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Abstract: The infiltration casting fabrication process based on spherical CaCl, space-holders and the
compressive behavior including the mechanical performance and energy absorption capacity of open-
cell aluminum foams were investigated. Open-cell aluminum foams with different porosities in the range of
63.1% to 87.3% can be fabricated by adjusting compression ratios of CaCl, preforms prepared by precision
hot-pressing. The compression tests show that a strain-hardening phenomenon always occurs especially for
open-cell aluminum foam with low porosity, resulting in the inclining stress-strain curve in the plateau region. The
energy absorption capacity of open-cell aluminum foam decreases with increasing porosity when compared at
the same strain. However, when compared at a given stress, each foam can absorb the maximal energy among
the five foams in a special stress range. Additionally, open-cell aluminum foam possesses the maximum energy
absorption efficiency at its optimum operating stress. At this stress condition, the foam can absorb the highest
energy compared with other foams at the same stress point. The optimum operating stress and the corresponding
maximal energy absorption decrease with increasing the porosity. The optimum operating stress for energy
absorption can also be determined similarly when taking into consideration of the lightweight extent of foams.
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1 Introduction

Pure aluminum or aluminum alloys' foams (aluminum
foams for short) made of solid continuous metallic matrix
and massive pores are becoming new kind of engineering
materials, which have an attractive combination of
structural and functional performance, such as lightweight,
high specific strength and stiffness, good energy and
sound absorption capacity, and excellent heat transfer and
dissipation characteristics ', Properties of aluminum
foams are directly correlated to the corresponding matrix
material and the foam structure . Accordingly, the
control of the foam structure mainly including pore
morphology, pore size and porosity is a research
hotspot to achieve optimal performance .

Among these fabrication methods for aluminum
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foams, melt foaming method ', powder metallurgy
method through foaming compacted metal powders
mixed with TiH, gas releasing agent ", and gas injection
method ™ are for producing closed-cell aluminum
foams. In contrast, open-cell aluminum foams are often
prepared by the melt infiltration process through filling
metal melt into a porous preform which can be removed
finally ®'"". Generally, two kinds of porous preforms
can be used. The first kind of preform is made by filling
gypsum slurry into polymeric sponges and roasting
the preform to form porous gypsum preform . In this
case, the final aluminum foam completely replicates
the original structure of the polymeric sponge. So
sometimes, this way is also called the investment casting
method. The second kind of porous preform is made
by compacting the soluble salt particles such as NaCl
and CaCl,, etc """, In this case, the porous structure
of the final aluminum foam replicates the space of the
salt particles after being removed by water. So these
salt particles are also called space-holders. The melt
infiltration method based on the salt space-holder is
the most convenient and commonly used method to
produce open-cell aluminum foams due to its process
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0 Gibson and Ashby P gave a simple beam model to describe

simplicity, low cost and controllable pore size
Usually, irregularly shaped NaCl particles are the most used  the mechanical performance of aluminum foam:

space-holders to produce porous preforms because of their

a
lower cost, relatively higher melt point and fast dissolution in ﬁ =C. (%} (1)
water . However, irregularly shaped pores inherited from Y s

the NaCl particles will weaken the mechanical properties of
aluminum foams "*. In addition, the final porosity is just in
the scope of 60%-70%. It is almost impossible to get porosity
higher than 70% because the stacking density of the preform
cannot be enhanced due to the poor compressibility of solid
NacCl particles even under high-temperature conditions. To
solve this problem, Goodall "' and Chou et al. ' prepared
soft particles such as pyrolized salt and soft ceramic balls
as space-holders through the granulation process, which is
effective for porosity control but is complicated and time-

where Y and p are the main mechanical properties and density.
Indices of f and s represent the foam and solid. The values of
the coefficient a and the structural constant C depend on the
foam's structure. Therefore, the realization of precision control
of porosity in a wide range is critical to control the mechanical
performance of aluminum foams.

