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Abstract: The density, cell size and structure of closed cell aluminum foam were measured by optical microscopy and

image analysis. The properties and the mechanism of compressive deformation that occur in closed cell aluminum foam

were measured and discussed. The results show that the cell size of foam with density of 0. 37 mg/ m? is distributed in the

range of 0.5~ 4.0 mm. The cell size of foam with density of 0. 33 mg/ m? is distributed in the range of 0.5~ 5.0 mm.

The cell wall thickness of both types is 0. 1 0.3 mm. The closed cell aluminum foam almost belongs to isotropic one,

with a variation of £15% in elastic modulus and yield strength in longitudinal and transverse direction. Under compres-

sive loading, foam materials show inhomogeneous macroscopic deformation. The site of the onset of local plastic deforma-

tion depends on the cell structure. The shape of cell is more important than size in determining the yielding susceptibility

of the cells. At early stage of deformation, the deformation is localized in narrow bands having width of one cell s diame-

ter, and outside the bands the cell still remains the original shape. The cells within bands experience large permanent de-

formation. The band normals are usually within 20° of the loading axis.
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1 INTRODUCTION

Metal foams exhibit unusual mechanical, ther
mal, acoustic, damping, electrical and chemical prop-
erties that cannot be found in solid materials. T hose
special properties may lead to a variety of applications
in structural and functional products. Closed-cell alu-
minum foam is a light-mass structural material of
great promise. Its density is only a fraction of that of
the corresponding bulk metal, but its strength is suf-
ficiently high to be used in the automobile industry,
building industry and transportation. Examples of
their applications include panels for vehicles, building
and transport; non-flammable ceiling and wall panels
for thermal and sound insulation. For successful de-
sign with this new material, it is important to deter
mine its structural characteristics and properties' ' .

The closed-cell aluminum foam board was manu-
factured by melt foaming method. In this paper, the
structural characteristics of closed-cell aluminum foam
board were provided. Also, compressive properties
were measured in the Instron 8500 machine in dis-
placement control at a rate of 1. 5 mm/min. Surface
strain mapping was used to determine and analyze the
cell deformation behavior and mechanisms.
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2 MATERIAL CHARACTERISTICS

2.1 Material density

The average density of sample investigated is
listed in Table 1. The samples were cut from a 300
mm X 300 mm X 20 mm board of aluminum foams
produced by direct metal foaming. The dimension of
samples is 25 mm X 25 mm X 20 mm. The distribu-
tion of the apparent density along the width dr
rection of board is shown in Fig. 1. The apparent

Table 1 Average densities of foam sample

Sample No. Relative density Density/ (mg*m™ ?)
1 0. 148 0.40
2 0.125 0.34
3 0. 130 0.35
4 0.135 0.37
5 0.139 0.38
6 0.138 0.37
7 0. 137 0.37
8 0.135 0.36
9 0.128 0.34
10 0.135 0.36
11 0. 149 0.40
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Fig.1 Distribution of apparent density 25
along width direction of foamed block (b)
20 -
density is high at each side of the board, but gradual- "
ly decreases then slowly increases toward the center of % 15+
the board. The reason is that the cooling speed is dif- i
ferent in different parts of the board. <10 -
§ [
2.2  Cell morphology 5t
The typical cell structures on polished crosssec
tions are shown in Fig. 2. It can be seen that the

foam materials contain heterogeneities and imperfec
tions in their structures. T he cell size is distributed in
the range of 0. 5~ 4. 0 mm with a mean cell size of
2.2 mm(Fig.3(a)). For the foam with density of 0.
33 mg/ m’, its mean cell size is 2. 5 mm(Fig. 3(b))
and the cell size is distributed in the range of 0.5 ~
5.0 mm. The cell size of foam with density of 0. 37

IO

Fig. 2 Typical cell structure morphologies
of foams with different densities
(a) —0.37 mg/m?; (b) —0.33 mg/ m’
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Fig. 3 Cell size distribution of foams
with different densities
(a) —0.37 mg/m?; (b) —0.33 mg/m*
mg/m’ are smaller than that with density of 0. 33

mg/m’. The cell wall thickness of both types is be-
tween 0. 1 mm and 0. 3 mm.

