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Abstract

Foam filled tubes (FFT) are novel structures with high energy absorption, enhanced strength to weight ratio, and tailoring
capability. In the present paper, we have analyzed quasi-static uniaxial compression and low-velocity impact behavior of FFT
with closed-cell metallic foam cores and functionally graded densities both experimentally and numerically. Alporas foams
were manufactured using liquid state method with TiH, blowing agent. We prepared Specimens with graded composition
and densities by stacking of several layers of pure aluminum and A356 alloy Alporas foams with cubic geometry. We con-
ducted several standard uniaxial compression experiments to determine the non-linear mechanical properties and hardening.
Square aluminum tubes are manipulated to enhance the performance and tailoring specification of the structure. We generated
microstructural models using a hybrid 3D Voronoi diagram and CT-scan images to predict mechanical behavior numerically.
Computed tomography is used to determine the inner cells morphological characterization. Also, the modified Kelvin cell
with a beam element in edge regions is manipulated to enhance accuracy. Comparing the quasi-static experiment and FEA
results show good accordance, and hence, we achieved the calibrated model. Finally, we used the numerical model in FFT
tailoring and mechanical properties design.

Keywords Microstructure - Foam filled tube (FFT) - Voronoi diagram - FEM - Graded cellular solid

1 Introduction geometric reconstruction, stochastic placement of voids, and
soap froth. Furthermore, there are several standard methods

Cellular solids, especially metal foams, have rather irregular ~ for material properties characterization, such as uniaxial

microstructure [1]. So generating a micro-model is essential
for mechanical behavior analysis. There are several methods
for geometrical modeling of cellular structures such as Kel-
vin and other unit cells, Voronoi diagrams, CT scan images
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compression and tension, microhardness, and Nanoinden-
tation. Microstructural damage investigation with SEM and
optical microscopes has done by Yuan. They model micro-
structure using Kelvin unit cell with thin shell faces and sim-
ulate uniaxial compression and effect of cell edges material
properties by FEM and experiments [2]. Kadkhodapour et al.
present an approach bridging micro-deformation to macro-
mechanical properties in closed-cell metallic foams using
FEM and experiments. They used several unit cells such as
spherical and elliptical, to model micro-structure and investi-
gated the effects of relative density and topology [3]. A com-
prehensive study is conducted on Alporas foam mechanical
properties by Jang et al. they analyzed foam specimen shape
and dimensions and their effects on uniaxial compression
behavior. They employed various unit cells in the numeri-
cal modeling of cellular structure [4]. Nammi et al. are also
worked on closed-cell lattice numerical modeling using unit
cell approach. They used spherical-cubic and cruciform cells
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in modeling as well as tetrakaidecahedron Kelvin cell. They
compared numerical results with experiments [5].

Song et al. used 3D irregular Voronoi and regular
tetrakaidecahedron model for finite element modeling of
closed-cell foams. They studied irregularity, relative density,
and hardening effects, and also dynamic impact loading on
mechanical behavior. They showed that a proper increase in
irregularity might increase energy absorption capacity [6].
Sotomayor et al. proposed a method for modeling 6101-T6
open-cell aluminum alloy based on a 3D Voronoi approach.
They studied the effects of irregularity and foam density
in elastic—plastic compression based on semi-empirical and
analytical methods and mainly focused on density variation
[7]. Zheng et al. incorporated a 3D finite element method
for uniaxial dynamic impact simulation on metallic foams
using 2D and 3D Voronoi model. Their investigations
focused on the plastic deformation mechanism and shear
failure in microstructures [8]. Zhang et al. conducted an FEA
investigation on the mesoscopic model of closed-cell foams
using a 3D Voronoi approach. They manipulated the Voro-
noi nucleus, and shell face thickness to control cell size and
porosity. Also, plastic deformation and cell wall cracking
in the mesoscale closed-cell lattice due to large compres-
sion and tension are analyzed [9]. 3D Voronoi tessellation
is manipulated by Li et al. to model the mesoscale model for
closed-cell foams for finite element analysis. Also, they sim-
ulated loading on cellular solids using homogeneous models.
The study focused on impact velocity, irregularity, relative
density, micro-inertia, and crushing stress [10]. Graded foam
manufacturing is quite complicated. He et al. manufactured
density graded Alporas using the special cooling procedure.
Quasi-static and dynamic impact loading is analyzed using
these graded specimens [11].