The energy absorption capacity of aluminum foam is of
particular interest to many researchers “**%. It can be measured
from the area (shadow region in Fig. 1) at a limiting strain
which is typically the densification strain for aluminum foam

consuming. In comparison, the industrially produced CacCl, showing a long plateau region, as shown in Fig. 1(a). However

particles are regular spherical. Recently, Wan et al. ' found
that spherical CaCl, granules showed obvious deformability at
high temperature; therefore, the preform of CaCl, particles can

there is no unified standard to determine the densification
strain ¥, additionally, it is difficult to find the plateau end
at the densification strain especially for those foams with high
relative densities. Therefore, the value of energy absorption
at the same compressive strain or stress is often used to

be compressed into dense packing and a higher porosity of the
final aluminum foam can be realized. So the spherical CaCl,
space-holder shows certain advantages in preparing open-cell
aluminum foam with higher porosity.

The compressive behavior including both mechanical
performance and energy absorption capacity of aluminum

compare the energy absorption capacity among aluminum
foams, as illustrated in Figs. 1(b) and (c). In some protection
applications, the strain value of the foams should be restricted

below some limit during energy absorption and the energy

foams has been studied by many researchers and is of primary 0l

absorption value is measured at the same strain "), as shown
in Fig. 1(b). Yet, on more occasions, the stress transmitted to

the collision point should be controlled within the allowable

importance in the field of automotive and aerospace, where
weight reduction and impact protection are needed to be taken

into account "**". Apparently, the compressive behavior of . o
range and the energy absorption capacity is measured at the

aluminum foam can be efficiently affected by the composition . R
. . . same stress, as depicted in Fig. 1(c).
and microstructure of the matrix material and the pore

structure, among which porosity is the dominating factor ),
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Fig. 1: Schematic illustrations of characterization of energy absorption capacity: (a) energy absorbed at densification
strain; (b) energy absorbed at the same strain, &,; (c) energy absorbed at the same stress, o,
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In this study, open-cell aluminum foams with different
porosities were fabricated via infiltration technique by
using spherical CaCl, particles as space-holders and
ZL.102 alloy as matrix materials. A modified hot-pressing
method was applied to adjust the packing density of
CaCl, preforms, therefore realizing different porosities of
the fabricated aluminum foams. The mechanical behavior
of aluminum foams and the corresponding energy
absorption characteristics were investigated. Moreover,
the energy absorption capacity of aluminum foams
was characterized and compared under the same strain
and stress conditions, and a design guide for energy
absorption application was also presented.

2 Preparation of open-cell
aluminum foams

2.1 Materials and fabrication procedures

Spherical CaCl, particles of mean diameter of 3 mm
(purity>99.5%) supplied by Zhejiang Dacheng Calcium
Industry Co., Ltd. were used as space-holders and
commercial ZL102 alloy was selected as matrix materials.
The main steps of the procedure are: (1) preparation
of CaCl, preforms with different packing densities;
(2) infiltration of the preforms with aluminum melt;
(3) removal of the CaCl, preforms. Figure 2 shows the
hot-pressing process of CaCl, particles. 50 g of CaCl,
particles were placed in a steel mould (55 mm in internal
diameter ) and vibrated to realize preliminary compaction
and then hot pressed for 1 h at 60 kPa and 700 °C in a
resistance furnace. The steel rod can move down freely
because of the hot-deformation of CaCl, particles during
the hot-pressing; it also can be limited to a certain height
with the assistance of a locating ring associated with a
fastening element. Compression ratios [a=(/ky-h,)/h,] of
CaCl, preforms of 8%, 15%, 22%, 30% and 40% were
obtained precisely by adjusting the height position of
the locating ring, where A, and /4, represent the initial
and processed height of the preform, respectively. As a
result, CaCl, preforms with different packing densities

were obtained. Open-cell aluminum foams were prepared by
infiltrating molten Al alloy into these CaCl, preforms followed by
the dissolution of CaCl, in ingot, which is schematically shown in
Fig. 3. The ZL102 ingot was placed on the top of the CaCl, preform
in a crucible placed in the chamber of the furnace. In this work, the
process includes two main steps, one is alloy melting under vacuum
condition, as illustrated in Fig. 3(a), the other is melt infiltration
with high-pressure gas, as shown in Fig. 3(b). Prior to melting, the
vacuum pump was first started, then preforms were heated to 700 °C
under vacuum for 2 h to ensure the molten of the Al block. Once
the liquid sealing was formed, preforms were infiltrated by the
aluminum melt using applied gas (Ar) pressure (2 bar). The resulting
Al-CaCl, composite was then solidified, extracted from the crucible
and machined to the desired dimension prior to the removal of CaCl,
in distilled water, leaving an open-pore aluminum foam. To improve
the reliability of the experiment, three preforms were prepared for
each condition.

