Journal of
Mechanics of
Materials and Structures

NUMERICAL SIMULATIONS OF MECHANICAL PROPERTIES OF
ALUMINA FOAMS BASED ON COMPUTED TOMOGRAPHY

Zdzistaw Nowak, Marcin Nowak, Ryszard Pgcherski, Marek Potoczek and Romana Sliwa

Volume 12, No. 1 January 2017

:'msp



JOURNAL OF MECHANICS OF MATERIALS AND STRUCTURES
Vol. 12, No. 1, 2017

dx.doi.org/10.2140/jomms.2017.12.107

NUMERICAL SIMULATIONS OF MECHANICAL PROPERTIES OF
ALUMINA FOAMS BASED ON COMPUTED TOMOGRAPHY

ZDZISEAW NOWAK, MARCIN NOWAK, RYSZARD PECHERSKI,
MAREK POTOCZEK AND ROMANA SLIWA

The aim of this paper is to apply the results of microtomography of alumina foam to create a numerical
model and perform numerical simulations of compression tests. The geometric characteristics of real
foam samples are estimated from tomographic and scanning electron microscopy images. The perfor-
mance of the reconstructed models is compared to experimental values of elastic moduli. A preliminary
analysis of failure strength simulations under compression of alumina foam is also provided.

1. Introduction

Computed tomography is one of several rapidly developing methods of noninvasive testing that plays an
important role in medicine and in related diverse engineering applications (e.g., defect detection or the
local characterization of a material’s microstructure). Starting with an early paper by Bartholomew and
Casagrande [1957], which reported the first images characterizing the density of particles in fluidized sys-
tems, industrial applications appeared in the 1980s. The development of high speed computers allowed
large amounts of data to be processed, which enabled the creation of a new methodology called computed
tomography (CT), leading to its widespread use in phase contrast tomography; the reconstruction of
the microstructure of diverse cellular materials of polyurethane, metallic and ceramic skeletons, and
metal/ceramic composites; and the characterization of void and reinforcement distributions in engineer-
ing materials (see [Baruchel et al. 2000] for one of the first comprehensive overviews of the subject). In
[Alié et al. 2006], x-ray microtomography measurements coupled with image analysis were applied to
study the quality of alumina foams after gel drying and calcinations.

Later, a new methodology was proposed to estimate 3D displacement fields from pairs of images
obtained from x-ray computed microtomography. The method was illustrated with an analysis of a
compression test on a polypropylene solid foam [Roux et al. 2008]. The presented methodology is also
applicable to other kinds of foams (e.g., ceramic foams).

Complex ceramic shapes can be prepared through several methods, such as injection molding, slip
casting, or gelcasting combined with a foaming method. If gelcasting techniques were combined with an
emulsion template, the fabrication process of highly porous ceramics (60-95%) could be simplified and
their strength could be improved. By the gelcasting technique, porous ceramics could satisfy the criteria
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of homogeneity, reproducibility, reliability, and processability required for complex commercial ceramic
foam shapes. The papers by Yang et al. [2011] and Tulliani et al. [2013] review the development and
applications of the gelcasting technique.

In [Nowak et al. 2013; 2015] and [Fey et al. 2015], the application of CT is used for the analysis of
microstructural morphology and the mechanical and thermal characterization of alumina gelcast foams
manufactured with the use of environmentally friendly gelling agents. In the literature, there is little data
of the elastic properties of such kinds of foams. Therefore, the aim of this paper is to present a numerical
model of an open-cell foam with different porosities and discuss the estimation methodology of Young’s
moduli. The applied CT approach based on finite element analysis is hard and time consuming; therefore,
the work on an optimized generation of the calculation model is essential.

The structure of cellular alumina can be characterized by its cell topology (open), morphology (i.e.,
cell size and cell spherical shape), and relative density (i.e., volume of the solid cell wall material di-
vided by the volume of the cellular material). The open-cell foam is a structure where the pores form
interconnected networks [Potoczek 2008].