Sun et al. investigated density graded FFT and its effects
on the crashworthiness and energy absorption characteris-
tics. Their method is FEA simulations and particle swarm
optimization (SPO). The main objective functions are energy
absorption and crushing peak force [12]. Li et al. studied
experimentally the mechanical behavior and energy absorp-
tion capability of circular tubes filled with aluminum foam.
They also studied empty tubes and double-layered FFT spec-
imens. The loading condition is oblique and static. Tubes
are made from AA6063-T6 alloy, and aluminum foam has
approximately 450 kg per cubic meter density [13]. Axial
crushing behavior of ex situ aluminum FFT specimens is
studied experimentally. Duarte et al. produced aluminum
foam using powder metallurgy method. Their main research
objectives are failure mode and energy absorption determi-
nation [14]. Crashworthiness of CFRP and metallic circular
tubes filled with various foams are investigated experimen-
tally under axial loading conditions. The core materials are
aluminum honeycomb and metallic foams [15]. Altin et al.
studied experimentally the effect of fill ratio for foam-filled
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tubes with circular and rectangular cross-sections as well as
single and multi-cell tubes under axial crushing conditions.
They manipulated explicit dynamic approach and finite ele-
ment analysis for verification purposes [16]. High tempera-
ture crushing behavior of circular tubes filled with A356
aluminum foam is studied experimentally. Movahedi et al.
analyzed the energy absorption capacity of FFT structures
at 300 °C [17]. Quasi-static lateral crushing of foam-filled
circular tubes is studied both analytically and experimentally
by Liu et al. [18].

Baroutaji et al. conducted comprehensive studies for
recent applications and future development of foam-filled
tubes [19]. Sun et al. studied energy absorption and crush-
ing force of various single and multi-cell FFT structures.
They also present optimization strategies for efficient FFT
topological configuration determination based on multi-
objective decision making named COPRAS [20]. Crush-
ing characteristics determination of in situ FFT produced
using powder metallurgy with very thin thickness are con-
ducted experimentally. Duarte et al. used quasi-static axial
loading and infrared thermography [21]. Experimental and
analytical investigation of square cross-section FFT filled
with density graded aluminum foam is performed by Yu
et al. [22]. Sun et al. studied crushable foam plasticity and
mesoscopic geometrical models. They studied mechanical
behavior, and energy absorption capability of CFRP and
metallic tubes filled with aluminum foams both numeri-
cally and experimentally [23]. Comparative crashworthi-
ness analysis for thin-walled FFT and empty tubes is con-
ducted. Li et al. investigated the effect of tube cross-section
and foam fill ratio on energy absorption [24]. Zhang et al.
studied the dynamic impact and crushing of double-layered
FFT specimens filled with aluminum foams both numeri-
cally and experimentally. They manipulated computed
tomography (CT) technique for geometry reconstruction and
finite element method for numerical simulation. Also they
investigate mesoscopic deformation and energy absorption
of FFT under high-velocity impact condition [25]. Yi et al.
conducted the energy absorption enhancement of aluminum
FFT using FEA and tailoring the structure characteristics by
placing various aluminum foam layers. Foams are in graded
form with respect to radial coordinate in density parameter
[26]. Quasi-static crushing and dynamic impact response of
hybrid FFT with open-cell metallic foams and epoxy resin
are investigated using infrared thermography [27]. Rajak
et al. analyzed axial compression behavior of AlSil0 Mg
aluminum foam-filled tubes experimentally. Aluminum
foam is produced using melting method and its density var-
ies from 450 to 850 kg per cubic meter. Experiments are
conducted with 0.1-10 per second strain rate. In each rate
energy absorptions are compared. They used analysis of
variance (ANOVA) to determine the significant factors in
energy absorption [28].
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In the present paper, we analyzed quasi-static and low-
velocity impact behavior of FFT with graded density and
mechanical properties experimentally and numerically.
Firstly, the numerical model calibration is conducted using
material characterization, CT-scan images, and FEM.
Microstructural model of the cellular core is generated
using a Voronoi diagram. Finally, the calibrated model is
manipulated to determine the macroscopic specifications of
FFT and tailoring structures in static and dynamic loading
conditions. So using the hybrid FEA and microstructural
numerical model yields to mechanical properties and energy
absorption characteristics design. Finally, we obtained the
microstructural model and its morphological specifications
for desired macro-mechanical properties such as energy
absorption density.

2 Materials and Methods
2.1 Experimental Methods
2.1.1 Specimen Preparation

To produce closed cell Aluminum foam, liquid state method
with 2 percent TiH, and 1.5 percent Calcium is manipu-
lated. Additives are used as blowing agent and viscosity
enhancer respectively, at 680 °C. Manufactured blocks
have 100x 50 % 10 cm dimensions. For FFT production,
cubic foams of 21.5 mm dimensions with various densi-
ties and chemical compositions are cut using a band saw.
Precision sizing of specimens is performed by CNC milling
and EDM wire cut. Finally, 16 pure and 22 A356 aluminum
alloy foams are manufactured with different densities. Cut-
ting from a different height of foam block yields a variety of
densities for grading purpose. For graded FFT production,
foam cubes are stacked in square tubes with two and three
layers. In Table 1, specimens composition, dimensions, and
densities are included.

