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Deformation Behavior Estimation of Aluminum Foam by X-ray

CT Image-based Finite Element Analysis

YOSHIHIKO HANGAI RYO YAMAGUCHI, SHUNYA TAKAHASHI,
TAKAO UTSUNOMIYA, OSAMU KUWAZURU, and NOBUHIRO YOSHIKAWA

Aluminum foam is a lightweight material owing to the existence of a large number of internal
pores. The compressive properties and deformation behavior of aluminum foam are considered
to be directly affected by the shape and distribution of these pores. In this study, we performed
image-based finite element (FE) analyses of aluminum foam using X-ray computed tomography
(CT) images and investigated the possibility of predicting its deformation behavior by com-
paring the results of FE analyses with those of actual compressive tests. We found that it was
possible to create an analytic model reflecting the three-dimensional (3D) pore structure using
image-based modeling based on X-ray CT images. The stress distribution obtained from image-
based FE analysis correctly indicates the layer where deformation first occurs as observed in
actual compressive tests. Also, by calculating the mean stress of each plane perpendicular to the
direction of compression based on the stress distribution obtained from image-based FE
analysis, it was found that deformation begins in the layer containing the plane with maximum
stress. It was thus possible to estimate the layer where deformation begins during the com-

pression of aluminum foam.
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I. INTRODUCTION

METAL foams are lightweight materials with excel-
lent impact-energy-absorbing properties, and their use
in automobile components is expected to improve fuel
consumption and safety. So far, a variety of methods
has been proposed for the preparation of metal foams,
and the compressive properties and impact-energy-
absorbing properties of metal foams have been exam-
ined in many studies.!' ® The compressive properties are
thought to be greatly affected by the internal pore
structure, but the current understanding of the relation
between compressive properties and internal pore struc-
ture is limited to discussion based on scant information
about the porosity (density) and externally observed
changes in the pore structure during compressive defor-
mation.[* " It is hoped that a more detailed consider-
ation of information pertaining to the internal pore
structure will reveal its effect on the compressive
properties of foams and thus enable the production of
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metal foams with superior compressive properties as
well as the prediction of their properties.

Image-based modeling is a technique that is capable of
building analytic models that closely reflect information
about a material’s three-dimensional (3D) shape. Model-
ing methods include serial sectioning and X-ray computed
tomography (CT), which have been applied to numerous
materials such as porous ceramics,!'? skeletal struc-
tures,l'>'* and pore defects in aluminum alloy die cast-
ings.I">'% Such techniques are also being applied to metal
foams. For example, analyses using image-based finite
element (FE) analysis have been used to model the actual
3D pore structure of metal foams to predict their stress—
strain curves.!'7 2% Moreover, studies have elucidated how
micropores in cell walls affect the stress distribution in the
walls.P""However, because the morphological information
used in these analyses was obtained using serial sectioning
and synchrotron radiation X-ray micro tomography over a
limited region of observation, almost all of these analyses
focused on test specimens with relatively few macro size
pores, and the effect of the interaction between pores has
therefore not been considered. Moreover, almost no
research is currently being conducted on the behavior of
successive layer deformation observed during the com-
pression of aluminum foam.

In this study, we attempted the image-based FE analysis
of aluminum foam using general-purpose X-ray CT on
compressive test specimens with at least seven pores on
each side. When applied to actual products, it is preferred
that such analysis targets large regions and that compres-
sive properties, including the site where deformation
begins, the types of pores that weaken metal foams, and
the magnitudes of the plateau stress and absorption energy,
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Fig. 1—(a) ALPORAS specimen used in compressive test. (b)) Two-
dimensional cross-sectional X-ray CT image of ALPORAS speci-
men. (¢) Voxel model of ALPORAS specimen. (d) Enlarged voxel
model of ALPORAS specimen around pores.

can be predicted by nondestructive means without
performing an actual compressive test. Among these
properties, the aim of our research is to establish a method
for predicting the layer where deformation first occurs. To
this end, we first performed X-ray CT imaging of alumi-
num foam and created an analytic model reproducing in
detail the pore structure based on the image data obtained.
We then simulated a compressive test by applying image-
based FE analysis to the model. We also performed an
actual compressive test on the aluminum foam imaged by
X-ray CT and observed its deformation behavior. We then
compared the results of both tests to investigate the
possibility of predicting the layer in which deformation in
aluminum foam begins.

II. EXPERIMENTAL AND ANALYTICAL
METHODS

A. Test Specimens

We used commercially available ALPORAS SShinko
Wire Company Ltd.) as the aluminum foam.?! Cubes
of 25 x 25 x 25 mm® were cut from a large ALPORAS
block by wire electrical discharge machining (EDM) and
used as test specimens. Figure 1(a) shows an external
view of an ALPORAS specimen used in a compressive
test. In all, 12 test specimens were used. The specimens
had porosity p ranging from 88.0 to 90.2 pct, calculated
from the dimensions and weight of each cube.