It should be noticed that cellular ceramic materials are characterized by a low density combined with
outstanding mechanical, thermal and acoustic properties [Gibson and Ashby 1999]. As a consequence of
their interesting properties, open-cell foams can be used in lightweight constructions, combining energy
absorption, structural damping, sound absorption and heat insulation. In the literature, the models of
cellular materials are based on simplified skeleton geometries, notably the Gibson and Ashby cubic
cell [Gibson and Ashby 1999]. The simplification of the real cellular material structure enables an
analytical approach, reducing the requirements on computer hardware, (e.g., [Michalska and Pgcherski
2003], where further references can be found). However, the last few years have opened new research
possibilities, such as numerical analysis based on microcomputed tomography images applied to the
mechanical investigation of cellular materials.

The numerical parameters which are needed to build the unit cell model are based on the data obtained
from microtomography images of real foam. Using the procedures described in [Nowak et al. 2013], the
analysis of the microtomography images shows that the alumina foams are composed of approximately
spherical cells interconnected by circular windows [Potoczek 2008].

In this paper, a novel methodology is proposed to establish the cell and windows distribution from 2D
microcomputed tomography (1 CT) scanning images of real alumina foam and how to reconstruct the
virtual model of foam geometry. Then the two-step mesh method is employed to discretize the geometri-
cal model by selecting an appropriate node, and finally the FEM of alumina foam is established directly.
This approach is used to calculate the compression performance of alumina foam with porosity 74%,
86% and 90%. The calculation of alumina foam can reflect the mechanical behavior in the compression
process of open-cell foams.

Elastic properties are predicted and compared with experimental data. The skeleton material of the
alumina foam is assumed to be isotropic and linearly elastic. In numerical simulations of the compression
test on alumina foam, the bottom surface of the sample is fully constrained and the top surface of the
sample is moved parallel to the z-axis. The Young’s modulus is estimated by numerically simulating
uniaxial compression of the alumina foam for different values of porosity. A comparison of experimental
data [Potoczek 2008] with numerical and analytical predictions [Gibson and Ashby 1999] of Young’s
modulus for Al,O3 ceramic foams of different porosity is presented.
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2. Analysis of foam structure using microtomography

A picture of foam, which was produced by gelcasting combined with a foaming method [Potoczek 2008;
Ortega et al. 2006] with 86% porosity is presented in Figure 1. The morphology of alumina foams
manufactured by gelcasting is composed of approximately spherical cells interconnected with windows.

The microstructure studies of alumina foam with a porosity of 86% are carried out using the computed
x-ray microtomograph SkyScan 1174. In order to obtain images with an optimal ratio of resolution to the
dimensions of the foam sample, the pixel size is assumed to be equal to 8.08 um. As a result, the series
of cross-section images of the foam structure (approximately 1100) with dimensions 1536 x 1164 pixels
were obtained (see Figure 2). The size of the pixel is also compared to the smallest thickness of cell wall.
In the alumina foam with a porosity of 86%, this thickness is about 30 um, which in terms of pixels
gives the value of 4 px. This assumption gives the detailed structure of the foam without neglecting its
relevant characteristics.

2A. Computation of porosity. In the first step, all of the cross-section images of the foam are converted
to grayscale images where O represents the black color, while the value of 255 defines the white color.
Next, the threshold value of phase separation (equal to 75) is determined and applied to the series of
images. Each pixel with a value less than 75 was included in the pores of the foam (black), while pixels
with a value greater than or equal to 75 was included in the skeleton of the foam (white), see Figure 3).

Figure 1. An example of real alumina 86% porosity foam produced by gelcasting.

Figure 2. Images of cross-sections of the alumina foam with porosity of 86% obtained
using computer microtomography: cross-section of the foam at the level }‘ of its height
(left), cross-section of the foam at the level % of its height (right) [Nowak 2014].
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Figure 3. Image of cross-section of alumina foam with porosity of 86% after process
of separation of two phases: white color— foam skeleton, black color — foam pores.

