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We present a combined experimental and numerical study on the strain rate effect of closed-cell Al-Si-Ti foams having different relative
densities fabricated using the powder metallurgy foaming technique. The high strain rate tests were conducted with split Hopkinson
pressure bar technique at 800 to 2500 s~!. Two-dimensional mesoscale finite element models were created from tomographic images
of the homologous foam. The rate sensitivity of the foam originates mainly from that of its parent material, increasing with increasing
relative density. Stress elevation due to other effects, such as micro-inertia, shock wave, and gas pressure in individual cells, is negligible.
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compression

1. Introduction

High porosity cellular metallic foams have been considered as
a candidate energy dissipation material under dynamic load-
ing conditions due to their large deformation capability at
nearly constant plateau stress [1]. A proper understanding of
their compressive behavior at high strain rates, especially the
strain rate effect on the plateau stress is therefore important.
To measure the dynamic mechanical properties of aluminum
foams at high strain rates, the split Hopkinson pressure bar
(SHPB) technique has been widely employed. Existing SHPB
test results summarized in Table 1 show conflicting results
for the rate sensitivity of closed-cell aluminum foams. For in-
stance, at the same relative density, aluminum foams (IFAM)
produced using the powder metallurgy technique exhibit dis-
crepant strain rate sensitivities [2-4]. To date, the strain rate
sensitivity of metallic foams is not fully clear because various
types of foam made from different manufacturing processes
exist. The issue is complicated further by the dependence of
the rate sensitivity upon foam relative density, micro-inertia,
cell-wall material, specimen size, etc.

In the present study, to investigate the strain rate sensitivity
behavior of aluminum foams, closed-cell Al-Si-Ti foams with
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different relative densities were first produced using the pow-
der metallurgy foaming technique. Quasi-static compressive
tests as well as high strain rate SHPB tests were subsequently
carried out. Based upon the tomographic images of the Al-Si-
Ti foam, finite element (FE) simulations were carried out. The
influence of foam relative density, cell-wall material, micro-
inertia, shock wave and gas pressure on foam rate sensitivity
was systematically studied. The effect of specimen size was
also brought forward to explain the difference of compressive
stress versus strain curves obtained from quasi-static uniaxial
compression and SHPB tests.

2. Material and Testing

Closed-cell Al-Si-Ti foams were produced using powder met-
allurgy foaming technique with blowing agents. The composi-
tion of the cell-wall material is Al-7Si (by mass%) and titanium
hydride (TiH,, typically 1.0%), the latter serving as the blow-
ing agent. The fabrication process is similar to that of closed-
cell IFAM and Alulight foams. First, aluminum, silicon, and
TiH, powders were blended evenly in proportion. The powder
mixture was then cold compacted (at a pressure of 4.0 MPa)
and hot extruded (to a ratio of 20:1 and at the temperature
of 430°C) axially in a cylindrical chamber to obtain foam-
able precursor billet (diameter 45 mm and height 7.5 mm),
with a relative density (density of foam block divided by that
of cell-wall material, p /pyoiq) more than 98%. During heat
treatment inside a muffle furnace, the melt starts to expand
slowly at about 640°C, eventually filling the cylindrical steel
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Table 1. Strain rate effect of closed-cell aluminum foams
Processing Relative Test method
Foam type method Material make density (SHPB) Rate effect ~ References
IFAM Powder Al-Ti 0.12-0.30 — Insensitive [2]
metallurgy
IFAM Powder Al-Si-Ti 0.133,0.211 — Insensitive [3]
metallurgy
IFAM Powder Al-Si-Ti 0.23 Nylon bar Sensitive [4]
metallurgy
Alporas Batch casting Al-Ca-Ti-Fe- 0.09-0.1 Steel bar Sensitive [5]
Mg
Alporas Batch casting Al-Ca-Ti 0.074-0.15 Aluminum bar Sensitive [6]
Alporas Batch casting Al-Ca-Ti 0.106-0.155 Magnesium alloy Sensitive [7]
bar
Alporas Batch casting Al-Ca-Ti-Fe- 0.08 Magnesium alloy Sensitive [8]
Mg bar
Cymat Melt gas injection Al-SiC 0.093 Nylon bar Insensitive [9]
Alulight Powder Al-Si-Ti 0.17-0.40 Steel bar Insensitive [10]
metallurgy
— Powder Al-Ti 0.062-0.373 Hollow aluminum Sensitive [11]
metallurgy bar
SiCp/AlSi9Mg Powder Al-Si-Mg 0.21, 0.32 Aluminum alloy bar Sensitive [12]
metallurgy
Cenospheres Squeeze casting Pure Al 0.593, 0.563 Aluminum alloy bar Sensitive [13]
Composite Powder Al-Mg-Ti-Cy 0.10-0.20 Steel bar Sensitive [14]
foam metallurgy