B. X-Ray CT Imaging Method

X-ray CT imaging was performed using an SMX-225CT
microfocus X-ray CT system (Shimadzu Corporation).
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Cone-beam CT was used to obtain 3D images. The image
sizewas 512 x 512 x 480 voxels, with each voxel forming
a cube of side 74.6 um. The X-ray tube voltage was 80 kV,
and the X-ray tube current was 30 uA. Figure 1(b) shows
an example of a tomographic image obtained by X-ray CT
imaging. The white areas are aluminum (cell walls), and the
black areas are pores or external air.

C. Compressive Test Method'**’

After X-ray CT imaging, the specimens were sub-
jected to compressive testing at a cross-head speed of
5 mm/minutes using an Autograph AG-100kNG uni-
versal testing machine (Shimadzu Corporation). At the
same time, the deformation behavior of the compressive
test specimen undergoing compression was observed by
video imaging from a single direction.

D. Image-Based FE Analysis Method

An FE analysis model was created by voxel modeling
based on the acquired X-ray CT images. VOXELCON
2011 image-based structural analysis software (Quint
Corporation) was used for 3D image processing and FE
analysis. After layering of the tomographic images to
obtain 3D images, a suitable threshold value was
selected from a pixel value histogram so that aluminum
and pores were distinguished, and image voxels were
classified into material voxels and space voxels. X-ray
CT image noise was eliminated at this stage by means of
a mean filter. The material voxels were then converted
into cubic FEs, with one voxel corresponding to one
element, to obtain a 3D voxel model such as that shown
in Figure 1(c). Figure 1(d) shows a 3D voxel model of
the area around pores, which has been extracted and
enlarged. It is apparent that each pore is separated by
sufficiently fine voxels.

Next, in addition to the voxel models above, the
material surface (pore surface) was extracted as an
isosurface by means of the threshold value employed for
voxel modeling based on the X-ray CT image, and a 3D
STL model was created. Individual pore volumes were
calculated from this STL model. At this stage, noise was
eliminated by a mean filter, after which the pore walls
were thickened by two more passes of the maximum
filter to prevent the loss of walls thinner than one voxel.
Pore volumes were slightly underestimated as a result.

Figure 2 shows the relationship between the pore
volume V" and the number of pores in a compressive test
specimen with a porosity p of 88.9 pct (specimen I).
Pores with volumes below 1 mm?® were excluded owing
to the limits of X-ray CT precision.** This compressive
test specimen contained 382 pores with a mean volume
of 17.8 mm’® (i.e., a mean pore diameter of 3.24 mm).
The specimen contained a large number of pores with a
range of volumes, and most of these pores were
considered to contribute to the compressive properties
of the aluminum foam.

A completely fixed base surface and 1 mm (4 pct)
compression of the upper surface of the test specimen
were assumed in the FE model via displacement bound-
ary conditions. A linear elasticity analysis was performed
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Fig. 2—Relationship between volume V7 and number of pores ob-
served in 3D STL model of compressive test specimen of ALPORAS
(specimen I).

on the cell walls on the assumption that they were pure
aluminum with Young’s modulus E = 69 GPal*>" and
Poisson’s ratio v = 0.3.

The resultant stress was evaluated on the basis of the
average element stress, but to eliminate the effect of the
stress concentration (excessive stress) due to surface
irregularities in the voxel model, the stress on each voxel
of interest was taken to be the arithmetic mean of the
stress of the voxel of interest and those of the 26
surrounding adjacent voxels in 3D space, that is, a total
of 27 voxels. However, at areas such as pore surfaces,
where voxels were not surrounded by 26 voxels, the
mean value only included material voxels. In addition,

to alleviate the excessive stress at boundaries generated
as a result of the absence of more than half of the
adjacent material voxels, a fine one-voxel layer was
inserted above and below the compressive surface.

III. EXPERIMENTAL AND ANALYTICAL
RESULTS AND DISCUSSION

A. Evaluation of Deformation Layers Based
on Stress Distribution

Figure 3 shows the compressive test results for
specimen I (p = 88.9 pct). Figure 3(a) shows the nom-
inal stress—nominal strain curve obtained from the
actual compressive test, Figure 3(b) shows the initial
pore structure of the compressive test specimen before
compression, and Figures 3(c) and (d) show deforma-
tions at compressive strains of ¢ = 12 pct and ¢ = 28
pct, respectively. As can be seen, deformation begins in
the lower layer inside the red frame. The pores in this
layer undergo significant compression, whereas the
pores in the other layers undergo slight elastic defor-
mation, which can barely be seen. Subsequently, once
the red-framed layer has undergone a certain degree of
deformation, the blue-framed layer begins to deform,
indicating that the material examined in this study,
ALPORAS, undergoes deformation that proceeds layer
by layer.

