and mechanical properties.
The most remarkable feature of a closed cell
metallic foam is the ordered collapse of pores in
compressive conditions, which allows for the
controlled conversion of impact energy during
plastic deformation up to very high strains. The
foam with uniform density reveals an extended
plateau region at nearly constant stress, followed by
the densification at high strains [1-3]. In particular,
closed cell aluminum foams have received
considerable attention in the automotive industry
due to their high specific strength and good energy
absorption capacity [4]. Innovative concepts in the
design of lightweight automobile structures have

the maximum allowable retarding force throughout
the largest possible displacement with minimum
mass [6—9].

The quasi-static compressive response is
normally regarded as the reference case when
assessing the effects of dynamic parameters at
intermediate or high loading speeds. The dynamic
behavior of metallic foams at intermediate loading
velocities (transitional dynamic regimes) can be
studied using various test methods such as
drop-weight. The literature reveals that the strain
rate lies in 10°—10"" and 10'-10° s™' for the quasi-
static and transitional dynamic regimes of
aluminum foams, respectively. The drop-weight
impact test is more advantageous over other impact
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methods due to its easy implementation, control
and good repeatability. A free fall drop hammer is
used for this low velocity impact evaluation
method [10—14]. It is generally accepted that the
strain-rate sensitivity of base material, micro-inertia,
internal gas, as well as macro-inertia and structural
shock wave, are key factors to affect the dynamic
behavior of cellular metals. Micro-inertia is
associated with cell deformation and originates
from the acceleration of actual material points in the
individual cell walls or struts, whereas macro-
inertia appears when the axial acceleration of a
macroscopic point is not zero. The walls or struts
inside the cell structure actually undergo significant
transverse motion under macroscopic compression
due to high porosity of metallic foams, which may
amplify the transverse micro-inertial force and
influence the axial load resistance. The dynamic
properties of a cellular metal in transitional
dynamic conditions mainly arise from the
microscopic strain rate sensitivity of base material
and micro-inertia effect [1,13—16].

HUANG et al [17] conducted the quasi-static
and split-Hopkinson pressure bar testing of closed
cell aluminum foams manufactured by the direct
foaming technique at nominal strain rates of
10°-10° s™', respectively. They demonstrated that
the dynamic failure process was dominated by the
plastic bending and buckling of cell walls and
tearing breakage. The resultant deformation mode
and crushing response indicated the strain rate
sensitivity of fabricated aluminum foams. MYERS
et al [18] investigated the quasi-static and high
velocity impact behavior of different aluminum
alloy matrix syntactic foams at nominal strain rates
of 10°-10°s™', respectively. The results showed
that the compressive characteristics strongly
depended on the chemical composition of metallic
matrix and heat treatment conditions. The
aluminum alloy foams revealed a limited strain rate
sensitivity in terms of structural stiffness and
fracture strain. KADER et al [19] assessed the
shock propagation and elastic—plastic deformation
behavior of closed cell aluminium foams at loading
velocities ranging from 200 to 800 m/s. The finite
element modeling exhibits that the deformation
initiated from the thinner/weaker cell walls in lower
velocities (~200 m/s), whereas the collapse first
occurred in the vicinity of impact surface at
comparatively high velocities (~500 m/s). Further-

more, the pore collapse mechanism was found to be
governed by the shock propagation at the velocity
of about 800 m/s.

In the last decade, significant efforts have been
made the tubular structures in the
crashworthiness applications, while the energy
absorption normally takes place by extensive
folding and bending collapse of the tube wall in a
progressive manner. For instance, aluminum tubes
are connected to vehicle bumpers as crush boxes to
protect the passengers under impact loading. It has
been confirmed by several researchers that the
mean crushing force and energy absorption capacity
of thin-walled tubes can be further improved by
filling them with metallic foams owing to the
interaction between the foam and the tube wall.
Also, a superior weight efficiency is achieved in the
resulting foam-filled structures [6—9,20,21]. LINUL
et al [22] explored the quasi-static crushing
behavior of closed-cell aluminum foam-filled tubes
at a loading speed of 10 mm/min. The results
divulged that the foam filler improves the resistance
of the tube to plastic deformation in a much more
stable manner, leading to the enhancement of main
mechanical properties up to 70%. The energy
absorption of empty and foam-filled tubes in the
axial loading direction was found to be up to 33 and
14 times higher than that obtained in the lateral
loading direction, respectively.

DIRGANTARA et al [23] analyzed the
dynamic response of aluminum foam-filled tubes.
They reported that the strain rate effect of foam
cores plays a significant role in the collapse
behavior of foam filled structures. It was realized
that the deformation mode of thin-walled tubes
changed from one localized fold to multiple
propagating folds caused by the interaction between
the foam core and the square tube, leading to the
increment of mean crushing force and energy
absorption. It is worthwhile noting that the
interaction component relies on the relative stiffness
of the interface and the penetration resistance of the
foam layer adjacent to the tube. In fact, the energy
absorbing ability of foam-filled structures is found
to be highly dependent on the foam density in a
way that increasing the foam density would ensure
the enhancement of total energy absorption,
although it is not always the case for the specific
energy absorption (SEA). In other words, the
uniform foam fillers cause to improve the crash

to use
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features of thin-walled members to a considerable
extent and may not exert the maximum capacity of
materials to meet the requirements of vehicular
lightweighting. So, there is an urgent need to
develop new structural configurations with
nonuniform  distributions of materials for
optimizing the crashworthiness [5,24,25].