foaming vessel. Finally, upon cooling the vessel rapidly below
the melting point of the alloy, the liquid foam turned into solid
closed-cell Al-Si-Tifoam. Approximately homogeneous foams
with different relative densities were obtained through careful
adjustment of processing parameters, such as the amount of
TiH; added and the heat treatment time after adding TiH,, as
shown in Figure 1.

For both quasi-static and dynamic compressive tests, cylin-
drical foam specimens with a diameter of 35 mm and a height
of 10 mm were selected. To obtain reliable data of the alu-
minum foams, while the specimen diameter should be as large
as possible within the limitations of the Hopkinson pressure
bar (diameter of 37 mm), the specimen height should be as
small as possible to avoid serious attenuation of stress waves
traveling through the specimen. The choice of the present
specimen dimensions insured each specimen had at least five
cells along the height direction [15]. Photographs of foam

Fig. 1. Photograph of closed-cell Al-Si-Ti foam with relative den-
sity of: (a) 0.40, (b) 0.30, and (c) 0.21.

specimens with relative densities 0.40, 0.30, and 0.21 are shown
in Figure 1, with average cell sizes measured as 0.9, 1.6, and
2.2 mm, respectively. To minimize damage to cell edges, the
specimens were cut from the cast foam block with an electro-
discharge machine (EDM).

Quasi-static compressive tests were performed on a dis-
placement controlled servo-hydraulic test machine (MTS858
Minibionix, MTS Corporation, USA). Axial displacement
was recorded to determine the nominal strain of the foam
specimen while engineering stress was measured by load cell
mounted on the testing machine. The tests were conducted at
a cross-head speed of 0.01 mm/s, corresponding to a nominal
strain rate of 0.001 s~!.

High strain rate tests were performed using a SHPB ap-
paratus (see Figure 2) within the strain rate range of 800 to
2500 s~!. The apparatus comprises a 37-mm diameter striker,
incident, transmitter, and absorbed bars, which are 600, 2000,
2000, and 800 mm in length, respectively, and all the bars
were made of aluminum alloy. The foam specimen was sand-
wiched between the incident and transmitter bars, and a thin
Vaseline layer was evenly spread on the loading surfaces to
minimize friction effects. A small circular shaper (sheet) was
placed on the impact face of the incident bar (see Figure 2) to
produce slowly rising incident pulse and minimize wave dis-
persion effects, generating a constant strain rate in the plastic
response regime [16]. Typically, the shaper materials are pa-
per, aluminum, copper, brass, and stainless steel. However,
after repeated attempts, 1.0- to 2.0-mm-thick lead sheets were
selected as the ductile, very soft, highly malleable lead sheet
caused no damage to the striker as well as the incident bar.
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Fig. 2. SHPB set-up.

As shown in Figure 3, the shaped incident wave is relatively
smooth while the reflected wave has a nearly constant plat-
form, implying that the specimen deforms at a constant strain
rate over most of the impact duration. Electrical resistance
strain gauges attached to the middle surface of the incident
bar were used to record both incident and reflected waves.
Due to impedance mismatch between the specimen (Al-Si-
Ti foam) and pressure bar (aluminum alloy), the transmitted
signal is, in general, rather weak. Common approaches for
raising the signal-to-noise level of the transmitted wave are:
(1) low impedance material for transmitter bar, e.g., PMMA
[10], magnesium alloy [7], and nylon [9]; (2) hollow aluminum
transmitter bar [11]; (3) highly sensitive strain gauges [17].
In the present study, for simplicity highly sensitive semicon-
ductor strain gauges were selected, which were glued to the
transmitter bar surface. Since the sensitivity of semiconductor
strain gauges is about 50 times higher than that of traditional
electrical resistance strain gauges, the weak transmitted wave
could be properly recorded, as demonstrated in Figure 3. The
test results were analyzed based on the propagation princi-
ples of the longitudinal elastic wave in cylindrical bars, with
the strain rate €(¢), strain €(¢), and stress o(¢) in the foam
specimen calculated using the two-waves method [18].