Foam density distribution is generally 300-400 and
400-500 kg/m? for pure aluminum and A356 alloy, respec-
tively. Aluminum alloy 1100 tube used in FFT has a square
profile, 24 X 24 outer dimensions and 1 mm thickness. Vari-
ous FFT configurations with two and three-layer stacking
and densities are manufactured as in Table 2. Furthermore,
several auxiliary tests are performed for characterization
purposes such as tubes with various heights and simple foam
specimens in uniaxial crushing loading.

2.1.2 Quasi-static Uniaxial and Characterization
Experiments

Standard uniaxial tension test is conducted to determine the
mechanical properties of an aluminum tube made of 1100

alloy, according to ASTM B557 (2014). Also, standard tests
are performed on pure and A356 composition foams accord-
ing to ISO 13314 (2011) for characterization purpose. Com-
paring experimental results with the literature [29] shows
good agreements. Mechanical behavior analysis of FFT is
performed using quasi-static compression testing of various
graded structures using ZWICK 100 apparatus with 5 mm/
min loading rate [30]. In Fig. 1, quasi-static uniaxial com-
pression test setup and crushing mode of FFT is shown.

2.2 Numerical Methods
2.2.1 Problem Description

For the mechanical behavior determination of specific struc-
tures, the most important step is the finite element model
generation. Micro-structural modeling of FFT is achieved
using a 3D Voronoi diagram with controlled lattice irregular-
ity. Furthermore, classic tetrakaidecahedron Kelvin cells are
modified using 3D beam elements to model scaffold struc-
tures and cell edges. Numerical investigations are focused
basically on quasi-static uniaxial compression, and low-
velocity impact behavior prediction of density and chemi-
cal composition graded FFT with different layers. Analysis
outputs are generally macroscopic variables such as Young’s
modulus, plateau stress, peak stress, densification strain, and
energy absorption capacity. Calibrating FE models using
appropriate experiments yields to tailoring FFT structures
and designing corresponding mechanical properties in static
and dynamic loading conditions. Furthermore, non-graded
single-layer specimens are also analyzed. Generating Voro-
noi lattice is based on choosing N points in 3D space, each
representing cells nuclei. Nucleus placement with controlled
disturbance distribution yields to desired micro-structural
model. To model regular tetrakaidecahedron cellular solid,
cell nuclei should be placed with a distance d;, as below [6],
[10] and [29].

g = Yo Vo (1)
2\ Vaw

Also, the degree of irregularity parameter k is defined to
model controlled irregular lattice as k = 1 — 6 /d,,. In which
6 is the minimum distance between two consecutive nuclei.
So 6 = d, yields to k = 0 and the regular lattice is achieved.
In Fig. 2, micro-structural model with 20% irregularity is
shown.

2.2.2 FEAImplementation and Assumptions

Using hybrid Voronoi micro-structural model and FE
method yields to a micro model which accurately describe
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Table 1 Manufactured

. . No. Mat. mass (mg) 1 (mm) w (mm) h (mm) Density (kg/m3)
aluminum foam cubic
specimens 1 Al 3.56 215 215 205 376
2 3.87 21.5 21.5 21 399
3 3.55 21.5 21.5 20.5 375
4 3.55 21.5 21.5 21.5 357
5 3 21.5 21.5 20.5 317
6 3.62 21.5 21.5 21.5 364
7 3.17 21.5 21.5 21.5 319
8 2.87 21.5 21.5 20 310
9 3.08 21.5 21.5 20.5 325
10 3.07 21.5 21.5 20.5 324
11 4.02 21.5 21.5 21 414
12 3.08 21.5 21.5 21.5 310
13 3 21.5 21 20 332
14 3.17 21.5 21.5 21 327
15 3.79 21.5 21.5 21 390
16 2.76 21.5 21.5 20 299
1 A356 4.32 21.5 21.2 21.2 447
2 4.51 21.5 21 21 476
3 4.14 21.5 21.5 21 426
4 4.97 21.5 21 21 524
5 5 21.5 21 21 527
6 4.42 21.5 21.5 20.5 466
7 5.46 21.5 21.2 21 570
8 5.52 21.5 21 21 582
9 4.95 21.5 21.5 21 510
10 4.52 21.5 21 21 477
11 4.84 21.5 21 21 510
12 397 21.5 21.5 21 409
13 491 21.5 21.5 21 506
14 5.12 21 21 21.5 540
15 4.64 21.5 21.2 21.2 480
16 4.63 21 21.5 21 488
17 3.67 21 21 21 396
18 5.82 21 21.2 21.5 608
19 6.99 21.5 21.2 21.2 723
20 4.57 21.5 21 21.2 477
21 4.52 21.5 21.5 21.2 461
22 4.68 21.5 21.5 21.5 471

mechanical behavior. The calibrated numerical model is
obtained using several simulations with various irregular-
ity distribution perturbed around an average value. The
average value of irregularity is determined by processing
high-resolution digital images and CT scan. The irregu-
larity value is chosen to be 10%-20% to obtain the best
fit of the micro model and cell distribution. Cell faces are
modeled using conventional linear shell elements with
reduced integration and quadrilateral geometry or sim-
ply S4R. To model cell edges, 3D linear beam element,
B31 is used. Explicit dynamics procedure is manipulated
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in ABAQUS 2017 to simulate FFT mechanical behavior.
Also, 3D quadrilateral rigid elements R3D4 are used to
model compression plateaus of loading device and drop
weight hammer impactor [31].