Locating ring --------,

(Removable) =i’---- Fastening element
Steel rod -- - Furnace
Steel mould --

---- CaCl, particles

Precise realization of different height change extent («)
by adjusting the positions of the locating ring

I
=

a=22%

- == s

(by) (b)

Fig. 2: Preparation of CaCl, preforms: (a) hot-pressing system;
(b,)-(bs) preforms with 8% to 40% compression ratios

[ | | |
(a) = Pressure chamber = (b) = —1
@ Ar gas
T?'; Inlet—‘i b |
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% % D
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Fig. 3: A schematic illustration of infiltration process for aluminum foam preparation: (a) alloy melting under vacuum
condition; (b) melt infiltration with high-pressure gas
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2.2 Structural characterization

The structures of CaCl, preforms and open-cell aluminum
foams were observed by an optical microscope, and the pore
characteristic of aluminum foam was analyzed by Image-Pro
software. Porosity (P) of the foams was determined by the
following equation:

P=(1-py/Ps) )

where p, is the apparent density of the foam determined by its
dimension and weight, and py is the density of ZL102 alloy.

Figure 4 shows the optical morphologies of CaCl, preforms
prepared by hot-pressing for different compression ratios. It
shows that CaCl, particles can be successfully sintered into a
preform, indicating that there are bonded zones between the
contacted particles which benefited from hot-pressing sintering ®".
CaCl, particles are tighter when increasing the compression ratio,
and deform noticeably along the hot-pressing direction, meaning
a higher packing density of preform is achieved successfully by
precision hot-pressing 7,

As well as changing the packing density of the CaCl, preform,
precision hot-pressing treatment can also influence the character
of the particle-particle contact point. The contact area of the
neighboring CaCl, granules is increased with an increase in
deformation ratio, which is displayed by black circles containing
typical structures of three stacking CaCl, particles in Fig. 4.

Previous research has indicated that CaCl, granules are easy
to suffer from deformation at a temperature of 700 °C and a
pressure of 60 kPa in a short time, resulting in the densification
of CaCl, preforms !'”\. The above phenomenon is also observed
in our experiment. However, different from the deformation
controlled by holding time, pressure or temperature, precision
deformation can be realized by a locating ring used for
adjusting the height of the steel rod (providing pressure). The
pressure will be released automatically once the locating ring
touches the mould edge, leading to the end of the hot-pressing
treatment and the shaping of the treated preforms. At a small
previously set deformation, insufficient sintering dominated
by atomic diffusion appears because of a short time of hot-
pressing, causing weak bonding between some particles, as
shown in Figs. 4(a) and (b). As the deformation increases,

(@)

there is more time and space for hot-pressing. Accordingly,
these CaCl, particles become much more compact and stably
bonded, benefiting to the increasing of both packing density
of the preform and contact area between adjacent particles ™).
Aluminum foams processed from these preforms would possess
different corresponding structures, mainly containing porosity
and channel size.

Figure 5 shows the macrographs taken along the surface of
aluminum foams prepared with different compression ratios of
8% to 40% and the same infiltration pressure of 2 bar. As can be
seen in Fig. 5, the pores evolving from the CaCl, particles are
interconnected to their neighbors via channels originating from
the contact surface between the neighboring CaCl, granules.
Table 1 provides the detailed values of porosity and channel
size for each aluminum foam. Porosity varies from 63.1% to
87.3%, and the channel size varies from 0.2 to 1.6 mm. Judging
from Fig. 5 and Table 1, it is found that when deformation
increases, the foam exhibits higher porosity, thinner cell wall,
and larger channels. The difference between the five samples is
in accordance with the packing densities of the preforms that
are precisely controlled by the location of the locating ring.