3. Two-Dimensional Finite Element Models

Two-dimensional (2D) mesoscale FE models were created
from tomographic images of closed-cell Al-Si-Ti foams,

3000
2000+ reflected wave
1000 - \
=
= ]
-3 0
5
E -1000 - transmitted wave
=-2000
1 incident wave
-3000 : . . T
0 200 400 600 800
time(ms)

Fig. 3. Typical waveforms (including incident, reflected, and trans-
mitted waves) from SHPB test.

J. Zhang et al.

Fig. 4. Procedures for creating 2D mesoscale FE foam model with
relative density of 0.2: (a) 2D tomographic image of aluminum
foam; (b) cell-representing closed splines; (c) cell-representing re-
gions; (d) 2D geometric model of aluminum foam; and (e) mesh-
ing with solid finite elements.

inspired by the methods of modeling 2D random Voronoi
honeycombs [19] and X-ray tomography models [20]. As il-
lustrated in Figure 4, the 2D mesoscale FE model for the
case of relative density 0.2 was produced using the following
procedures:

1. Acquire a typical 2D tomographic image of closed-cell Al-
Si-Ti foam, Figure 4a;

2. Based on this image, draw closed splines to represent sepa-
rated and smoothened cells, Figure 4b;

3. Change the closed splines into regions (marked as “A”) and

construct a square region (marked as “B”) to represent the

2D specimen, Figure 4c;

Make a Boolean operation (“B” subtracting “A”) to gener-

ate a 2D geometric cellular model, Figure 4d;

>
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5. Extrude the 2D cellular model with a small thickness, and
mesh the cellular model using solid elements, Figure 4e.

The present approach ensured the foam specimen models
with relative densities of 0.2, 0.3, and 0.4 representing faith-
fully the irregular cell shape and unequally geometric distri-
bution of the homologous foam.

The in-plane geometrical dimensions of the 2D FE foam
model were taken as 10 mm x 10 mm, and its thickness was
0.02 mm (one element). To simplify the modeling, relatively
small inner voids (less than 0.2 mm in diameter) were dis-
regarded. Meshing with 8-node solid elements was achieved
using the commercially available FE code ANSYS. The aver-
age element size was reduced to 0.04 mm to ensure numerical
convergence. Mesh sensitivity studies revealed that further re-
finements did not appreciably improve the accuracy. The ex-
plicit finite element code LS-DYDA was employed to carry
out all of the simulations.

The mechanical properties of the aluminum alloy (cell-
wall material) were described using the isotropic hardening
plastic material model within the LS-DYNA material library,
with its density, Young’s modulus, Poisson ratio, yield stress,
and tangent modulus assigned as 2700 kg/m?, 69 GPa, 0.3,
76 MPa, and 0.69 GPa, respectively [21]. The strain rate ef-
fect of the aluminum alloy was accounted for by adding the
Cowper—Symonds term to the constitutive relation [22]. If this
term was removed, the strain rate effect of the cell-wall mate-
rial was ignored.

To simulate numerically the boundary conditions applied
in the present quasi-static and dynamic uniaxial compression
tests, the FE foam model was sandwiched between two rigid
plates. While the top plate was moving downward with a con-
stant velocity, the bottom plate was kept stationary to ensure
that the foam model deformed at constant strain rate; the foam
model was confined along its out-of-plane direction while its
two side edges were set free. It was further assumed that the top
and bottom surfaces of the foam model can slip on both the
rigid plates with a small friction coefficient (0.01) to represent
the perfect lubricating condition in experiments. A sensitivity
study was carried out and it was found that the simulation
results were insensitive to the value chosen for the friction
coefficient. For large deformation of the aluminum foam, au-
tomatic single surface contact options were applied to enforce
hard contact between all potential cell-wall surfaces.