The newest class of cellular materials consists
of functionally-graded foams (FGFs), in which the
properties vary gradually or layer by layer as
dimension changes [26]. It has already been shown
that the FGFs are suitable candidates for tailoring
multifunctional behaviors and providing improved
energy absorption ability over the conventional
uniform-density foams [27]. There have been great
attempts in the recent years to look into the
possibility of designing FGFs for different
applications. HE et al [28] carried out the
quasi-static experiments and numerical simulations
of continuously graded aluminum foams prepared
by the direct foaming route coupled with the
solidification process. They demonstrated that the
lower TiH, content of foaming agent and shorter
holding time resulted in a greater density gradient
in aluminum foam. It was shown that the
progressive collapse of graded foams initiated from
lower density regions and extended to higher
density regions.

The FGFs with multilayers are very attractive
in terms of energy absorption and passive safety
protection since they can dissipate the impact
kinetic energy in a controlled manner [29-31].
KOOHBOR and KIDANE [32] examined the
quasi-static  crushing and energy absorption
capability of layered polymeric foams at nominal
strain rate of 1.3x107° s™'. The results indicated that
the stepwise increase in the global stress—strain
curves of FGFs was associated with stress levels at
which each individual layer reached its elastic limit
and yielded. It was noticed that the discretely
graded foams exhibited superior energy absorption
performance compared with the uniform foams
at low stress levels, whereas an opposite trend
was observed at high stress levels. MAHEO and
VIOT [33] suggested that the ascending density
gradient allows for a progressive absorption of
energy without involving a plateau stage in layered
polymeric foams. MOVAHEDI et al [34] performed
the quasi-static compression test of double-layer
metal matrix syntactic foams composed of ZA27

alloy matrix with embedded perlite and activated
carbon filler particles. They reported that the
deformation of FGFs at low strain resembled the
crushing response of perlite metal syntactic foam,
whereas the subsequent failure of activated
carbon metal syntactic foam happened at high
strains. The proposed FGFs showed higher energy
absorption efficiency with respect to the uniform
counterparts.

HANGAL et al [35—-37] developed the double-
layer FGFs with various aluminum base materials,
including  A1050/A6061, AI/AC4CH  and
Al/ADCI12, by the precursor foaming process. It
was found that the FGFs exhibited multiple
mechanical properties and higher functionality
compared to the uniform foams when subjected to
quasi-static and drop-weight loading. They deduced
that the weak layer with higher porosity started to
deform firstly at lower plateau force, and then the
compaction occurred in the strong layer with lower
porosity at higher plateau force, regardless of the
location of foam layers. ZHANG et al [38] explored
the dynamic response and energy absorption of
double-layer aluminum foams using the split
Hopkinson pressure bar. The experimental results
divulged that the graded foams were compacted
layer by layer, and the dynamic crushing initiated
from the soft layer with higher porosity at low
impact velocities of about 15 m/s. The mesoscopic
investigations implied that the stress—strain curves
of FGFs with a negative porosity arrangement had
two plateau stages at high impact velocities of
about 300 m/s, whereas the stress plateau decreased
gradually in FGFs with a positive porosity
arrangement, i.e., the collapse and the fracture of
cell walls first happened at the impact end under
high velocity impact loading. It was concluded that
the double-layer foams presented better protection
capability than the uniform foams, and the energy
absorption was improved significantly with the
increase in loading speed from 30 to 300 m/s.

Recently, several studies in the literature
have been devoted to the finite element simulation
of functionally-graded foam-filled tubes (FGFTs),
including a discrete form of foam core defined
through certain density gradient functions, and
confirmed their superior crashworthiness to the
uniform counterparts [4,7,39—42]. To the best
knowledge of the authors, a few experimental
works are available on the dynamic properties and
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energy absorption of FGFTs containing various
foam materials. The current study expands upon our
previous article [43] and presents novel discretely
graded foam-filled tubes, including one, two, three
or four layers of zinc foam, aluminum foam and
A356 alloy foam in different configurations. The
authors aim to investigate the drop-weight impact
behavior of FGFTs and to introduce the structures
with the best crash features. The role of foam
material and structure in the dynamic response of
FGFTs is analyzed using the SEM observations.
The effect of density, material, number and
sequence of foam layers on the impact properties
and SEA of graded structures is surveyed. Also,
the comparison of deformation pattern between
dynamic and compressive conditions is fulfilled by
conducting some limited quasi-static experiments of
FGFTs.