General contact formulation with hard normal is used
to model surface interactions. Also, tangential behavior is
assumed to have a friction coefficient of 0.1 [29]. Perturb-
ing the mean value of the friction coefficient do not affect
outputs significantly. Bi-linear hardening model is used to
employ aluminum plastic deformation. Material properties
are shown in Table 3. Density graded foams are obtained
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Table 2 Quasi-static uniaxial compression experiments using different cell size, face thickness, and edge profile
dimensions [32]. In quasi-static compression simulations,
loading is modeled by the constant velocity of the mov-

Testno. Layers Mat/specimen configuration Layer densities *

R1 2 Al5— Al7 317—-319 able rigid plateau and fixing another plateau. The loading
R2 2 AS4— AS5 524—527 rate is increased as much as output error is negligible to
R3 2 AS2— Al8 476 —310 enhance computational efficiency. Also, smooth step loading
R4 2 Al9— AS9 325-510 with continuous slope is used to reduce output noise. Anti-
RS 3 All0— AS10— AST1 324—477—510  aliasing real-time and Butterworth filters with 2 kHz cutoff
R6 3 AS13—All2— AS14 506—310—340  frequency are used to noise elimination [33]. Due to the
R7 3 AS15—AS16—All3 480—488—332  high elongation of pure aluminum and A356 alloy, ductile
R8 3 All4— AS20— All6 327—-477—299  damage initiation criterion is used with zero energy value
R9 3 AS21 — AS22— AS6 461—471—466  for damage evolution depend on stress triaxiality # = —p/q.
R10 - Tube 01-66 mm - In which p and p are von-Mises equivalent stress and hydro-
RI3 - Tube 02-44 mm - static stress respectively [34, 35].

Bl 1 Al 322 Outputs are reported as nominal stress and strains using a
B2 1 AS 435 nominal cross-sectional area and a total height of specimens.

Generally, for low-velocity impact analysis, outputs are given
in impact force time history., Firstly, linear Eigen-buckling
analyses are conducted, and tube buckling mode shapes are
extracted to enhance the simulation accuracy. These shapes

*Foam densities arranged from bottom to top (kg/cubic m)

Fig. 1 Quasi-static test setup
and FFT deformation mode, a
universal test apparatus, b un-
deformed FFT, c-h deformed
FFT with 10 to 60 percent strain

Fig.2 a Micro-structure model
of foam specimen with 20%
irregularity, b typical Kelvin
cell with 20% irregularity, c cell
parameters definitions
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Table 3 Material mechanical and physical properties

Material p(kg /m3) E (GPa) Tangent o,(MPa) v
modulus
(GPa)
Al[29] 2700 69 0.47 76 0.35
A356 [36] 2670 69 0.0 130 0.35
1100 alloy [37] 2710 70 0.2 122 0.34

are manipulated for geometric imperfection implementation
on tubes to simulate its crushing more precise.

2.2.3 Low-Velocity Impact Simulation

In low-velocity impact simulations, according to the drop ham-
mer experiments, impactor mass is 14 kg. Also, due low fric-
tion in sliders, which is proven by a high-speed camera, impact
velocity is about 3.7 m/s corresponding to 70 cm release
height. In other words, impact energy is about 96 J [38].

2.2.4 Densification Strain and Plateau Stress

Two major parameters affecting energy absorption capacity
and mechanical behavior of metallic foams are densification
strain £, and plateau stress o, Densification strain is approxi-
mately 1 — 1.4p* /p,. In which p* and p, are cellular structure
and solid material densities respectively. To determine the
above parameters, a more precise method based on energy
absorption could be used [39, 40].

JE o(e)de
E(o,) = ———— ©)

o(ea)

In which energy absorption efficiency £ ( aa) is defined as
the amount of energy absorbed from initial yielding strain €,,,
to corresponding strain € , normalized to corresponding stress
o, = o-(eu). Initial yielding point is defined as the first peak
in the stress—strain curve. Densification strain could be deter-
mined by maximizing energy absorption efficiency, or

dE(e)
de

=0=>e=¢, 3)

Furthermore, plateau stress under compression loading is
determined as below.

S o(e)de
Op = EL;T “)
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2.2.5 Microstructure Morphological Parameters
Determination

Cellular solid morphological parameters determination is
essential for accurate microstructural modeling and con-
sequent mechanical behavior prediction. These param-
eters are average values of cell size C, edge length [, face
thickness 7, edge profile dimension 7, and volume frac-
tion of solid material in edges ¢. In Fig. 2, the unit cell
of microstructure with controlled irregularity and some
major morphological parameters definition is shown.