The 2D mesoscale FE model, as presented in Figure 4, can
be conveniently used to represent the irregular cell shape and
unequal geometric distribution of real foams. However, one
limitation of the 2D model is that the discretization must be
fine enough to properly model continuum cellular wall struc-
tures, i.e., the size of the elements must be sufficiently small.
While 3D mesoscale FE models have also been used to sim-
ulate cellular foams, they are typically inefficient in terms of
computation cost and, hence, rarely used in practical compu-
tation. Further, a 3D model constructed by using the present
method would need hard work to repair the numerous process-
induced geometrical defects present at the microscopic level.
The 2D foam models were used in the present investigation
to numerically simulate the mechanical behavior of model
aluminum foams subjected to dynamic loading and quantify
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the influence of key parameters, such as foam relative density,
micro-inertia, cell-wall material, and specimen size, which may
shed light on the underlying deformation mechanisms and
cause for rate sensitivity of real aluminum foams. The simula-
tion results are not directly used to compare with experimental
measurement results.

4. Results and Discussion

4.1. Experimental Results

Figures 5a, 5b, and 5c present the unaxial compressive stress
versus strain curves obtained under three different strain
rates for three relative foam densities, 0.40, 0.30, and 0.21.
The results showed that, under either quasi-static or dynamic
compression, the closed-cell Al-Si-Ti foams employed for the
present study exhibited three distinctive deformation regions
typical for cellular metals: initial elastic response, extended
plateau region, and densification.

Here, to define whether the aluminum foam is sensitive or
insensitive to strain rate, we adopted the criterion of 20% eleva-
tion in plateau stress [10]. For high relative density foams (e.g.,
0.40), with the strain rate increasing from 0.001 to 2200 s~!, the
plateau stress was increased by about 40%, from 22.5 to 31.8
MPa. For foams with intermediate relative density (p / Psolid =

0.30), the plateau stress at 1800 s~! strain rate was about 25%
higher than that at 0.001 s~!. In comparison, no significant
change in plateau stress was observed for low relative foam
density (0.21) within the strain rate range of 0.001 to 2500 s,
consistent with existing findings for metallic foams having rel-
atively low relative densities [2, 3]. For the present Al-Si-Ti
foams with closed cells, a critical relative density (approxi-
mately 0.25) appeared to exist, above which the foam is strain
rate sensitive. However, it must be emphasized that the critical
value presented here should be used cautiously, as only three
foam relative densities have been examined in the experiments
and it is not yet clear whether this critical value is applicable
to foams fabricated with other parent materials.

In general terms, the rate sensitivity of cellular metals may
be affected by micro-inertia [9, 23-25]; rate sensitivity of cell-
wall material [24, 26, 27]; compression of entrapped gas in cells
[6, 11]; and other factors, such as inertia and shock wave effects
[28] that may change the deformation mode of the material. Su
et al. [22] suggested that, given the “flat topped” quasi-static
stress versus strain curve of aluminum foams, micro-inertia
plays little role under dynamic loading [10]. Therefore, in the
following, the remaining factors that may cause the strain rate
sensitivity of aluminum foams were discussed using the present
FE simulation results.

4.2. Effect of Cell-Wall Material

Simulation results with FE models were analyzed for alu-
minum foams under different strain rates to investigate the
rate effect of cell-wall material. Figure 6 presents the numer-
ical results for selected foam relative densities. It was seen
from Figure 6a that, when the cell-wall material was taken as
rate sensitive, the simulated results followed the same trend
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Fig. 5. Unaxial compressive stress vs. strain curves experimentally
measured at selected strain rates for closed-cell Al-Si-Ti foams
with varying relative density: (a) 0.40, (b) 0.30, and (c) 0.21.

as that observed experimentally, i.e., Figure 5. However, if the
rate dependence of the cell-wall material was neglected in the
simulations, i.e., the Cowper—Symonds term was removed, the
foams with varying relative densities did not exhibit significant
dependence on strain rate. It appeared therefore that the strain
rate sensitivity of the present aluminum foam may originate
mainly from the strain rate sensitivity of its cell-wall material.
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Fig. 6. Simulated uniaxial compressive stress vs. strain curves
of aluminum foams made with (a) rate sensitive and (b) rate
insensitive cell-wall material.