2 Experimental

2.1 Manufacture of metallic foams

Closed cell metallic foams were fabricated by
the liquid state processing using titanium hydride
(TiH) as the foaming agent. Pure aluminum, zinc
and A356 alloy with the chemical compositions
and mechanical properties presented in Table 1
were used to produce three distinct metallic foams.
For the manufacture of aluminum foam, as

schematically illustrated in Fig. 1, firstly, the pure
aluminum was melted in a carbon steel crucible and
maintained at 730 °C. Next, 2 wt.% of Ca granules,
acting as a thickening agent, were added into the
melt at a stirring speed of 800 r/min for 8 min.
Afterwards, 0.75 wt.% of TiH, powder, which
serves as a blowing agent by releasing hydrogen
gas in the hot viscous liquid, was dispersed at a
stirring speed of 1700 r/min for 80 s. Then, the melt
was poured into a cubic steel mold and maintained
in an electric furnace to allow for foam formation at
680 °C in 3 min. Once the foaming was completed,
the crucible was taken out and cooled down in air to
solidify the foam and prevent hydrogen from
escaping. The same procedures were performed for
the production of alloy and zinc foams, except that
the foaming temperatures were set to be 640 and
500 °C, respectively. Besides, more amount of TiH,
(1.2 wt.%) and longer time of the foaming process
(12 min) were employed in the zinc foaming
process since the decomposition of TiH, occurred
more slowly in the pure zinc with lower melting
point compared to aluminum alloys. It should also
be noted that 3 wt.% aluminum was added into the
zinc melt to achieve a homogeneous structure with
increasing liquid viscosity [43,44]. Eventually, the
aluminum, A356 alloy and zinc foams with the
densities of 0.2, 0.3 and 2.4 g/cm® were prepared,
respectively.

Table 1 Chemical composition and mechanical properties of raw materials for manufacturing metallic foams

Material Chemical composition/wt.% pl(g-em ) Elongation/% o,/MPa oy/MPa
Aluminum A199.68 2.71 18 70 102
A356 alloy Si7.31 +Mg0.29 + Cu0.04 + Fe 0.12 + Al Bal. 2.56 4.7 92 181

Zinc 7Zn 99.44 7.14 - 31 -

Cutting

Discharge 2t

AN N/

Rotating

Fig. 1 Schematic illustration of aluminum foam fabrication by liquid state processing
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2.2 Preparation of FGFTs

The design of FGFTs was implemented
considering variations in material, number and
arrangement of metallic foam layers. According to
Table 2, the multilayer structures were categorized
into four groups with the same foam materials,
where the Al, A356, Zn and FFT were used for
addressing the aluminum, A356, zinc and foam-
filled tube, respectively. For instance, AI-A356—Zn
FFT represents a square tube filled with three layers
of aluminum foam (top layer), A356 alloy foam
(middle layer) and zinc foam (bottom layer) of the
same length. It should be noticed that the double
and triple layer FFTs were composed of dissimilar
foam materials, whereas the fillers of quad layer
ones were configured using two foam materials.
Besides, the uniform foam filled tubes of Al
FFT, A356 FFT and Zn FFT were fabricated
and compared with multilayer ones. For the
manufacture of single, double, triple and quad layer
structures based on various configurations
presented in Table 2, rectangular pieces of metallic
foams with the cross section of 18 mm x 18 mm
and thickness of 60, 30, 20 and 15 mm were
prepared to serve as the fillers, respectively. The
square aluminum extrusions with outer cross
section of 20 mm x 20 mm and thickness of 1 mm
were cut into the tubes with 60 mm in length. The
designed samples were finally produced by fitting
the foam fillers into the tubes along the axial
direction without any adhesive materials. Figure 2
shows the schematic layer arrangements and
manufacture of FGFTs.

2.3 Mechanical and structural characterization
Low velocity impact tests were performed on

the three metallic foams with the dimensions
of 20mm x 20 mm X 60 mm, and the FGFTs
mentioned in Section 2.2. So, a total number of
26 dynamic experiments were conducted with a
drop-weight testing machine according to ISO
17340 standard [45]. A 20 kg weight fell freely
from the height of 1.5 m, causing the release of
kinetic energy and collapse of the structures. The
concurrent impact energy and velocity are 294 J and
5.4 m/s, respectively. The engineering stress—strain
data were determined through the load—
displacement measurements, taking account of
initial dimensions. Moreover, the quasi-static
compressive response of metallic foams and some
FGFTs was examined by an INSTRON universal
testing machine (Model 8502) with a load capacity
of 250 kN at a loading velocity of 12 mm/min
(nominal strain rate of 3.3x107° s™') according to
ISO 13314 standard [46]. The total crushing
displacement was set to be approximately 45 mm
(~0.75 strain), and the collapse process was
photographed during the quasi-static compaction.
The microstructure of metallic foams was studied

using the scanning electron  microscopy/
energy dispersive X-ray spectroscopy (SEM/EDS)
analysis.