3 MECHANICAL BEHAVIOUR

3.1 Compressive response

Compression tests of the foam materials at room
temperature were conducted. The elastic modulus
was measured by loading the foam sample into the
plastic range, then unloading and determining the
modulus from the unloading slope''”. The average
values of measured mechanical properties of the foam
are listed in Table 2. Typical compressive stress —
strain curves for longitudinal( parallel to the foam ex-
pansion direction) samples and transverse( perpendic-
ular to the foam expansion direction) samples are pre-
sented in Fig. 4.

The data of compression test in Table 2 and
the compression curve in Fig. 4 show that the

Table 2 Compression properties of aluminum foam

: . Elastic ~ Compression
Direction Helative Densn}/ /3 modulus/ strength/
denstiy (mgran™) " gpy M Pa
Longitudinal 0. 134 0.362 1.35 4.41
Transverse 0.133 0.359 1.30 3.87
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Fig. 4 Compressive stress —strain
curve of aluminum foam

closedcell aluminum foam is almost isotropic, with a

variation of X 15% in elastic modulus and yield
strength between longitudinal and transverse sam-
. [11] . L. .
ples. Olurin' ' considered that a foam is isotropic,
with modulus and yield strength varying with speci-
men orientation by £15%. Both curves show a local
peak stress at yield stage, followed by a fairly con-
stant plateau stress.

3.2 Evolution of deformation

The evolution of deformation of cell structures in
compressive test is shown in Fig. 5. It is found that
strain distribution is locally non-uniform, even at
small strain rate. The site of the onset of local plastic
deformation depends on the cell structure. Some in-
vestigation with X-ray CT images reveal that there is
no obvious preference for the lar%g] cells to be more

large cells remain elastic provides that they have e
quiaxial morphology with minimal ellipticity. The
implication is that shape is more important than size
in determining the yielding susceptibility of the cells.
It can be seen that at strain below 10%, defor
mation is mainly concentrated in a plane of cells close
to the upper surface of sample( Fig. 5). However, de
formation was not confined to this region. It can be
seen that the cells subsequently deformed in bend and
twist with the increase of strain, As deformation
progress, co-operative collapse occurs, forming both
an inclined and an approximately horizontal band of
localized deformation!™®!. Tt is clear that an interac
tion among cells is necessary for deformation to pro-
ceed within narrow bands. Typically, at the load be-
low the peak stress( 9/ 9,= 0.3), a band having
width about onecell diameter(2 = 3 mm) initiates,
then the band propagates across the specimen as the
load increases. At the stress peak, the band extends
across the entire specimen with local densification.
The deformation mode of three typical cells dur
ing compression was represented by Bart-Smith et
all "', The displacements of the cell walls before and
after straining are presented in Fig. 6. The cells out-
side the deformation bands deform elastically and re-
tain their original shapes(Fig. 6(a)). Conversely, the
cells within the bands manifest permanent plastic defor-

mations( Figs. 6(b) and (c)).

3.3 Surface strain mapping

Surface stain analysis is carried out by using
commercial surface displacement analysis( SDA) soft-
ware, which performs an image correlation analysis
by comparing pairs of digital images cap
tured during the loading. The images are divided

susceptible to plastic deformations' . That is to sa
¥ C k]

Fig. 5 Evolution of deformation during compression of aluminum foam
(a) —0% deformed; (b) —10% deformed; (c¢) —20% deformed,;
(d) —30% deformed; (c¢) —40% deformed; (d) —50% deformed
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(b)

(c)

Fig. 6 Schematics of three typical cells before and after 5% strain

(a) —A cell that experiences minimal change; (b) and (¢) —Cells
within deformation bands that experience appreciable permanent deformation

into sub-images, which provide an array of analysis
sites on the surface. Displacement vectors from these
sites are evaluated through a series of 2D-fast fourier
transform ( FFT) calculations of corresponding pairs
of sub-images. Surface images were recorded using
commercial video camera with a CCD array of 640 X
480 or 1024 x 1528 pixels, preferably with a wide
aperture lens and fiber-optic light source. Since cellu-
lar metals exhibit heterogeneous deformation, the
field of view should be optimized so that each unit cell
can be mapped to approximately 50 pixels in each di-
rection! '+ 1!