3 Compressive behavior of open-cell
aluminum foams

3.1 Mechanical performance

The compression test for the resultant foams was performed in
a minicomputer-controlled electronic universal testing system
(model AGS-J) at the strain rate of 1.7x10”. The compression
test specimens with dimensions of 30 mmx30 mmx30 mm and
with different porosities were cut from the center of aluminum
foams via a wire-cut machine. A total of five specimens were
tested at room temperature.

Figure 6 shows the compressive stress-strain curves of
aluminum foam samples with different porosities, where &
is the nominal strain and o is the nominal stress. It can be
observed from Fig. 6 that all the aluminum foams show
conventional metallic foam behavior including three distinct

(c)

(b)

Fig. 4: CaCl, preforms formed by hot-pressing: (a)-(e) preforms compressed to different degrees (8%, 15%,
22%, 30%, 40%); (f) optical image of CaCl, preform compressed by 40%
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Fig. 5: Morphologies of open-cell aluminum foams processed with CaCl, preforms compressed by 8% to 40% (a-e)

stages: linear elasticity at the beginning followed by a long
plateau region, truncated by densification stage during which
the stress rises steeply with strain. As the porosity increases,
the curves display three apparent changes: first, lower plateau
region appears, which announces the drop of plateau stress;
second, the length of plateau region gets longer, which means
the densification stage arrives later; third, the elastic region
becomes smoother, which indicates lower elastic modulus.
In addition, the stress during the plateau stage increases with
the strain, which is inconsistent with the Gibson and Ashby's
model, in which the stress keeps constant during this stage. For
foams with low porosities, this strain-hardening phenomenon
becomes more obvious.

Table 1: Structural parameters of aluminum foams

Sample No. #1 #2 #3 #4 #5
o (%) 8 15 22 30 40
Channel size
(mm) 0.3£0.1 0.6£0.2 0.7£0.2 0.8+0.3 1.1£0.5
Porosity (%)  63.1 69.1 74.3 81.5 87.3
—#1 P=63.1%
1200 4w p69.1%
—#3 P=74.3%
_100F ——ua Ps1.5%
s —— 45 P=87.3%
S 80
°
g a8
o 40
20
O 1 1 1 1
0.0 0.2 0.4 0.6 0.8
Strain, ¢

Fig. 6: Compressive stress-strain curves of aluminum
foams with different porosities

It is widely acknowledged that porosity plays a major role in
the mechanical performance of the foam. Those foams prepared
by the space-holder technique associated with spherical CaCl,
particles have homogeneous and controllable structures. Unlike
the ALPORAS route P* for the fabrication of closed-cell
foams, the porosity and pore size are two entirely independent
parameters and can be controlled separately without interaction
with each other. More importantly, the application of precision
hot-pressing provides an effective way to achieve stepless
adjustment of porosity. It is therefore more convenient and direct
to study the effect of porosity on the compressive behavior of
aluminum foams without the interruption of pore size.

Figure 7 shows the effect of the aluminum foam's porosity
on the mechanical performance, and detailed performance data
are summarized in Table 2. The variation of elastic modulus E,
as a function of porosity P is presented in Fig. 7(a), in which
E, is measured by linear regression of the initial elastic linear
region on the quasi-static compressive o-¢ curve. The variation
of plateau stress o, as a function of P is given in Fig. 7(b), in
which ¢, is obtained by calculating the average stress of the
plateau region as follows **:

[owas [°

o(¢)de j o(e)de
oO. = &y ~ 0 ( ) (3)
P Eq—¢&y &4

where &, and ¢, are the densification strain and yield point in
the o-¢ curve, where ¢, is negligibly small, and ¢, is calculated
as following **:

J.OE o(g)de
n(e)= = B Q)
dn(e),
R )

where 7 is the energy absorption efficiency during the
compression. As seen from Fig. 7 that both elastic modulus
E, and plateau stress o, can be described as power functions
of porosity P and they grow monotonously with P, which is
consistent with Gibson and Ashby model *.