The relative density, as the ratio be the foam
apparent density (pr) to the base material density
(ps), 1is the main structural parameter that
determines the energy absorption capability of
cellular structures. The pr and p; of graded fillers in
the FGFTs with various foam materials were
calculated by the following equations [32,47,48]:

N
pf:zpf,i/N (1)

i=1

Table 2 Design of layer configurations in various categories of multilayer foam-filled tubes

Al-A356—Zn foams Al-A356 foams Al-Zn foams A356—Zn foams
Al-A356—Zn FFT Al-A356 FFT Al-Zn FFT A356—Zn FFT
Zn—A356—Al1 FFT A356—A1 FFT Zn—AlFT Zn—A356 FFT

Al-Zn—A356 FFT
A356—Zn—Al FFT
A356—Al-Zn FFT
Zn—Al—-A356 FFT

Al-Al-A356—A356 FFT
A356—A356—Al-Al FFT
Al-A356—-Al-A356 FFT
A356—-Al-A356—Al FFT
Al-A356—A356—Al FFT
A356—Al-Al-A356 FFT

Al-Al-Zn—Zn FFT
Zn—7Zn—Al-Al FFT
Al-Zn—Al-Zn FFT
Zn—Al-Zn—Al FFT
Al-Zn—Zn—Al FFT
Zn—Al-Al-Zn FFT

A356—A356—Zn—7Zn FFT
Zn—7Zn—A356—A356 FFT
A356—Zn—A356—Zn FFT
Zn—A356—Zn—A356 FFT
A356—Zn—Zn—A356 FFT
Zn—A356—A356—Zn FFT
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Fig. 2 Schematic layer arrangements and manufacture of
FGFTs

N
pszzps,i/N (2)
i=1

where pg; and ps; denote the foam apparent density
and the base material density of each foam material,
respectively. Also, N is the number of foam
materials in a graded structure. So, the relative
densities of 0.1, 0.27, 0.28 and 0.23 were provided
for graded foam fillers of the AI-A356, Al-Zn,
A356—Zn and Al-A356—Zn multilayer categories,
respectively.

The impact performance of FGFTs was
evaluated in terms of the specific energy absorption
(SEA, A), plateau stress (Opean) and initial peak
stress (omax) as the main crashworthiness indicators.
Generally, the SEA is regarded as the key factor to
select the efficient lightweight energy absorbing
structures and defined using the force—displacement
curves, as follows [49—53]:

| 0 F(x)dx
A=t 3)

m

where x; is the total crushing distance, and m is the
mass. Meanwhile, the o, 18 an effective indicator
to assess the collapse resistance of a crashworthy
device and given as follows [39,54,55]:

I B o(g)ds
O'mean e (4)
&~ Emax
where &, and & are the initial peak strain and total
crushing strain, respectively. The oy, is another
critical indicator to reflect the deceleration under

impact, while the lower the o, the better the
protection of the entire structure [49,51,56].

3 Results and discussion

3.1 Structure of metallic foams

Closed cell foams consist of numerous pores,
cell walls (cell faces) and cell struts (plateau
borders) [57,58]. Figure 3 shows the lognormal
pore size distribution of fabricated foams fitted
through the image analysis of representative areas
with 50 mm in diameter. The cell morphology of
metallic foams seems to be almost heterogenous
owing to large frequency variations within a wide
range of pore size. The average pore size is
measured to be 1.22, 1.10 and 0.74 mm in the
aluminum, A356 alloy and zinc foams, respectively.

100 v Al(mean=1.22 mm)
A A356 (mean=1.10 mm)
® Zn(mean=0.74 mm)
801 }

—— Fitting curve for Al
— Fitting curve for A356
—— Fitting curve for Zn

Fraction/%

Cell size/mm

Fig. 3 Pore size distribution of metallic foams

It is generally accepted that the compressive
behavior of metallic foams is mainly governed by
the cell wall material and microstructure. The SEM
images and EDS results of aluminum, A356 alloy
and zinc foams are illustrated in Figs. 4, 5 and 6,
respectively. Figure 4(a) indicates the pore size of
aluminum foam. Also, the cell strut microstructure
reveals several white needles in the aluminum
matrix, as seen in Fig. 4(b). Based on EDS analysis
given in Fig. 4(c), Zone A can be characterized as
complex FeAl, or Fe,Al;s intermetallic phase,
originating from the steel stirrer. Meanwhile, Zone
B denotes the aluminum matrix regarding Fig. 4(d).
The apparent peaks of calcium, silicon and titanium
are detected in the EDS results of aluminum foam.
The structure of hypo eutectic A356 alloy consists
of a eutectic mixture of needle-shaped silicon
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particles dispersed in the interdendritic regions of
an aluminum-rich a solid solution (1.65 wt.%
silicon) and a pre-eutectic a solid solution [59—61].
Figures 5(a, b) show the formation of a fine
lamellar phase in the cell wall microstructure of
A356 foam. According to Fig.5(c), Zone A is

specified as the a solid solution, while the eutectic
(a-Si) network appears in Zone B considering
Fig. 5(d). The peaks of calcium, iron, copper,
magnesium and titanium are also found in the EDS
results of A356 foam. In the case of zinc
foam, the addition of aluminum into the melt leads