Because of foam relative density p*/p, is the most effec-
tive factor in mechanical behavior, the main question is
what are realistic morphological parameters corresponding
to a relative density of each specimen [1]. The process of
finding these values is iterative. Initial values are obtained
using digital images and CT scan. Furthermore, average
cell size has lower importance. Measuring p*/p, of speci-
mens is quite simple. Observations show that the average
cell size of pure aluminum and A356 is 4-5 mm. it is
assumed that cubic foams in 21.5 mm tube inner dimen-
sions considering 0.5 mm gap have five complete cells.
Hence, the average cell size is 4.3 mm. For sensitivity
analysis, four and six complete cells with 5.38 and
3.58 mm size are also analyzed, and negligible output vari-
ations achieved. Edge length also depends on cell size or
l= C/(Z\/E). For 5 cells edge length is 1.56 mm.

Another important parameter in precise micro-struc-
tural modeling is volume fraction ¢. It relates i to 7, or
¢= tg/(tg + thfl/r"z). In closed cell metallic foam, e.g.
Alporas, it is about 0.6—0.8 [41]. In which Z and 7 are
a number of faces common in each edge and the average
number of edges forming each face respectively. In most
foams Z, = 3 and here 7 = 5.14. To determine morphologi-
cal parameters, desired foam density will be constrained
as below.

Loy, + 1, A
pAl{ e “edge 'f “total — p* (5)

Vzotal

In which p,; is aluminum density, L,,,, is a total length
of edges in cellular solids, AZZZ; is the total face area in
finite cells lattice and V,,,, is total structure volume. As
mentioned, it is assumed that each cellular specimen with
21.5%21.5%21.5 mm dimensions and five complete cells
in each row has 189 cells. So L, A’ZZZ? and V,,, are
5017, 7600 and 7511 in a millimetric system of units.
Finally, a variation of 7, and ; could be obtained in terms
of ¢. Processing CT and high-resolution images, as shown
in Fig. 3 yields to initial range of ¢ to be 0.65-0.75 [42].
Volume fraction is calculated using the average 7, /1; ratio,

determined from various CT images. The ratio is about
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Fig.3 CT scan images a before and b after image processing for morphological parameters prediction

Table 4 Morphological parameters of different foam densities

pr(kg/m’) b g (mm) o g(mm) g (mm) L/
300 0.6 0.279 0.058 0.058 4.8
0.7 0.308 0.047 0.047 6.5
0.8 0.341 0.034 0.034 10
400 0.6 0.322 0.078 0.078 4.1
0.7 0.357 0.062 0.062 5.8
0.8 0.394 0.044 0.044 9
500 0.6 0.361 0.097 0.097 3.7
0.7 0.4 0.079 0.079 5.1
0.8 0.441 0.055 0.055 8

5.0-6.0. The iterative process of FEA with different ¢ val-
ues yields to calibrated FE model with minimum error.
The optimum value of ¢ is 0.7. Variation of ¢, ¢, I and
t,/1; for different foam densities are tabulated in Table 4.

3 Results and Discussion
3.1 Numerical Model Verification

Several quasi-static uniaxial compression experiments
are conducted for verification and calibration numerical
model and also material properties characterization. These
experiments are categorized into three groups as bare foam
specimen, tubes with different heights, and graded FFT
with two and three layers. Bare foams experiments are
conducted using 322 kg/cubic meter pure aluminum and
435 kg/cubic meter A356 foam specimens with 40 mm
dimensions. These experiments are named B1 and B2,
respectively. All the tests are continued until full densifica-
tion and sudden rise in stress. Comparison between experi-
ment and FEA for B1 specimen is shown in Fig. 4. As
depicted, good accordance in an average value of plateau
stress and densification strain is obtained. Noisy experi-
mental results for bare foams is related to the size effects
and localized cell crushing. Generally, experiments are
repeated three times for each specimen to ensure results
reliability. Average experimental values of plateau stress
and densification strain 1.6 MPa and 70%. These results

7.0
— 6.0 Test
g 5.0
S 40 FEA
2 3.0
2
Z 20
1.0 |
0.0
0 0.5 1
Strain

Fig.4 FEA and experimental results comparison for B1 test of Al
bare foam (322 kg/cubic meter)

14.0
12.0 Test

10.0 FEA
8.0
6.0
4.0
20 |
0.0

Stress (MPa)

0 0.5 1
Strain

Fig.5 FEA and experimental results comparison for B2 test of A356
bare foam (435 kg/cubic meter)

are 1.9 MPa and 75% for FE simulation. Hence, there are
18% and 7% over-prediction error in numerical simulation.