Figure 4 shows Mises equivalent stress distributions
for the test specimen of Figure 3 (specimen I) obtained
by image-based FE analysis for the case of strain applied
in the direction of compression (i.e., that in Figures 3(b)
through (d)). The images in Figures 4(a) through (c)

[:l I1st deformation layer

:l 2nd deformation layer

Fig. 3—Compressive behavior of ALPORAS specimen I (p = 88.9 pct): (a) stress—strain curve, () initial pore structure, (¢) pore structure at
compressive strain of ¢ = 12 pct, and (d) pore structure at compressive strain of ¢ = 28 pct.
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Fig. 4—Mises equivalent stress distributions for ALPORAS specimen I obtained by image-based FE analysis where the stress was greater than

(@) 201, (b) 30, and (c) 4op,.

show stress distributions with different ranges of stress
based on the results of image-based FE analysis of the
same test specimen. The colored contours show voxels
with stress greater than two, three, and four times the
mean Mises equivalent stress o, of all the voxels in
the test specimen. In Figure 4(a), it is apparent that
the display range is too wide and that the specimen
contains many low-stress regions, whereas in Figure 4(c)
the low-stress regions have been excessively eliminated
and almost all of the voxels have been removed. For this
study, we therefore decided to set the display range as
that shown in Figure 4(b), which encompasses voxels
with stress greater than 3aoy,.

Similarly to in Figure 3, the layer where deformation
begins is indicated by a red frame in Figure 4(b). Voxels
with comparatively high stress are abundantly distrib-
uted in the red-framed region, whereas high stress is
almost absent from the upper part of the test specimen,
where no change was observed under a compression of
& = 12 pct. Namely, it appears that the layer where
deformation begins and the high-stress region corre-
spond with each other.

Figure 5 shows the compressive behavior of the
specimen with porosity p = 88.8 pct (specimen II).
Figure 5(a) shows the initial pore structure, Figure 5(b)
shows the stress distributions obtained by image-based
FE analysis, and Figure 5(c) shows the deformation at a
compressive strain of & = 12 pct. Similarly to in
Figures 3 and 4, there is a clear correspondence between
the locally deformed layer and the high-stress region.
This trend was also apparent in most other test

specimens. The above observations indicate that, by
means of image-based FE analysis used to observe the
stress distribution, it is possible to predict, at least
qualitatively, the layer where aluminum foam deforma-
tion begins.

B. Evaluation of Deformation Layer From
the Mean Stress in Planes Perpendicular to
the Direction of Compression

In the previous section, we examined the possibility of
predicting the layer where deformation begins from the
stress distribution. However, in a few cases, this predic-
tion is difficult. Figure 6 shows the compressive behav-
ior of a test specimen with porosity p = 89.8 pct
(specimen III). Figure 6(a) shows the initial pore struc-
ture, Figure 6(b) shows the stress distributions obtained
by image-based FE analysis, Figure 6(d) shows the
deformation at a compressive strain of ¢ = 12 pct, and
Figure 6(¢) shows the nominal stress—nominal strain
curve obtained from the actual compressive test. As
shown in Figure 6(b), specimen III has high-stress
voxels distributed over its entirety, and there is no
obvious relationship between the layer where deforma-
tion begins and the stress distribution. We therefore
calculated the mean stress o) on each plane perpendic-
ular to the direction of compression, as shown in
Figure 6(c), and evaluated the specimen after normali-
zation by the mean Mises equivalent stress oy, of all the
voxels in the test specimen. Here, the stress in each plane
of interest was taken to be the mean value of the stress

Fig. 5—Compressive behavior of ALPORAS specimen II (p = 88.8 pct): (a) initial pore structure, () stress distribution obtained by image-
based FE analysis, and (c) pore structure at compressive strain of ¢ = 12 pct.

METALLURGICAL AND MATERIALS TRANSACTIONS A

VOLUME 44A, APRIL 2013—1883



© ?
]

8 85 9 95 10 105 11 113
normalized stress, ¢,/ G,

25
(e)
< 20}
[«
% 15 F
g 1l (d)
-
o
@ gl
0 r L L L L L L L L
0 10 20 30 40 50 60 70 8 80 920

Strain, &%)

Fig. 6—Compressive behavior of ALPORAS specimen III (p = 89.8 pct): (@) initial pore structure, (b) stress distributions obtained by image-
based FE analysis, (¢) mean stress distribution of planes obtained by image-based FE analysis, (d) pore structure at compressive strain of ¢ = 12

pct, and (e) stress—strain curve.
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Fig. 7—Compressive behavior of ALPORAS specimen I (p = 88.9 pct) (previously shown in Figures 3 and 4): (a) initial pore structure,
(b) stress distribution obtained by image-based FE analysis, and (c) mean stress distribution of planes obtained by image-based FE analysis.