@~

Zone A Zone B
Element Line Int  Error  wt% Element Line Int  Error wt%
Mg K, 0 0 0 Mg K, 0 0 010
Al KZ 1651.1 3.8189 56.29 Al K, 39194 51228 98.80
Si K, 328.1 38755 15.78 Si K, 210 51987 0.13
Ca K, 5.1 0.0899 0.30 Ca K, 0 0 0.90
Ti K, 0.7 0.0923 0.06 iy K, 0 0 0
Fe K, 180.5 09149 27.56 Fe K, 0 0.0001  0.07
Mg| Total 100 Mg| Total 100
Si
Fe
Ti = Fe : .
Ca Ca Ti Fe Ti si Ca _Ti
o Ca Ti A i Ca Ca Ti , i
0 5 10 0 5 10
E/keV E/keV

Fig. 4 Microstructures of aluminum foam (a, b), and EDS analyses of Zone A (¢) and Zone B (d)

Element Line Int. Error wt% Element Line Int. Error  wt.%
Mg K, 0 0 003 Mg K, 63 232532 003
Al K, 39194 51228 98.87 Al K. 16053 23.6029 79.86
Si K. 210 51987 1.10 Si K, 1468 239525 17.58
ca K. 0 0 0 Ca K. 456 03862 1.62
Ti K. 0 0 0 Ti K. 65 03965 0.09
Fe K. 148 03854 0.54
v L 100:00 " cu K\ 09 02915 028
€ € Total 100.00
Cu
F
i [si c
Ti ; Ca Ti Ca a T Fe
ca_Jsi Ca Ti | ) Ca i Fe Cu Cu |
0 5 10 0 5 10
E/keV E/keV

Fig. 5 Microstructures of A356 alloy foam (a, b) and EDS analyses of Zone A (c) and Zone B (d)
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to the development of a pre-eutectoid # solid
solution (0.7 wt.% aluminum) and a eutectoid (y+a)
phase. Figures 6(a,b) imply that a lamellar
eutectoid structure exists in the cell wall
microstructure of zinc foam. The EDS results of
Zn foam given in Fig. 6(c) suggest that Zone A is
zinc matrix containing a small amount of aluminum
and calcium. The peaks of magnesium, calcium
and copper are obvious in the EDS analysis of zinc

(©

Zone A

ine Int. Error  wt.%

259 74827 0.99
117.9  7.5953 2.82
111.9  0.8163 0.72
0 0 0
6.8  0.5564 0.08
28732 9.5081 95.39

Total 100.00

Ti | Al
Ca| J_ QT Zn
a .
Ca 4T a

0 5 10
E/keV

Element

Mg
Al

&3
o
RARRRR

Fig. 6 Microstructures of zinc foam (a, b) and EDS
analysis of Zone A (c¢)

foam. As a consequence, the cell wall structure of
aluminum foam mostly consists of the ductile FCC
matrix [16,61-63]. By comparison, the strong
lamellar phases propagate in the cell walls of A356
alloy and zinc foams seem to play a dominant role
in their crash performance.

3.2 Drop-weight impact behavior

Figure 7 shows the dynamic response of
uniform foams and foam-filled tubes. The
stress—strain curves of metallic foams reveal the
three distinct regions: (1) Initial elastic region is
characterized by elastic deflection of cell walls and
increasing the stress in a linear fashion for a small
increment of strain; (2) The linear region terminates
into a local maximum stress (o.x) as an indication
of the yield strength, followed by a stress relaxation
to an extensive plateau region, wherein the buckling,
stretching and cracking of the cell walls occur
inside the localization bands; (3) The collapsed
cells are compacted, and the material acts as a solid
material during rapid hardening in the densification
region. It is worthwhile noting that obvious stress
fluctuations appear in the plateau stage of metallic
foams associated with the anisotropic cell
morphology and sequential crushing of deformation
bands. It seems that the zinc foam has higher-
degree fluctuations, representing its larger structural
inhomogeneity with respect to the aluminum and
A356 alloy foams [2,8,14,19]. Meanwhile, the
dynamic compaction of single layer foam-filled
tubes exhibit almost similar trend to that observed
in the metallic foams. However, inserting a foam
filler into the thin-walled tube causes an interaction
between the foam and tube wall and, thereby, a

30

Zn FFT
L=

[\
(=]
T

A356 FFT
Al FFY

Stress/MPa

i Zn foam

Iy

A356 foam

—
S
=

¥
Al foam
%

’
- AN ~e"e ~o—nt’ TalTaIvld 2
A S Pl —y

0 0.2 0.4 0.6 0.8 1.0
Strain

Fig. 7 Stress—strain curves of uniform foams and foam-
filled tubes under impact loading
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drastic increase in stress levels. The omax 1s followed
by a severe drop in stress and successive
fluctuations. During the collapse process, a square
folding is created in the weakest region after the
structure starts to yield. Then, the stress reduces to
lower values, indicating the tube wall bending.
When the first folding is impacted, the stress raises
again and the second folding forms next to the first
one. The progressive deformation mode continues

and results in a zigzag portion of stress—strain curve.

So, it is expected that a direct relation exists
between the degree of fluctuations and the number
of foldings in foam-filled tubes [15,23,64].