In Fig. 5 experimental and numerical results compari-
son for A356 alloy is shown. Plateau stress and densifica-
tion strain for A356 bare foam are 2.6 MPa and 63% for
experiment and 3.1 MPa and 71% for FEA. There are 19%
and 13% over-prediction error. So good agreement with
maximum 20% error is achieved. Furthermore, comparing
test and FEA for empty tubes are also showed very good
accordance.

In Figs. 6 and 7 comparison between deformation
modes for bare foam and tubes are shown respectively.
Due to the importance of mesh independency analysis in
FEM simulations, a comprehensive study is conducted
with various mesh densities. For instance, uniaxial com-
pression simulation is performed using approximately
37000, 29,000, and 21,000 elements, which about 30%
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Fig.6 Experiment and FEA comparison of deformation mode of bare
foam specimen, a and b un-deformed and deformed foam specimen
in compression test, ¢ and d un-deformed and deformed foam speci-
men in FEA

Fig.7 Experiment and FEA comparison of deformation mode of
empty tube, a and b un-deformed and deformed tube specimen in
compression test, ¢ and d un-deformed and deformed tube specimen
in FEA

was beam element, and the rest was shell element. Finally,
the fine mesh with 1 mm global approximate element size
is chosen due to the high computational cost and accu-
racy. Relative error corresponding to fine, medium, and
coarse mesh is 20%, 33%, and 57% respectively. Using
finer mesh increases computational cost while error
decreases slightly. In Table 5 summary for experimental
and numerical results comparison of the verification pro-
cess is tabulated.

Furthermore, in Figs. 8 and 9 stress—strain curves cor-
responding to two and three layers graded FFT with
Al325 — AS510, and Al324 — AS477 — AS510 configura-
tion is shown respectively. The designation includes mate-
rial composition and layers densities from bottom to top.
In which Al is pure aluminum and AS is A356 alloy foam.
As shown, there is good agreement between simulation and
experiments, especially up to 50% strain. A considerable
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error is observed in the densification region because of the
nature of the shell model and contact formulation [10]. For-
tunately, over-prediction in densification strain is almost
constant, and it is predictable in other experiments. So the
calibrated numerical model is obtained and could be manip-
ulated in various static and dynamic simulations. Another
point is that the maximum error is according to specific
energy absorption density because of the multiplication of
errors in 6, and €.

3.2 Quasi-Static Uniaxial Compression

In this section, various configurations of FFT and graded
bare foams simulation results are presented, and correlations
are proposed. To be more realistic, Al and AS layer densi-
ties are chosen to be 300 and 500 kg/cubic meter in simula-
tions. Furthermore, the main focus is on the local behavior
of graded structures. In other words, results are presented
in detail for different phases on the stress—strain curve cor-
responding to graded structures. So designing mechanical
properties and structural tailoring is achieved. In Tables 6,
7, 8 and 9 simulation results for various structures are pre-
sented such as three and two layers FFT and bare graded
foam and also single layer FFT and bare foam.

Major output parameters are total ultimate nominal den-
sification strain of the structure 5Z’lt , energy absorption until
ultimate densification E, ,,; and total energy absorption den-
sity u,,,,;» number of extremum points in energy absorption
efficiency curve which are corresponding to different phases
of plateau region and energy absorption due to density gradi-
ent Ng’;, different local densification strain in each phase in
ascending order e’;hms, energy absorption density in each
phase u,,,, and finally plateau stress of distinct phases in
the stress—strain curve O'Z lham. Analyzing the stress—strain
curve of each specimen gives detailed comprehension. For
instance, the number of extremum points on energy absorp-
tion efficiency curve is related to different densification
regimes of structures. A most important parameter in
mechanical behavior design and tailoring process is total
energy absorption or crashworthiness. So a comprehensive
bar chart is shown in Fig. 10. The result is used for crash-
worthiness decision making for desired energy absorption
capacity as input and structural configuration as output.

According to the results, manipulating 28 various struc-
tures yielded to 15—435 J energy absorption. Furthermore, in
arange of 90-130 J, there are several FFT and bare graded
foam options. It is worth noting that bare and FFT specimens
have 15-128 and 93-435 J energy absorption, respectively.
The statistical study shows that structure configuration selec-
tion corresponding to desired energy absorption could be
achieved within a maximum 20% variation. Also, to predict



Metals and Materials International (2021) 27:871-884 879
Table 5 Verification tests and simulation results summary
Test no. FEA Test FEA Test FEA Test FEA Test
6 e (MP2)! Error (%)*  ©,(MPay’ Error (%)°  £4(%)* Error (%)° ;. (MPay Error (%)*
RI 15 18.1 21 9.7 11.3 17 59 63 7 5.7 7.1 25
R2 14.7 18.1 23 14.8 13.0 -12 50 60 20 7.4 7.8 5
R3 15.1 18.1 20 10.7 124 15 57 68 19 6.1 8.4 38
R4 15.7 18.1 15 11.9 12.0 1 58 65 12 6.9 7.8 13
R5 13.8 18.2 32 11.4 12.3 8 49 73 49 5.6 9 61
R6 15.2 18.2 20 11.6 13.1 13 50 70 40 5.8 9.2 59
R7 14.2 18.2 28 11.3 13.6 20 52 77 48 59 10.5 78
R8 14.7 18.2 24 10.9 13.4 23 54 79 46 59 10.6 80
R9 14.6 18.2 25 12.9 13.8 6 51 72 41 6.6 9.9 50
R10 8 8.8 10 3.1 43 39 41 42 2 126 179 42
R13 7.8 10.5 35 35 4.5 28 31 35 13 109 158 45