93




CHINA_FOUNDRY [ e

400} . (a)

= Experimental data of £,
— Fitting curve: E;=5519x(1-P)*’

T 350}
=300}

ulus, E,
NN
o O»
o O

T T

150
100
50

Elastic mod

60 65 70 75 80 85 90
Porosity, P (%)

40

35} = Experimental data of g, (b)
— Fitting curve: 5,=504x(1-P)*”

30
251
20F
15
10

Plateau stress, o, (MPa)

60 65 70 75 80 85 90
Porosity, P (%)

Fig. 7: Influence of porosity P on elastic modulus E, (a) and plateau stress o, (b)

Table 2: Mechanical performances of aluminum foams

Sample No. #1 #2 #3 #4 #5
P (%) 63.1 69.1 74.3 81.5 87.3
E, (MPa) 389 247 154 64 20
0, (MPa) 35.1 19.0 13.9 6.5 2.8

The growth of E, and ¢, reveals that the mechanical
performance of aluminum foam can be significantly
enhanced by reducing the porosity, so that it possesses
more solid phases to resist external loads. At the same time,
the compressive stress increases with strain during the
compression, and the lower the porosity of the foam, the
faster the increasing rate because of the dissimilar dominant
failure modes for foams with different porosities at the macro
level of the cell wall. The compressive stress can remain
constant if foam cells are collapsed through forming plastic
hinges in Gibson and Ashby's opinion. A plastic hinge will
appear when the stress exceeds the yield point of the cell wall
on the whole cross-section. Apparently, those foams with
thick cell walls require more stress to form plastic hinges
under compression. It is easy to form plastic hinges for foams
with high porosities because of the thinner cell walls. So, the
cells are likely to suffer collapse accompanied with relative
rotation of cell walls around the developed hinges %,
Conversely, for foams with low porosities, it is difficult to
form plastic hinges due to the thicker cell walls. The entire
cell walls are compressed to collapse under this circumstance,
causing an increase in stress. Accordingly, foam with high
porosity shows relatively poor mechanical performance and
an unobvious strain-hardening phenomenon.

3.2 Energy absorption capacity

3.2.1 Comparison of energy absorption capacity based on
strain

As shown in Fig. 6, aluminum foams exhibit many advantages
in the field of energy absorption for the long plateau during
the plastic deformation stage arising from the continuous cell
collapse, which allows large strain at slowly enhanced stress. It is
traditional to assess the energy absorption capacity (W) of foams

94

by integrating the compression curve up to a specific strain:
&
W = Io o(g)ds (6)

Figure 8(a) gives the W-¢ curves to characterize energy
absorption capacity, where W represents the energy absorption
capacity equaling to the energy absorption per unit volume
during the whole compression test. It can be seen aluminum
foam has better energy absorption capacity with low porosity for
any given strain.

As mentioned above, the energy absorption capacity of
aluminum foams arises from cell collapse by cell's yielding,
buckling, crushing, and friction between cell walls while
contacting each other. The foams with low porosities exhibit
elevated yield and fracture strength compared with those with high
porosities " *". Also, they release more frictional energy during
the cell collapse due to a higher volume fraction of the solid matrix
in the foams. Hence, foams with lower porosities can absorb
more energy than those with high porosities during compression.

Commonly, the energy absorption at densification strain We,
(densification strain energy) is characterized by the energy
absorbed at strain ranging from 0 to densification strain &,.
Figure 8(b) shows the relationship between We, and P. The
densification strain energy decreases as a power function of
porosity. Although foam with lower porosity possesses a lower
value of densification strain, the value of densification strain
energy is higher attributed by the higher plateau stress o,,.

In some cases of energy absorption, the weight of energy
absorbing materials cannot be ignored. In other words, the
energy absorption capacity and lightweight of the foam should
be considered simultaneously. Here, W,,, the energy absorbed
per unit weight by the foam is used to characterize the
comprehensive performance of energy absorption:

:_.[ )dg

where p, and p,, are the density of the foam and aluminum.

Apparently, foams with higher porosities show a certain
advantage in the weight reduction at the same energy absorption
value, thus showing better comprehensive performance of
energy absorption.

J. o(e)de (7)



Figure 8(c) presents the W, -¢ curves of five aluminum
foams. It can be seen although the weight of foams is taken
into consideration, the energy absorption capacity decreases
monotonously with the increasing P on the whole, which
shows the similar law in Fig. 8(a).