Figure 8 gives the oOpean and om. values of
uniform foams and foam-filled tubes. The zinc
foam with much greater density presents higher
stress levels and crushing resistance in contrast to
the A356 alloy and aluminum foams. The reason is
that the foam with higher density has more cell
walls bearing permanent deformation and, thereby,
higher resistance to compression loads. Further, the
A356 alloy cell wall material has larger strength
with respect to the aluminum and zinc foams
regarding Table 1, which can be attributed to the
eutectic needle-shaped silicon formed in the
interdendritic regions. So, despite almost identical
densities, the oy and opean 0f A356 alloy foam is
found to be higher than that of the aluminum foam.
In fact, the impact properties of metallic foams are
primarily governed by the density, and then by the
foam material, as confirmed in Refs. [1,59,65,66]. It
should be noticed that the interaction component in
the foam-filled structures relies on the relative
stiffness of the interface and the penetration
resistance of the foam layer adjacent to the tube.

20
Mean stress
1 Max stress
157 o 14.0 138 137
g &
S 1op :
§ 8.0
g -
51 =
» % 1518
0.7 —— Fees:
Al Al A356 A356 Zn Zn
foam FFT foam FFT foam FFT

Fig. 8 oiean and oyax values of uniform foams and foam-
filled tubes

Therefore, the Zn FFT shows the highest e
among the single-layer FFTs, followed by the A356
FFT [41,49,67]. Nevertheless, the on.x of single-
layer structures is approximately the same owing to
noticeable o, Of the empty tube.

In order to evaluate the influence of design
parameters on the impact characteristics of FGFTs,
Fig. 9 exhibits the representative stress—strain
curves of various categories of multilayer structures.
The impact responses of multilayer FFTs with the
reverse order of grading layers are nearly similar.
Overall, the arrangement of foam layers has no
significant effect on the dynamic features of graded
structures. In addition, a stepwise increment of
stress appears in the crushing curves of multilayer
structures, despite relatively steady deformation of
single-layer ones. It seems that the collapse first
occurs in the weak layers with lower strength, and
then propagates in the strong layers with higher
strength at large strains. In other words, high
strength components are not expected to experience
plastic deformation when the stress in the structure
is below the o.,,x of corresponding single-layer
structures. Figure 9 suggests that the use of zinc
foam filler in the graded structures leads to a
dramatic rise of stress and a decrease in total
deformation. Consequently, the drop-weight impact
properties of FGFTs are primarily governed by the
density and material of foam fillers [32—38,42,43].
It is also deduced that the sharper increment of the
stress plateau happens during the stepwise
hardening with increasing the number of foam
layers in each category, particularly in the Al-Zn
FFTs. This can be attributed to the stress
transmission through more material interfaces [68].

Generally, high e and low o, are desired
in the design of energy absorbers with superior
protection. Figure 10 shows the average e, and
omax Dy varying the foam materials of multilayer
structures. The maximum o6, and the minimum
Omax are achieved in the A356—Zn FFTs (18.9 MPa)
and Al-A356 FFTs (12.5MPa), respectively.
Regarding Figs. 8 and 10, the multilayer structures,
particularly the A356—Zn FFTs, have larger average
amounts of Opean and oy, compared with the
constituting single-layer structures. It is worthwhile
noting that the Al-A356 FFTs reveal higher oiean
and lower o,.x With respect to the single-layer Al
FFT and A356 FFT and, thereby, the best dynamic
performance among the graded structures. The
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average Omenm and opm,x of graded structures are
significantly affected by the volume fraction of zinc
foam due to its much greater density relative to the
A356 alloy and aluminum foams [69,70]. As a
consequence, the dynamic features can be
controlled by varying the density, material and
number of foam layers in the design of FGFTs.

The deformation behavior under dynamic
loading seems to differ from the quasi-static
condition in two characteristic ways, mainly
associated with the increase in localized
deformation and possible introduction of global
bending effects. Figure 11 illustrates the failure
modes of some multilayer FFTs from different
categories after drop-weight impact testing by
preparing the longitudinal cross sections. Generally,
four compact lobes develop progressively in the
Al-A356 FFTs, while the collapse mode is
characterized to be symmetric by generating
the lobes moving alternately inwards and
outwards. Also, irregular folding or localized
deformation occurs by introducing the zinc foam
into multilayer structures. In other words, an
extension mode appears in regions containing the
high-strength zinc foam, where the lobes move
totally outwards [23,49,67,71]. Therefore, the
Al-Zn, A356—7n and Al-A356—7n FFTs reveal a
combination of symmetric and extension modes by
creating three local lobes. In fact, despite the high
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Fig. 11 Failure modes of some multilayer structures under impact testing: (a) A356—A356—Al-Al FFT; (b) Al-Al-
A356—A356 FFT; (c) AI-Zn—A356 FFT; (d) A356—Zn—Al FFT; (¢) Zn—Zn—A356—A356 FFT; (f) A356—A356—Zn—Zn

FFT; (g) Zn—Zn—Al-Al FFT; (h) Al-Al-Zn—Zn FFT

cohesion of aluminum and A356 alloy foams with
the tube wall, the =zinc foam provides high
constraint when the tube wall buckles, tolerates
small deformation, and may even be detached from
the tube in some cases. So, the zinc foam layers are
conjectured to transfer most of the kinetic energy to
the adjacent foam layers and make no effective

contribution to the energy absorption capability of
FGFTs.