In tube tests, maximum force is reported in kN

2The relative error of simulation for test; + over-prediction and — under-prediction

3In tube tests, plateau force is reported in kN
“In tube tests, densification displacement is reported in mm

3In tube tests, the absorbed energy is reported in J

40
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\2;20 - — —FEA P
§ \\ /\\o-"'-’
&z 10 =~
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Fig.8 FEA and experimental results comparison for R4 test with
Al325— AS510 configuration
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Fig.9 FEA and experimental results comparison for RS test with
Al324 — AS477 — AS510 configuration

mechanical properties, correlations are presented for the
average density of structures.

In Fig. 11, energy absorption density is depicted for
bare and FFT structures. As shown, linear regression for

variation is acceptable. So, increasing average density
yields to increase in specific energy for both FFT and
bare structure. In Fig. 12, linearly ascending trend for
total plateau stress in bare and FFT structures is shown.
In Figs. 13 and 14 variation of total densification strain for
bare and FFT structures are shown respectively. As seen,
there is a quadratic trend with a maximum point at about
370-400 kg/cubic meter.

3.3 Low-Velocity Impact

Verification of explicit dynamics procedure in quasi-static
simulation and accelerated loading rates ensures the valid-
ity of the numerical model to predict low-velocity impact
behavior. Because FFT structures are more applicable and
their performance indices in energy absorption are supe-
rior, the present analysis focused on this kind of structures.
Outputs are summarized as impact force time history and
nominal stress—strain curves. Furthermore, results from
interpretation yields to maximum force F,,, and stress ¢,,,,.
average force F,,, and stress o, in the semi-plateau region
during impact, crushing displacement 6, and strain €_,,,
total specific energy u,,,, and energy absorption E, ,,; and
finally, impact time duration 7,,,,.

In Figs. 15 and 16 stress—strain and force time history for
three layers FFT with Al — Al— Al (300)-T configuration
is shown respectively. In Table 10, the whole simulation
summary for various FFT in low-velocity impact is included.
Four major performance indices are presented for tailoring
purpose as maximum and average stress, crushing strain,
and impact time duration. Also, in Figs. 17, 18, 19 and 20,
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Table 6 Quasi-static simulation results summary for 3 layers graded FFT

Structure Configuration 49 (%) U,y (MPa) E @ NI Uppases MPa) nﬂ”m (MPa)
3 layers graded FFT Al— Al—AI-T 73 8.62 257 1 8.62 11.8
Al— Al—>AS-T 82 11.43 341 3 4.97,2.15,4.31 11.3,14.3,18.7
Al—AS—AI-T 77 9.9 295 3 4.7,2.1,3.1 104, 15,17.2
Al—-AS—>AS-T 74 10.9 325 1 10.9 14.7
AS— Al—AI-T 84 11.8 351 2 5.7,6.1 11.6,17.4
AS—Al—>AS-T 80 11.7 349 3 5.1,4.2,24 12.4,16.8,17.1
AS—AS—AIT 82 124 370 1 124 15.1
AS—AS—AS-T 83 14.6 435 4 43,2,49,34 14.8,16.7,18.8,21.3
Table 7 Quasi-static simulation results summary for 3 layers graded bare foam
Structure Configuration 53” (%) U, (MP2) E,u NI gﬁh‘””(% ) Uppases (MPa) 0%"”6 ¥ (MPa)
3 layers graded  Al— Al— Al 77 1.7 49 3 55,64,77 1.1,0.2,0.36 2.0,2.2,2.8
bare foam
Al— Al— AS 78 2.5 75 2 48,78 1.0,1.5 2.1,5.0
Al—-AS—Al 83 29 86 3 50,76,83 1.0,14,05 2.0,5.4,7.1
Al—AS—AS 74 33 98 2 24,74 05,28 2.1,5.6
AS— Al— Al 78 2.5 73 2 48,78 1.0, 1.5 2.0,5.0
AS— Al— AS 73 3.7 110 2 25,73 05,32 2.0,6.7
AS—AS— Al 73 32 95 2 22,73 04,28 1.8,5.5
AS—AS—AS 75 4.3 128 2 59,75 3.1,12 53,75
Table 8 Quasi-static simulation results summary for single and double layers FFT and bare foam
Structure Configuration 521’(% ) Uy MP2)  E, () NEI 67’”““‘(% ) Uppases (MP2) ag;”“” (MPa)
2 layers graded FFT Al— AI-T 73 8.9 177 1 73 8.9 12.2
Al—AS-T 77 11.2 223 3 50, 66,77  6.1,2.9,2.2 12.2,18.1,20
AS—AI-T 79 11.5 229 3 56,74,79  7.3,32,1.0 13.0, 17.8,20
AS— AS-T 73 12.7 252 2 58,73 9.6, 3.1 16.6, 20.7
2 layers graded bare foam Al— Al 69 1.5 29 2 59, 69 12,03 20,25
Al—AS 80 33 66 2 35, 80 0.7,2.6 2.0,5.8
AS— Al 80 3.25 65 2 37, 80 0.75,2.5 2.0,5.8
AS—AS 70 4.1 81 1 70 4.1 59
Single layer FFT Al-T 79 9.4 93 2 59,79 5.7,3.6 958,173
AS-T 73 12.3 122 1 73 12.3 16.8
Single layer bare foam Al 64t073 13t0 1.5 12.9 to 14.9 1 64 to 73 1.3t0 1.5 About 2.0
AS 70 4.2 42 1 70 4.2 6.0
Table 9 Quasi-static simulation gy, e Height (mm)  Thickness (mm) €% (%) 1, (MPa) E, () o, (MPa)
results summary for various P
square hollow tubes Square hollow tube 22 1.0-1.1 74 5.3 56 7.2
44 68 5.6 119 8.2
66 73 5.6 179 7.6
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Fig. 10 Crashworthiness and tailoring chart for energy absorption capacity
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Fig. 11 Total energy absorption density for bare (bottom) and FFT
(top) structures with linear correlation