With foam relative density fixed, the deformation mode of
the aluminum foam remained unchanged when the strain rate
was increased from 0.001 to 1000 s~!, as illustrated in Figure 7.
For the three relative densities examined, it can be seen from
Figure 7 that the deformation was first localized in the weak-
est region of the model specimen. For relatively high relative
densities (e.g., 0.3 and 0.4), the deformation of the foam was
dictated mainly by the narrowing of weak cells and the plastic
flow of cell-wall material. As discussed in the previous section,
at relatively high relative densities, the strain rate sensitivity of
aluminum foams was derived mainly from that of the parent
material. In contrast, when the relative density was reduced to
0.2, the foam deformation was mainly dominated by cell-wall
buckling, as shown in Figure 7c. Here, the performance poten-
tial of the cell-wall material was not effectively developed and
the dynamic compressive behavior of the foam was dependent
mainly upon the shape and distribution of the cells, with the
rate sensitivity of the cell-wall material playing a minor role.
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(@) b) (]

Fig. 7. Numerical deformation maps of the aluminum foams with
relative densities: (a) 0.4, (b) 0.3, and (¢) 0.2.

In summary, closed-cell aluminum foams fabricated from
a rate-sensitive parent material can also exhibit strain rate
sensitivity, which increases with the increase of foam rela-
tive density. However, while the numerically predicted critical
sensitivity (~0.2) separating rate-sensitive and rate-insensitive
regimes matches that experimentally observed (~0.25), this
value is yet universally applicable as more experimental and
numerical simulations concerning other cellular foams made
from matrices having different rate dependent properties from
the material system studied in this work.

4.3. Effect of Compressed Gas

To investigate the effects of compressed gas entrapped within
the cells under dynamic compression, finite element simula-
tions with a FE foam model (0.3) filled with gas medium
(Figure 8) were carried out. The gas medium was filled by us-
ing the Lagrange method, same as the cell-wall material. The
Null material and the Gruneisen equation of state were used
to describe the mechanical behavior of the gas medium. When
the change of gas volume reaches 0.5, the gas would discharge;

cell-wall element

gas element

Fig. 8. Finite element model of aluminum foam filled with gas
(p/psolid = 0.30).
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0.4

0.6
0.8

Fig. 9. Deformation mode of aluminum foams (p / psotia = 0.30)
with impact velocity: (a) 0.01 m/s, (b) 200 m/s, and (c) 400 m/s.

the corresponding elements were removed to avoid exceeding
distortion of the element.

The simulation results (not presented here for brevity)
demonstrated that, except for consuming more computing
time, the presence of the gas medium did not change the dy-
namic strain-stress behavior of the aluminum foam, which is
consistent with the finding of Gibson and Ashby [29] who cal-
culated the contribution of compressed gas to the quasi-static
strength of closed-cell foams. Also, according to Deshpande
and Fleck [10], the stress elevation of the foam (p / Psolid =
0.05) due to compressed gas was no more than 0.05 MPa (less
than 1.5%). Due to significant stiffness difference between the
gas medium and the cell-wall material, the former can hardly
affect the deformation of the latter. Consequently, the pres-
sure due to compressed gas in the cells is too small to have
any contribution to both the quasi-static and dynamic stress
elevation of metal-based cellular materials [9, 10].

4.4. Effect of Inertia

When the impact velocity reaches the plastic wave velocity of
aluminum alloy foams, the inertia (rather than micro-inertia)
effect of the cell-wall material becomes important, with the de-
formation pattern of the foam changing from “random mode”
to “shock mode” [30]. As shown in Figures 9b and 9c, the lo-
calized crushing band initiated at the impact end propagated
like dominoes along the impact direction, significantly differ-
ent from that of Figure 9a obtained under quasi-static loading.
Further, the foam deformation was more localized as the im-
pact velocity was increased.