The threshold of phase separation is determined by comparing the calculated porosity of the foam
sample according to (2-1) to the value measured experimentally. If those two porosities are equal, the
value of threshold was chosen correctly.

Equation (2-1) gives the porosity of a cuboid shape sample constructed of cross-sections images and
takes the form

N b . ..
_ D k=1 Z?ial ijzbl pix(k, i, j)
= - . ,
YL Y,

where N is equal to the number of analyzed images, i and j are the coordinates of the center of pixel,

2-1

and (aj, a2) and (b1, by) are the minimum and maximum coordinates of pixel in horizontal and vertical
direction, respectively. The function pix(k, i, j) is expressed by the formula

1 if pixk,i, j) <75,

e . (2-2)
0 if pix(k,i,j)>75.

pix(k,i, j) = {
The presented formula of porosity (2-1) depends on the given values of the parameters ai, as, by,
and b;, which determine the minimum and maximum coordinates of the pixels and the number of ana-
lyzed images N. In other words, the porosity depends on the calculated volume of the sample. When the
volume is larger, the calculated porosity is closer to the value obtained experimentally (Figure 4). For
values of a > 2.0 mm, where a represents the dimension of the side of the cube, it can be concluded that
the effect of the volume change is negligible. Thus, the minimum size of representative volume element
(RVE) for foam with a porosity of 86% should be greater than or equal to 2.0 mm.

2B. Computation of cell and window radii. The radii of the cells and windows in the analyzed foam
based on cross-section images were obtained with a detection algorithm [Atherton and Kerbyson 1999],
available in the MATLAB image processing toolbox. The results of the performed calculations using the
program MATLAB are depicted in Figure 5.

We also developed our own procedure for detecting the distribution of the radii of cells. Calculations
were carried out in two steps. The first step involves the detection of circular areas with a maximum
radius equal to 40 pixels. The second step involves the remaining size of cells. Detection of cells using
our procedure is shown in Figure 6. Calculations were made using the open source library PIL (Python
Imaging Library) for the Python programming language.
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Figure 4. The edges of the square areas for computation of porosities (left). Effect of
the size of a cubic volume with side a on the calculated porosities in case of sample with
average porosity 86% (right).

Figure 5. Detection of cells in a foam sample for a flat picture wCT with the use of
MATLAB for radii smaller than 40 px (left) and greater than 40 px (right).

Figure 6. Detection of cells in a foam sample for a picture ©CT using the developed algorithm.
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Figure 7. Two situations of two circles: (left) disjoint circles and (right) circles inter-
secting at two points.

The computed edges of the cells give a set of overlapping circles, for which two situations can be
distinguished (Figure 7). The circles may be separate or intersect at two points. The size of the overlap
for the two circles describes the parameter k.

By knowing the coordinates of the center of each circle and its radius, the radius of the window r,,
can be described using the formula

\/2k Lk 4 r8) (= Lk + rB) (—k 4 r@ + rb)
—k+ré+rb

; (2-3)

where r¢ and r? are the radii of circles.
When the circles intersect, the parameter k determines the size of the overlap. For neighboring circles
that do not intersect, the parameter k determines the thickness of the cell wall. The parameter & is given by

k=ri+r —\/(Xb —Xa)* + (b — ya)?, (2-4)

where (x,, y,) and (xp, yp) are the coordinates of the center of circles.

As a result, the distribution of the cell radius, window radius and the wall thickness were obtained
(Figure 8).