3.2.2 Comparison of energy absorption capacity based on stress

Although those foams with low porosities can absorb more
energy at any given strain, a non-negligible factor of the
stress during the energy absorption should be taken into
consideration in the practical application of protection **. The
stress transferred to the protected object should be controlled
within a certain level. Namely, protection will be meaningless
if damage occurs in the protected component even though
enough energy is absorbed. Accordingly, characterization
of the energy absorption capacity at the same compressive
stress is more suitable than at the same compressive strain for
protection application. Figure 9 gives the W-o curves of the
five aluminum foams, which display quite different features
compared to W-¢ curves in Fig. 8(a). As seen, under the same
load stress level, aluminum foams with higher porosities do
not always display poor energy absorption capacity, which is
quite different from the tendency of W-¢ curves, in which the
energy absorption capacity drops monotonously with P. It can
be seen from Fig. 9 that five sections can be observed with the
assistance of intersection points g, to o,. Under the condition
of 6>0,, aluminum foams with lower porosities exhibit the
highest energy absorption capacity. When ¢,<6<g,, aluminum
foams with medium porosities show the best energy absorption
capacity. Aluminum foams with higher porosities display
the highest energy absorption capacity only when 6<g,. This
indicates that aluminum foam with optimum porosity obtains
the best energy absorption capacity for certain stress. Similarly,
for any given foam with certain porosity, there is a stress under
which the foam shows the highest energy absorption capacity
than foams with any other porosities.

For those idealized energy absorption materials possessing
constant plateau stress during the plastic deformation stage,
the determination of their optimum service conditions is easy
and the plateau stress is just the best choice. However, as has
been mentioned before, the strain-hardening phenomenon
always occurs especially for foam with low porosity, resulting
in the significantly increasing plateau stress. Thus, the foam's
optimal service condition for energy absorption is indefinable
from W-o curves.

To determine aluminum foam's optimum service condition,
energy absorption efficiency # can be applied ®. As introduced
before, 7 is the ratio of the absorption of energy to stress o.
There is always a maximum value of # at a certain stress
because of the existence of the densification stage, during which
the growth of absorbed energy is far slower than the sharp
increase in the stress. It is worth noting that the # is proportional
to the W at a given stress o. Thus, at a certain o, the foam with
the highest # will possess the best energy absorption capacity.

Figure 10 presents the #-o curves of aluminum foams with
different porosities. As shown, each foam exhibits a maximum
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Fig. 8: Curves of aluminum foams at various

porosities: (a) energy absorption vs. strain;
(b) densification strain energy We, vs. P;
(c) W,,-¢ curves
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Fig. 9: Comparison of W-o curves of aluminum foams

with different porosities
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of 7, and the o corresponding to the maximum value of 7
decreases with the increase of foam's porosity due to lower
stress occurred in the foams with higher porosities during
compression. Moreover, the curves can be divided into five
parts with the aid of ¢, 6,, 0y and g,, which is the same as the
four stress marked in Fig. 9. In each part, there exists one foam
showing the highest energy absorption efficiency and thus the
highest energy absorption value. Judging from the feature of
the curves, the foam presents the highest value of # compared
to the foams with any other porosities at the stress determined
by its maximum point of 7. Accordingly, it owns the best
energy absorption capacity W, whose value is equal to #-0.

Based on the above analysis, aluminum foam's optimum
service condition can be determined by the maximum point
of # in the -0 curves. Here, two parameters of optimum
operating stress g, and optimum energy absorption capacity

op are applied to describe the performance of energy
absorption. Aluminum foam will show the highest energy
absorption capacity W, under the optimum operating stress o,
compared to any other foams with different porosities.

Table 3 gives the o,, and W, of all the five aluminum
foams. As shown in Table 3, both the optimum operating
stress o,, and optimum energy absorption capacity W,
decrease with an increase in the foam's porosity. However,
those foams with high porosities show some advantages for
weight reduction.