The quantitative comparison of plastic
deformation between the metallic foams can be
fulfilled by measuring their final length in the
multilayer FFTs based on materials interfaces
marked by red lines in Fig. 11. The total length is
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related to the length of constituting foam materials,
as follows [32—37]:

ly=nlo; and 1=, (5)
=l

where n is the number of foam materials, /, is the
initial length and /; is the final length of multilayer
structure. Also, /y; and /; denote the initial length
and the final length of each foam material,
respectively.

The strain of individual foams is measured
using the following equation:

g =1ty 1l ©)

lo ly
where ¢; is the strain of foam material i. Therefore,
the total strain (g;) can be defined according to the
following equation:

/ ili i(l_gi) ”_i‘gi

=l _ =l i=1

_t %gtzl——: L
Ly 1 n n ly, n

(7)
The final length of constituting foams in the
multilayer structures is measured regarding
materials interfaces, and the strain is calculated
based on Eq. (6). Then, the mean strain of each
foam material and the mean total strain for various
categories of multilayer structures are obtained, as
presented in Fig. 12. On average, the AI-A356
FFTs experience the maximum total strain among
the multilayer FFTs, as expected. Moreover, the
relatively constant strains of about 0.8, 0.6 and 0.5
are achieved in the aluminum, A356 alloy and zinc
foams in multilayer structures, respectively. The
apparent density and cell wall material and structure
seem to be responsible for different deformation
abilities of metallic foams. The low density and
ductile FCC structure of the aluminum foam lead to
the largest mean strain. Conversely, the high density
and formation of hard eutectoid phase in the brittle
HCP matrix provide the smallest mean strain for the
zinc foam [62]. It is worthwhile noting that the
A356 alloy foam containing a considerable amount
of brittle needle-shaped silicon in its cell walls and
struts shows higher collapse resistance in contrast to
the aluminum foam, despite the relatively similar
densities. Therefore, the deformation extent of
individual metallic foams in multilayer structures is
found to be simultaneously dependent on the foam
density and structure.

1.0 [ Mean total strain

2 Mean Al strain
08k _L 1 EBMean A356 strainl
: —1Mean Zn strain

1
THL 1 R ]
il i eI
g ‘
04Fr & = 2
02+ i BN sl Pl
0 L .
AI-A356  Al-Zn  A356-Zn Al-A356-Zn

Fig. 12 Mean strain of metallic foams and mean total
strain for various categories of multilayer structures

A comparison between the impact and
compressive behavior of FGFTs is accomplished by
providing the quasi-static response of some
representative single-, double- and triple-layer
FFTs, as illustrated in Fig. 13. The stress—strain
curves of uniform foam filled tubes follow almost
similar trends to those obtained under impact
loading, as seen in Figs. 13(a, b, c¢). The primal
elastic region is followed by yielding and plastic
hardening to o, then by a plateau region, and
eventually, by a dramatic hardening in the
densification stage. It should be noticed that
higher-degree fluctuations exist in the dynamic
condition probably due to the instability of impact
testing. Besides, too much density difference
between the zinc foam and the aluminum or A356
alloy foams results in higher oye., of the Zn FFT
(28.2 MPa) compared to the Al FFT and A356 FFT
(9.9 and 11.5 MPa, respectively). The collapse of
single-layer FFTs initiates from the clamping
support. Similar to what observed in the dynamic
condition, the Al FFT and A356 FFT exhibit the
symmetric failure mode, and an extension mode
happens in the Zn FFT. Further, the high strength
zinc foam filler may cause tearing of the tube
corners owing to the excessive tensile strain,
leading to the evidence of local rupture (breaking of
corner regions) during the last stages of
deformation [23,49].

It seems that the multilayer structures reveal
significant compressive features depending on the
material and number of foam layers. The stress—
strain curves of double-layer FFTs include two
distinct plateau regions, as shown in Figs. 13(d, e, f).
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The sequential images indicate that the first plateau
region is associated with stable deformation of the
lower strength component, while the second plateau
region corresponds to plastic buckling of the
higher-strength component. According to Fig. 13(g),
the crushing curve of triple-layer A356—Al-Zn FFT
consists of three distinct plateau regions, which can

be attributed to successive deformation of the
aluminum, A356 alloy and zinc foam layers,
respectively. It is also found that the stress in each
plateau stage of multilayer structures is near to the
Omean OF corresponding single-layer counterparts. In
addition, the occurrence of irregular folding, i.e.,
the combination of symmetric mode in the
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aluminum or A356 alloy foam layers and extension
mode in the zinc foam layers is consistent with the
impact results. As a consequence, the use of zinc
foam in the graded structures causes the local
deformation in the dynamic condition and local
rupture in the quasi-static condition [41,71].