The deformation evolution with strain from 2%
to 5% are displayed as false plots of components of
strain( Fig. 7). The incremental distortion at loadings
between the start of norrlinear response and the onset
of the plateau reveals that localized deformation bands
initiate at the onset of nomrlinearity having width
about one cell s diameter. Within each band, there
are celbsized regions that exhibit strain levels about
an order of magnitude larger than the applied strain.
Outside the bands, the average strain is small and
within the elastic range. The band normals are usual-
ly within 20° of the loading axis, but in some condi
tion it reaches 40°. The principle strains reveal that
the flow vectors are primarily in the loading direc
tion, normal to the band plane. Moreover, the incre-
mental distortion maps show new sets of collapse
bands that form in regions neighboring previously
formed bands.

4 CONCLUSIONS

1) The cell size of foam with density of 0. 37
mg/ m’ is distributed in the range of 0.5~ 4. 0 mm.
The cell size of foam with density of 0. 33 mg/m’ is
distributed in the range of 0. 57 5.0 mm . The cell
wall thickness of both types is 0.1 7 0.3 mm.

2) The closedcell aluminum foam almost be
longs to isotropic one, with a variation of £15% in
elastic modulus and yield strength in longitudinal and
transverse direction.

3) Under compressive loading, foam materials
show inhomogeneous macroscopic deformation . The
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Fig. 7 Stress —strain curve( a) and surface map of
incremental principal strains(b)

site of the onset of local plastic deformation depends
on the cell structure. The shape of cell is more impor-
tant than size in determining the yielding susceptibili-
ty of the cells.

4) At early stage of deformation, the deformation
is localized in narrow bands having width of one cell s
diameter, and outside the bands the cell still remains
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the original shape. The cells within bands experience

large permanent deformation. The band normals are
usually within 20° of the loading axis.

REFERENCES

Baumeister J, Banhart J, Weber M. Aluminum foams for
transport industry[ J]. Materials & Design, 1997(4):
217~ 223.

Banhart J. Manufacture, characterization and application
of cellular metals and metal foams[ J]. Progress in Mate
rials Science, 2001, 46: 559 ~ 632.

Claar T D, Yu C-Y, Banhart J, et al. Ultra light- weight
aluminum foam materials for automotive applications| J] .
International Journal of Powder Metallurgy, 2000, 36:
61~ 73.

K 9 rner C, Singer R F. Processing of metal foams chal
lenges and opportunities [ J]. Advanced Eng Mater,
2000, 2: 159~ 165.

Gergely V, Degischer H P, Clyne B. Aluminum foam for
automotive applications| J]. Advanced Eng Mater, 2002,
2: 1757 178.

Lorenzi L, Fossat E, Todaro E. Aluminum foam applica-
Pro-
ceedings of the Applications for Aluminum in Vehicle De-
sign [ C]. Detroit, Michigan, USA, 1997, 23.

Claar T D, Irick V, Adkins J. Multifunctionality of
closed cell aluminum foams[ A]. TMS 2002[ C]. Seat

tions for impact energy absorbing structures|[ A].

[8]

[15]

tle, Washington, USA, 2002.
Jahn R, Sherman A M. Perspectives on higlr volume au-
tomotive applications of light-weight cellular metals and
structures[ A]. TMS 2002 C]. Seattle, Washington,
USA, 2002.
LIU PerSheng, YU Bing, HU Amrmin, et al. Develop-
ment in applications of porous metals[ J]. Trans Nonfer
rous Met Soc China, 2001, 11(5): 629 ~ 638.

Ashby M F, Fleck N A. Metal Foams: A Design Guide
[M]. Oxford, 2000.
40, 77.

Olurin O B, Fleck N A, Ashby M F. Deformation and

Mater Sci Eng A,

UK: Butterworthr Heinemann,

fracture of aluminum foams|[ J].
2000, A291: 136~ 146.
Bart-Smith H, Evans A G, Spyeck D J, et al. Com-
pressive deformation and yielding mechanisms in cellular
Al alloys determined using X-ray tomography and sur-
face strain mapping|[ J]. Acta Mater, 1998, 46: 3583 ~
3592.

Sugimura Y, Bart-Smith H, Evans A G, et al. On the
mechanical performance of closed cell Al alloy foams[ J].
Acta Mater, 1997, 45: 5245~ 5259.

Markaki A E, Clyne T W. The effect of cell wall mr
crostructure on the deformation and fracture of alu-
minum- based foams[ J]. Acta Mater, 2001, 49: 1677 ~
1686.

Bastawros A F, Manuis R. Use of digital image analysis
software to measure nomr uniform deformation in cellular

Exp Tech, 1998, 22, 35~ 37.
( Edited by YANG Bing)

aluminum alloys[ J] .