A similar study was conducted for foam having a porosity of 74% and 90%. For the obtained distri-
bution of the cell radius and window radius, the probability density functions were proposed. Due to
the lack of symmetry in the presented results (Figure 8), the log normal distribution function is assumed.
The log normal distribution is a continuous distribution in which the logarithm of a variable has a normal
distribution. Thus, its probability density function, f, can be written as

1 exp[— (In(x) — ,ulog)2 i|
XOlog/ 2T ZGlig

The parameters for this distribution (o1og and p1og) are determined by least squares method. Figure 9
shows the density of the probability distribution for the cell radius, r., and the window radius, r,,. When
the porosity of the foam increases the mean value of the cell, the windows radius of the foam also
increases.

fx)= (2-5)
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Figure 8. The frequency distribution for the foam sample with 86% porosity as a func-
tion of cells radius (left), window radius (center), and wall thickness (right).
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Figure 9. The density of the log-normal probability function for the radius of the cells of
the foam (left) and the radius of the windows of the foam (right). Distribution parameters
were determined using the least squares method.

porosity (%)

Mlog (um) Olog (m)

90
80
74

256
190
78

80
33
32

Table 1. The summary of results for the mean (u10¢) and standard deviation (oyo¢) pa-
rameters of the log-normal density function as a function of foam porosity.
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A detailed list of the computed parameters for the density of the log-normal probability function is
shown in Table 1.



114 ZDZISLAW NOWAK, MARCIN NOWAK, RYSZARD PECHERSKI, MAREK POTOCZEK AND ROMANA SLIWA

porosity 90%

frequency (%)

02 03 04 05 06 07 08 09
cell radius (mm)

Figure 10. Generated foam structure with 90% porosity: histogram of cell size distri-
bution (left); general view of the foam structure (right).

3. Numerical model of the geometry of open-cell foam with random cell structure

The structure of real foam is very complex, as shown in the 3D picture of alumina foam with 86% porosity
obtained by the gelcasting method (Figure 1). The structure of the foam needs to be simplified. This is
done by using a model with a random microstructure, which approximates the distribution and shape of
the pores in real foam.

The process is based on impacted bubble simulations of random cells, which generates a foam skeleton
that is representative of actual foam microstructures. The geometry of ceramic foams can be generated
in three steps:

(1) Diameters of spherical bubbles and windows are estimated from microtomography, see Section 2B.
(2) Coordinates for the centers of the spherical bubbles are produced by Python scripts [Nowak 2014].
(3) The intersecting bubbles are subtracted from the bulk volume of any shape.

The initial data for generating the numerical model for the distribution (2-5), the assumed maximal
and minimal values of cell diameter (7, and ryax) for foams of porosity 74%, 86% and 90%, and the
assumed number of bubbles are presented in the paper [Nowak et al. 2013]. The particular generated
foam structure is illustrated in Figure 10.

4. Finite element modeling

Simulating a compression test by means of a finite element modeling of the random alumina foam
microstructure allows us to obtain valuable information about the kinematic state of its structure at some
of the test stages. The challenge is then to mesh a representative foam volume to obtain a optimal number
of degrees of freedom.

4A. Finite elements mesh generation. The volumetric meshing techniques based on tomographic im-
ages uses the natural discretization of the image by voxels. In this case, each voxel lying in the solid
region would correspond to an 8-node cubic element. This technique, known as the voxel-element tech-
nique, can be easily implemented and does not require any additional expense for mesh generation.
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Figure 11. An example of rendered alumina 86% porosity foam.

finite element mesh (a) (b) (©) (d)
average element size %rc %rc %rc %rc
number of elements 24446 101857 203678 326599
number of degrees of freedom | 53404 192294 363157 562621

Table 2. The parameters of four generated finite element mesh networks and the num-
bers of elements and variables in the alumina 90% porosity foam.

But using this method with a large volume would generate a mesh with millions of nodes, beyond the
maximum required for convergence purposes. In another approach, an intermediate step is necessary
before meshing the solid volume. In this work, the creation of surface models from the tomographic
data is carried out automatically with the help of the advancing front method provided by the ScanIP
software [ScanlP 2014], see Figure 11. The element type is C3D10 from the ABAQUS commercial code
[ABAQUS 2013]. It is a 10-node tetrahedron with quadratic interpolation. Such second-order elements
provide higher accuracy than first-order elements for problems that involve complex stress fields. They
capture stress concentrations more effectively and are very effective in bending-dominated problem:s.
The dependence of the number of elements and the number of degrees of freedom on the average size of
tetrahedron elements in the case of alumina foam with 90% porosity is presented in Table 2.