3.3 Crashworthiness assessment

The energy absorption capacity is of particular
importance to the design of protective structures.
Figure 14 shows the absorbed energy against
stress during plastic deformation of some FGFTs.
Figure 14(a) indicates that the single-layer FFTs
exhibit a steady absorption of energy within a
narrow stress range. By comparison, the multilayer
FFTs tend to gradually absorb energy through the
successive collapse of individual foam layers with
different materials and densities in a wider stress
range, as seen in Figs. 14(b, c, d). So, the multilayer
structures seem to be the most adapted to impact
conditions when a stepwise increasing energy
absorption is desired [32,33].
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The SEA of FGFTs is calculated based on
Eq. (3) and reported in Fig. 15. It is generally
accepted that an enormous increase in the density
may reduce the SEA [32,33,47,48]. In fact, low
density and great inherent strength of the A356
foam, originating from the needle-shaped silicon in
its microstructure, provides the most SEA of 9.9 J/g
for the A356 FFT among the single-layer FFTs. On
the contrary, high density and brittle HCP matrix of
the zinc foam are responsible for the lowest SEA of
3.6 J/g in the Zn FFT. The Al FFT with the ductile
FCC matrix and low density also reveals a
comparatively high SEA of 8.9 J/g. Therefore, the
SEA of uniform FFTs is mainly dominated by the
density and the cell wall structure of the foam filler.
The maximum SEA of 10.9 J/g is achieved in the
double-layer A356—Al FFT, which is 10% and 22%
higher than that of the single layer A356 FFT and
Al FFT counterparts, respectively. Generally, the
multilayer Al-A356 FFT exhibits higher SEA
values with respect to the A356 FFT and Al FFT,
probably attributed to gradual increase in the stress
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Fig. 14 Absorbed energy against stress during plastic deformation of some single-layer (a), double-layer (b), triple-

layer (c) and quad-layer (d) structures under impact loading
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plateau, greater interaction between the tube and
foam fillers, more material interfaces and higher
plastic energy damping in their layer style [32,68].
Figure 16 shows the effect of design
parameters, including the density, material and
number of foam layers on the average SEA of
FGFTs. Figure 16(a) induces that the double-layer
Al-A356 FFTs are of graded structures with the
maximum average SEA of 10.4 J/g. On average,
higher SEA values are obtained in the triple-layer
FFTs with a smaller volume fraction of the zinc
foam in contrast to the double- and quad-layer
A356—Zn or Al-Zn FFTs. Consequently, the use of
A356 alloy and aluminum foams improves the SEA

M. SALEH]I, et al/Trans. Nonferrous Met. Soc. China 31(2021) 92—-110

of graded structures. The zinc foam deteriorates the
crash performance, although the high-strength zinc
foam significantly affects the crushing response of
graded structures. Meanwhile, the average SEA of
multilayer A356—Z7n and Al-Zn FFTs is improved
with increasing the number of layers in connection
with more material interfaces and greater energy
dissipation through the stepwise hardening
plateau [69,70]. Regarding Fig. 16(b), the increase
in relative density leads to a linear decrease in the
SEA with a relatively high R* of 0.8455. This is in
accordance with the other reports on the energy
absorption capacity of foam-filled structures
[38—44]. It is worthwhile noting that the multilayer
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Fig. 15 SEA results from impact tests of FGFTs
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Al-A356 FFTs show a combination of the
maximum SEA (10J/g) and minimum oOpeax
(10.2 MPa) among the proposed FGFTs (see
Figs. 10, 15 and 16); thereby, they can be
introduced as the best lightweight crashworthy
structures. It can be concluded that the multilayer
structures show overall superior crash performance
to the uniform counterparts. Also, the density and
material of foam layers are the most important
parameters affecting the SEA of FGFTs.

4 Conclusions

(1) The multilayer FFTs reveal the multiple
dynamic response and stepwise increment of stress
as a consequence of plastic collapse of individual
foam layers, initiating from the low-strength
component.

(2) The A356 alloy foam is the best material
for the improvement of SEA owing to its low
density and great inherent strength, followed by the
aluminum foam. The double-layer A356—Al FFT
exhibits the maximum SEA of 10.9 J/g, which is
10% and 22% higher than that of the A356 FFT and
Al FFT counterparts, respectively.

(3) The use of zinc foam causes a sharp
increase in dynamic stress of FGFTs, although it
has no positive effect on the crash performance and
lowers the SEA. The mechanical properties and
energy absorption capability of the graded
structures are mostly dominated by the density and
material of foam layers.

(4) The graded structures composed of the
aluminum and A356 alloy foams deform in a
symmetric mode under quasi-static and impact
loadings, whereas the zinc foam leads to a
combination of symmetric and extension modes.
The dynamic and quasi-static collapse behaviors are
distinguished by greater localized deformation and
greater local rupture in the presence of zinc foam,
respectively.

(5) The multilayer FFTs show overall superior
crashworthiness to the uniform components, and the
Al-A356 FFTs with a combination of the maximum
SEA (10 J/g) and minimum o,,,, (10.2 MPa) can be
introduced as the best lightweight crashworthy
structures.
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