The plastic wave velocity may be calculated as C, =
v Ep/ps, where E, and p; are the plastic modulus and density
of the cell-wall material, respectively. If the aluminum material
has a “bi-linear” stress versus strain relation, with £, = 0.69
GPa and ps = 2700 kg/m?, then C, ~ 160 m/s. (Note that
the plastic wave velocity of a metallic foam is slightly smaller
than that of its cell-wall material.) In the present SHPB tests,
the largest compressive velocity reached was no more than
20 m/s, and hence the stresses at both the impact side and the
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Fig. 10. Influence of specimen size on quasi-static stress vs. strain curve of closed-cell Al-Si-Ti foam: (a) measurement and (b) FE

simulation.

stationary side of the foam specimen were uniform, with no
“shock mode”deformation observed.

The strain rate effect and impact velocity are two differ-
ent issues concerning the mechanical properties of closed-cell
aluminum foams. When the impact velocity is low (less than
the plastic wave velocity), the stress distributes uniformly in
the foam so that the discussion of strain rate effect is rele-
vant. When the impact velocity is sufficiently high, the foam
deformation is dominated by “shock mode,” and the stresses
at the impact side are significantly different from those at the
stationary side. Under such conditions, the strain rate effect is
overwhelmed by the inertia effect of the foam structure.

4.5. Effect of Specimen Size

Most existing studies on strain rate sensitivity of aluminum
foams ignored the effect of specimen size. Actually, due to dif-
ferent test methods, the selected specimen sizes were usually
different between dynamic and quasi-static compression tests
[11-13, 17, 31-34]. For SHPB tests to obtain complete stress
versus strain curves including the three distinctive regimes (lin-
ear elasticity, collapse plateau, and densification), the speci-
men height was commonly minimized [17, 34]. The slenderness
ratio of foam specimens for MTS tests was therefore usually
larger than that for SHPB tests.

Hanssen et al. [35] compared the quasi-static compressive
strain versus stress curve of a cubic aluminum foam specimen
and that with its height halved. They found that the latter
exhibited about 15% enhancement of the initial plateau stress
and far more strain hardening than the former, as shear failure
occurring on the side wall of the cubic specimen led to reduced
effective cross-sectional area.

To explore further the influence of specimen size (and
shape), quasi-static compressive tests (strain rate fixed at
0.001 s~!) were carried out on an MTS machine for the present
Al-Si-Ti foams. The specimens selected were cube (10 x 10 x
10 mm?) and cylinder (@35 x 10 mm?), respectively, while the
foam relative density was fixed at 0.27. For the cylinder speci-

men, a new 2D mesoscale FE foam model (size 35 x 10 mm?,
relative density 0.3) was constructed from a tomographic im-
age of the homologous foam. The boundary conditions, cell-
wall material properties, loading method, etc. remained un-
changed as those employed in the previous model (size 10 x
10 mm?, relative density 0.3). From the obtained stress versus
strain curves shown in Figure 10, it was found that both the
experimental and numerical results exhibited consistent spec-
imen size effect, and that specimen size had a relatively small
influence on foam compression behavior, at least for the size
range considered in the current study.

5. Concluding Remarks

A combined experimental and numerical simulation study was
carried out to investigate the uniaxial compressive behavior of
closed-cell Al-Si-Ti foams having different relative densities at
different strain rates. Special focus was placed upon quantify-
ing the strain rate sensitivity of the material and exploring its
underlying mechanisms. Within the range of strain rate consid-
ered (0.001 to 2500 s~ 1), the dynamic deformation of Al-Si-Ti
foams having the same relative density was found to be similar
to their quasi-static behavior. It was established that the strain
rate sensitivity of the foam is derived mainly from that of its
parent material, increasing with increasing relative density. It
was further established that Al-Si-Ti foams having relatively
low relative densities (less than about 0.25) may be approx-
imated as strain-rate insensitive in practical applications, al-
though the critical relative density separating the rate-sensitive
and rate-insensitive regimes needs further study especially for
other cellular foams made from matrices having different rate
dependent properties from the material system studied in this
work. Micro-inertia, shock wave, and compressed air pressure
in individual cells were found to have negligible effect on the
rate sensitivity of the foam, while specimen size (shape) should
be carefully selected to minimize specimen size effects.
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