Finally, the node coordinates information and element information are written into the INP file, and
imported into the ABAQUS to calculate the result. The example of meshed alumina 90% porosity foam
used in simulations is shown in Figure 12.

4B. Boundary conditions. The displacement boundary conditions are assumed. In a real uniaxial com-
pression test, the bottom sample surface remains fixed and the top one is moved parallel to the z-axis
while the lateral surfaces are free of constraint.

4C. Bulk material properties. 1t is assumed that the bulk material of alumina foam exhibits an elastic
behavior. The model describing the behavior of the considered alumina foam is defined in the elastic
range by Hooke’s law. Two parameters are needed to calibrate this law: Young’s modulus and Poisson’s
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Figure 12. An example of meshed alumina 90% porosity foam used in simulations.

ratio. The following material data for Al,O3 have been retained: a Young’s modulus Eg = 370 GPa and
a Poisson’s ratio v = 0.22.

5. Size of the elementary representative volume

The elementary volume must be large enough to be representative of the overall behavior of the foam.
In practice, the elementary volume size is limited, first by the tomography resolution and second by
the hardware memory available to generate the mesh and to compute the model. To study the effect of
the size of the elementary volume, we extracted regions with different sizes and meshed them with the
same mesh density. Different cubic subvolumes with side lengths from 0.1 to 3.0 mm with step size of
0.05 mm were selected. All these volumes are meshed with a mean element volume V¢ = 0.08 mm? for
the model with an average porosity of 90%.

Each marked point on the obtained curves corresponds to one numerical simulation of the uniaxial
compression test. This leads to 150 independent numerical simulations (30 simulations per one sample).
To manage this task, a special Python script for ABAQUS/CAE was developed. In the repetitive loop,
the following steps are taken:

(a) The geometry based on tomographic images of a given size (from 0.6 mm to 2.5 mm) is created
using ScanlP [2014].

(b) The finite element model is created using ABAQUS/CAE.
(¢c) The numerical simulation is performed using ABAQUS/Standard.

Completion of all numerical simulations took about two weeks. The reason for this is the nonlinearly
increasing number of elements needed to discretize given sample during the repetitive loop. For example,
with an Intel workstation 8x CPU, 2.66 MHz with 12Gb RAM, the numerical simulation of the 0.6 mm
size sample took a few seconds and for the 2.5 mm size sample took a few hours.

The calculated Young’s modulus normalized by the matrix Young’s modulus (E/Eg, where Ej is
for alumina matrix) and the porosity of the different models are presented in Figure 13. The calcu-
lated normalized Young’s modulus E/E( varies between 0.003—0.019. The sample standard deviation
of the calculated normalized Young’s modulus is bounded within the limits of 0.003 and 0.014, see
Figure 14 (left). On the other hand, the sample standard deviation of the calculated porosity varies from
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Figure 13. The calculated normalized Young’s modulus and the porosity of the samples
with average porosity 90% as a function of sample size: normalized Young’s modulus
(left) and porosity (right).
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Figure 14. The sample standard deviation of the calculated normalized Young’s modu-
lus presented in Figure 13 (left) and of the porosity presented in Figure 13 (right) as a
function of the sample size.

0.05 to 0.30, see Figure 14 (right). However, the model with a sample size less than 2.0 mm is several
times faster than the FE computation and at least four times faster for the model creation. So, the sample
with the size 2.0 mm seems to be a good trade-off between the representativity of the model and the
macroscopic accuracy.