0.35
030} :
025 5
020H |
= z
0154 !
010} — #1 P=63.1%
’ ! — #2 P=69.1%
i —— #3 P=74.3%
0.05 J : — #4 P=81.5%
Iy : —— #5 P=87.3%
000 L 1 H 1 1 1 1
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Fig. 10: Comparison of n-o curves of aluminum foams
with different porosities

Table 3: Comparison of optimum operating stress o,, and
optimum energy absorption capacity W,, of foams
with various porosities

Sample No. #1 #2 #3 #4 #5
P (%) 63.1 69.1 74.3 81.5 87.3
0, (MPa) 57.3 28.5 21.8 10.5 5.1
W, (MJ-m™®) 16.9 9.1 6.5 26 1.3
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3.3 Design guidelines for energy absorption

Figure 11 shows a composite diagram of o,,-P curve and
W,,—P curve acquired by fitting the data in Table 3, which
can be viewed as a design guide for choosing the foam with
optimum porosity P applied in energy absorption.

Energy absorption should be conducted within a certain stress
level to protect an object from going through a collision. The
certain stress value can be considered as the permissible stress,
which apparently is not a constant and depends on the practical
situation. Hence, the design guide diagram presented in Fig. 11
can be utilized to select the foam with optimum porosity to act
as an energy absorption material at a required permissible stress.
Moreover, the optimum energy absorption capacity W, of the
corresponding foam can also be obtained from the diagram.

Figure 12 shows the W, -0 curves of five aluminum foams
based on stress. Since the lightweight of energy absorption
materials is taken into consideration, the foam with a porosity of
69.1% possesses the highest performance of energy absorption
at a wide stress range, which will influence the choice of foam
for energy absorption.

As discussed above, aluminum foam with optimum porosity
obtains the best comprehensive performance of energy
absorption for a certain stress, and the revised energy absorption

m Experimental data of q,,
Fitting curve: ¢,=930x(1-P)>*
80 ® Experimental data of W, 115
Fitting curve: w,,=284x(1-P) >°
© 60F £
o 110 5
b= s
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2
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Porosity, P (%)

Fig. 11: Design guide diagram for choosing the foam with
optimum porosity P applied in energy absorption
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Fig. 12: Comparison of W, -o curves of five aluminum
foams based on stress
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efficiency 7’ can be used for determining foam's optimum
service condition:

[, o(&)de

1
P o)

n= n= ®

1
Py
similarly, a foam with the highest 5’ will possess the best
comprehensive performance of energy absorption under
a certain g, which can be applied to determine the revised
optimum operating stress o,," and revised optimum energy
absorption capacity W,,", as same as the determination of o,
and W,,. A similar diagram like Fig. 11 for choosing the foam
with optimum porosity P applied in energy absorption can also
be obtained to be used as design guidance.

4 Conclusions

This study successfully developed the infiltration casting
fabrication process based on spherical CaCl, space-holders.
The compressive behavior including the mechanical
performance and energy absorption capacity of the fabricated
open-cell aluminum foams was investigated systematically.
The main conclusions are as follows:

(1) Based on the characteristics that CaCl, granules can be
compressed and deformed at high temperature, the infiltration
casting fabrication process based on CaCl, space-holders can
realize the fabrication of open-cell aluminum foams with a
wide range of porosities through adjusting the compression
ratios of CaCl, preforms, which can broaden the application
fields of open-cell aluminum foams prepared by infiltration
casting. Simultaneously, the cell size can remain unchanged
and the channel size increases with increasing porosity, which
is beneficial to the removing of space-holders.

(2) A strain-hardening phenomenon always occurs especially
for open-cell aluminum foams with low porosities at the
plateau region, resulting in significantly increasing plateau
stress. Moreover, the energy absorption capacity of open-cell
aluminum foams decreases with increasing porosity at the same
strain. However, at a given stress, each foam can absorb the
maximal energy among the five foams in a special stress range.

(3) Open-cell aluminum foam possesses the maximum energy
absorption efficiency at its optimum operating stress. At the stress
condition, the foam can absorb the highest energy compared with
other foams at the same stress point, which provides guidance
for the application of energy absorption. The optimum operating
stress and corresponding highest energy absorption decrease with
increasing porosity. The optimum operating stress for energy
absorption can also be determined similarly when the component
weight is taken into consideration.
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