correlations are presented for these parameters. Non-linear
variations are obviously seen for impact loading condition.

4 Conclusions

The present research focused on designing mechanical
properties and crashworthiness of FFT and bare foam
structures based on experimentally calibrated micro-
structural finite element model both for quasi-static and
low-velocity impact loading conditions. Also, we tried to

20

y =0.0257x + 4.1588
15

y=0.0187x - 3.4847

0
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Fig. 12 Total plateau stress for bare (bottom) and FFT (top) struc-
tures with linear correlation
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Fig. 13 Densification strain for bare structures with quadratic correla-
tion — average (filled square) and raw data (filled diamond)
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Fig. 14 Densification strain for FFT structures with quadratic correla-
tion — average (filled square) and raw data (filled diamond)
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Fig. 15 Stress-strain curve in low velocity impact for Al— Al— Al
(300)-T configuration
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bridge between microscale to macroscale properties using -~

micro numerical model. In other words, using desired g

macro-mechanical properties such as energy absorption Uai E ; E ; ; E E « o E E ;

or several densification regions, the microstructural model

and its morphological parameters could be determined pre-

cisely. So the main achievements are summarized below. <

S|ESRITGEIZTEEER

e Micro-structural geometric and FE model is generated
based on a modified Kelvin cell with beam elements
on the edges and 3D Voronoi diagram with controlled g
irregularity. V% v

e The digital image processing technique is manipulated Blw wviwv O v on v e nn n e
on CT scan and high-resolution stereo images to initial-
ize the morphological parameters such as ¢ and 7, /1, for 5
error minimization in model generation. >

e Numerical model is calibrated using quasi-static experi- £ S 9z ; PR g g ; = g
mental results and model limitations are determined e.g.
densification strain and region prediction. e

e Several correlations are presented to predict ¢, £, and % é
U, of bare and FFT structures in static loading con- Sl %lecmo mm oo —
cerning average density. f |22 e g

e Macro and micromechanical properties and crashwor- ]
thiness index could be tailored in static and dynamic :\1: -
loading conditions. u‘i %

e The wide variety of graded structures in the form of bare ‘g ‘% . © <+ 4+ © © «
foam and FFT with 15-435 J and maximum 20% varia- £ glEEEEZSEREEZS 22
tion increment in energy absorption capacity is obtained. @

e Energy absorption density and plateau stress have lin- % LB LB
early ascending behavior for quasi-static loading of g . ; 2 = Q = 2 = 2
bare and FFT in terms of average density. g 111 T 1T J; J; - EE :

e Densification strain variation in terms of average den- ElE|l2 22 2<<<<2c2<<
sity is convex upward with a quadratic form for bare g % 1 1 1 1 UT) J, J, J, i i J, JJ
and FFT in static loading. The maximum densification é S I T
strain occurs at 370—400 kg/cubic meter densities. i

e Accurate dynamic behavior prediction is achieved '§ £ £
using a calibrated numerical model and correlations E E %
for 6,45 Gayes €0y and 1, are proposed. E E* %

e In low-velocity impact, maximum stress is reached just ol .
after impact, and its trend is ascending with density. 2|3 3 3

e 1E1S S
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