6. Summary and conclusions

The modeling methodology of the mechanical behavior of cellular materials was proposed and validated.
The actual microstructure of ceramic foam was obtained by processing microtomographic data. The
alumina skeleton of the foam was meshed with tetrahedral finite elements. Using the elastic constitutive
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Figure 15. The comparison of numerically predicted normalized Young’s modulus for
the random model, the periodic model, and the analytical results of [Gibson and Ashby
1999] as a function of porosity with the experimental data from [Potoczek 2012; Or-
tega et al. 2006] and the numerical prediction of the uCT result presented as a slightly
oscillating average-value line varying in sample size in Figure 13 (left).
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Figure 16. The magnified section of Figure 15.

equations of the bulk material, the uniaxial compression test was simulated. The ABAQUS FEM program
[ABAQUS 2013] was used to numerically predict the response of alumina foam under compression. The
macroscopic response and the local deformation mechanisms were correctly captured.

A comparison of the normalized Young’s modulus and the numerical predictions for the random model
with the experimental data for alumina foams obtained by gelcasting [Potoczek 2012; Ortega et al. 2006]
is presented in Figure 15. A comparison with the results of the numerical simulation for the periodic
structure of fcc type [Nowak 2014] is also displayed.

In Figure 16, the magnified section of Figure 15 containing the results of the numerical simulations
for a periodic structure of the skeleton, the random structure of the skeleton, and for the average uCT
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Figure 17. The comparison of numerically predicted failure strength for the periodic
fcc model as a function of porosity with the experimental data from [Potoczek 2012;
Nowak 2014] and the analytical results of [Gibson and Ashby 1999].

value versus the experimental data is shown. It is visible that the discrepancy between all displayed data
is very large, what seems to be typical for low density ceramic foams. At the same time, it can be also
observed that the difference between the predicted values of the relative Young’s modulus for the periodic
and random structure of the skeleton is not significant, e.g., for the porosity ¢ = 0.90 it is equal to 27%.
This observation leads to the hypothesis that the numerical simulation of the deformation process under
compression until failure performed for the periodic structure of fcc type, see Figure 17, can provide an
estimation of the failure strength Gf for real alumina foams considered in the paper. The advantage of
such an approach lies in its low computational cost. The numerical simulations of the failure processes
in alumina foam with random structure, which are much more time consuming, are under development.

The present approach can be very useful for designing cellular materials. Indeed, it enables the predic-
tion of the elastic properties of the ceramic foam with feasible microstructures in order to obtain expected
mechanical properties.

The novelty of the present paper is the application of the interconnected cell random model of the
open-cell foam in simulations of elastic behavior at the microlevel. Using this model, it is possible to
estimate the stress and strain fields in the ceramic phase. It is also possible to estimate the macroscopic
properties of the foam as functions of the porosity.

The presented numerical approach in the modeling of open-cell foams has some limitations, which
should be discussed. The influence of the mesh quality is not mentioned. It is clear that the accuracy of
the finite element calculation depends on the quality of tetrahedral elements. Degenerated tetrahedrons
with small volumes may lead to large local errors. For a complex foam structures, degenerated elements
can not always be avoided. To eliminate them completely, each degenerated element has to be treated
separately, which is a cumbersome operation.

In conclusion:

» The numerical model of real Al,O3 foam predicting the dependency of Young’s modulus while vary-
ing porosity within the range from 60% to 95% is discussed and the comparison with experimental
data is shown in Figure 15.
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» The study of different unit cell sizes, Figure 13, shows that the random representative unit cell
reflects the behavior of real Al,O3 foams produced by the gelcasting method in a satisfactory way.

» The results of the analysis of failure strength for the periodic skeleton structure of fcc type as a
function of porosity are discussed, Figure 17.

» The new results obtained in the paper make a foundation for the development of an energy-based
limit criterion of ceramic foams with the application of peridynamic states approach, proposed by
Silling [2000] and, as a matter of fact, indicated much earlier by Gabrio Piola [dell’Isola et al. 2015].
The important role the criterion plays can be seen in the formula for critical energy density [Foster

et al. 2011]:
4G
We = ﬁ’ (6-1)
where G denotes energy release rate and § is a material parameter corresponding to the size of a
horizon in peridynamic simulations. The analysis of foam microstructures presented in the paper

appears to be useful in estimating the parameter §.
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