of 10 voxels (approximately half of the mean pore
diameter) in the planes above and below the plane
of interest. It is apparent from the distribution in
Figure 6(c) that the plane with the largest stress is
inside the red frame where deformation first begins.
Figure 7(a) shows the initial pore structure of specimen |
(p = 88.9 pct) (reproduced from Figure 3), Figure 7(b)
shows the stress distribution obtained by image-
based FE analysis (reproduced from Figure 4), and
Figure 7(c) shows the value of o/0,, for each plane. A
clear correspondence exists between the locally
deformed layer and the planes with high stress. A similar
correspondence was observed in most other test specimens,

1884—VOLUME 44A, APRIL 2013

suggesting that it is possible to estimate the layer where
deformation begins by image-based FE analysis.

C. Evaluation of Deformation Layer Obliquely Inclined
to the Direction of Compression

In this study, we evaluated the test specimens with the
assumption that deformation occurs in layers perpen-
dicular to the direction of compression. This is because
such deformation is expected to occur in an actual
aluminum foam, particularly in ALPORAS, which is
manufactured from pure aluminum. However, cases
have been reported in which deformation occurs

METALLURGICAL AND MATERIALS TRANSACTIONS A



Stress, o/MPa

© T
=

10

75 8 85 9 95 105
normalized stress, o,/ g,
(e)
I /d)
100 20 30 40 50 60 70 80 90
Strain, &%)

Fig. 8—Compressive behavior of ALPORAS specimen IV (p = 90.2 pct): (@) initial pore structure, () stress distribution obtained by image-
based FE analysis, (¢) mean stress distribution of planes obtained by image-based FE analysis, (d) pore structure at compressive strain of ¢ = 12

pct, and (e) stress—strain curve.

obliquely to the direction of compression.'>'! Figure 8
shows the deformation behavior of a compressive test
specimen with porosity p = 90.2 pct (specimen 1V). As
shown in Figures 8(a) and (d), a large part of the
specimen begins to deform in a layer perpendicular to
the direction of compression, but the remaining part
undergoes oblique deformation. A more precise image
could have been obtained by evaluating the stress
distribution in planes with a variety of orientations.
However, even when the aluminum foam deforms
obliquely in compressive tests, the angle of deformation
relative to the perpendicular direction is small, and the
region with oblique deformation is small, meaning that
it is reasonable to assume that perpendicular deforma-
tion is the dominant deformation mode. As shown by
the results of the image-based FE analysis in Figures 8(b)
and (c), the region where deformation occurs in layers
perpendicular to the direction of compression corre-
sponds to the region with high stress and the planes with
highest a)/a,,. Accordingly, it is thought that an approx-
imate evaluation is possible even if deformation in only
the perpendicular direction is studied, as focused on in
this study. Further research is thus necessary.

It is anticipated that these methods of predicting the
layer where deformation first occurs can be extended to
aluminum foams for which control of the order of
deformation is essential, for example, functionally
graded aluminum foams,”* " fabrication of which has
been attempted in recent years. In functionally graded
aluminum foams, deformation is controlled by optimiz-
ing the type of alloy and the arrangement of character-
istics of the pore structure, such as porosity and pore

METALLURGICAL AND MATERIALS TRANSACTIONS A

size. However, in practice, it is difficult to experimentally
test all combinations of these characteristics. If some
assumptions are made on the deformation behavior of
such foams, then analysis should make it possible to
evaluate the properties of functionally graded aluminum
foam for use as a structural component.

IV. CONCLUSIONS

In this study, we performed image-based FE analyses
of aluminum foam using X-ray CT images and inves-
tigated the possibility of predicting its deformation
behavior by comparing the results of FE analyses with
those of actual compressive tests. We obtained the
following results:

1. It was possible to create an analytic model reflect-
ing the 3D pore structure using image-based model-
ing based on X-ray CT images.

The stress distribution obtained from image-based

FE analysis and the layer where deformation first

begins observed in actual compressive tests corre-

sponds with each other. It was thus possible to pre-
dict the layer where deformation first occurs during
the compression of aluminum foam.

. By calculating the mean stress of each plane per-
pendicular to the direction of compression from the
stress distribution obtained from image-based FE
analysis, it was found that deformation begins in
the layer containing the plane of maximum stress.
It was thus possible to estimate the layer where

VOLUME 44A, APRIL 2013—1885



deformation begins during the compression of alu-
minum foam.

. In some cases, aluminum foam deformed obliquely

under compression. However, an approximate eval-
uation should be possible under the assumption
that deformation occurs in a layer perpendicular to
the direction of compression.
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