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ABSTRACT: Take in to account of metal foams properties like energy absorption; they have several implementations. The complication
of foam structures leads difficulties in investigation of elastic and plastic modulus. In the present research, porosity of foam are modeled
and analyzed, numerically. In this context, MATLAB and JavaScript have been developed for geometrical modeling of porous materials
considering density, radius, and random distribution of porous. Several porous configurations are simulated using periodic boundary
conditions on Micro/Meso Scale in order to numerically calculate their elastic mechanical properties like Young’s modulus and shear
modulus as a function of the porous configuration. The porous are distributed randomly and the effect of configuration parameters (like
shape, number, size) are investigated on elastic modulus. In order to simulate more accurately, porous characteristics were investigated
using SEM experimental tests. Eventually, the calculated effective constants of porous materials are compared with numerical and
experimental literatures. This comparison demonstrates that the proposed method can accurately model high range of porosity (from 5%
to 65%) and estimate the effective constant of porous materials in 3 directions including of (E1, E2, E3, G12, G13, G23).
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INTRODUCTION
Foam structures are implemented in several industries dueto  fracture and damage. Also, fracture of open and close metal
their significant mechanical features like low-density, high ~ foams such as nickel-chromium and 6101 aluminum foams
porosity, light weighting and high energy absorption[1, 2].  were considered in which failure process were observed. The
There are various applications of foam structures like  mechanical behavior of foams is affected by some
sandwich panel core[3] or special application of parameters such as the shape of vacancies and the densities
electromagnetic [4], sound[5] and energy[6, 7]. Foams  of vacancies or cellular structures. Although foams generally
are included some discontinuity called cells or porous and  indicate high strength in compression loading, they suffer
the mechanical behaviors of foams are influenced by the  from low consistency in tensile loading.

shape and densities of cells [8-11]. However, noteworthy Regarding the porosity of foams, mechanical properties
characteristics of [1-3] make them so applicable and totally ~ of these materials depend on the size, shape, and location of
divided them in to different materials such as non-metal-  porosities[14, 15]. Cells or pores are randomly distributed in

based (e.g. polyvinyl chloride (PVC) froth) and metal-based  solid foam and can have regular (e.g. spherical and elliptical
(e.g. aluminum) compounds. [8-13]. The Aluminum foam is  shape) or irregular (e.g. defect) shape (Figurel). In the
applied in various industries such as aerospace, civil, and  present research, it is supposed to introduce a method for
communication technologies. Indeed, both high specific ~ simulation of mechanical properties of foam structures,
mechanical properties, and electromagnetic [4], sound [5]  considering random distribution of cells or pores. In this
and energy [6, 7] absorption have been obtained using  context, some theoretical methods have proposed for
aluminum foams. Sandwich panel is also another  modeling of porous media in foams. For instance, the
implementation of these foams. In this context, the impact  differential effective medium approach (DEMA) is one of
response of aluminum foam has been researched as well as  the helpful methods.
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The DEMA was first proposed by Bruggeman [16] based
on elastic modulus and shear modulus. Since, the
Bruggeman theory is not convenience to use for finite
concentration of pores, incredibly porous interaction,
Boccaccini [17] proposed an empirical-based method for
spherical pores. Rajinder Pal [18] also introduced a
developed method based on the Bruggeman theory. Mooney
[19] proposed an incremental-based method for investigation
of porous solids. Similar research was done by Krieger and
Dougherty [20] where the volume fraction of the porous
could grow similar to the Mooney method. Both spherical
[21] as well as elliptical [22-27] cells and irregular shapes of
cells such as micro-defects [28-30] can play a significant role
in the overall mechanical behavior of isotropic foam. It can
also be simulated based on porosity type and its interaction.

(b)

Fig. 1. Irregular and random shape of porous (cell) in the aluminum (a) and PVVC foam, SEM investigation in the present study

On the other hand, in the context of interacting, the effective
properties could be evaluated by performing self-consistent
method (SCM) [28], Mori-Tanaka method [31], differential
method [32], generalized self-consistent method (GSCM)
[33, 34] and X.Q. Feng [35]. The effective elastic and shear
moduli were also classified in the basis of cracked
composite’s structures [36]. In this context, an approach was
established to present the material properties considering
damage zone (at crack tip vicinity) [37-40].

In the Table 1, some recent methods of obtaining the
Effective modulus of porous materials are mentioned based
on micromechanics and DEMA concepts. These methods are
usually based on the porosity density of cubic formation of
cells as € = na® [40, 41].

Table 1. Effective modulus of porous materials based on micromechanics and DEMA concepts

G E
Authors Concepts <E> <E>
5 23
Bruggeman [16] DEMA exp (_ 3 g) exp (_ Eg>
.. 5 23
Boccaccini [17] DEMA (1-¢)3 (1-e)iz
5 23
(-3) (-12)e
Mooney [19] DEMA exp| —— &~ exp| —F4~
1= (a) 1- (a)
Krieger and 3em (B)em
& &
Dougherty [20] DEMA (1 - (S—)> <1 - (E—)>
m m
Budiansky etal. | Self-consistent method 320-96-9) L 16 (1 —9*)(10 - 39)
[42] (SCM) 45 (2-0) 45 2-7)
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Hashin et al. Differential scheme E(l+v NG /3 — v 3
[43] method (DSM) E (1 T 1}) (;) (2 — ﬁ)
Generalized self- -1 [1 + 1601 = v7)(10 ~ 3v)e
Huang et l, consistent method [1 — w + Dg (v)g_%] 45_52 -V
[44] (GSCM) 452 —v) +D, (v)g_;]
Krajcinovic, Dilute concentration [ 321 -v)(5-v)e] " 16(1 — (v)2)(10 — 3v)e] ™"
[45] method (DCM) RS EDN [1 * 252 -v) ]
Effective self-consistent 321-v)G-ve]t 16(1 — (1)2)(10 — 3v)e]
Fakoor and Representative Circular [ 321 -9)G —)e] " 16(1 — #2)(10 — 39)e] "
Mehri[47] Elements (RCE) 1+ 4502 — (1 —ye) [1 + 452 —9)(1 —ye) l

damage zone micro-

-1

mechanical criterion
(DZMC)

Mehri et al,[14]

Where, g g and ¢ denote the effective elastic, shear

moduli of the pore-solid, and the porous density,
respectively. Also, the e, v and vdenote as the maximum
packing volume fraction of spherical pores [19], Poisson’s
Ratio and damaged Poisson’s Ratio, respectively. The
Poisson’s ratio of porous section of materials has been
mentioned in Ref. [47]. Based on the table, shear and elastic
moduli of porous materials have been evaluated based on
pore density (). Sj (i,j=1,2,3,4,5,6), g and ¢ are compliance
matrix and random porous configuration, respectively [14].
As it was mentioned, most of the researches present
analytical approach in which the pores are modeled by
analytical methods, while, the methods should be verified by
the experimental and numerical methods. In addition, the
presented analytical methods mainly do not have the ability
to distribute pores with arbitrary and random shapes, and
only circular and elliptical distributions have been
investigated. While in reality, the shape, size and position of
the pores have a completely random distribution. Therefore,
in the present research, a numerical method based on the
random distribution of pores has been considered, which can
express the random distribution of pores in foams and can be
compared and verified with analytical and experimental
methods. In other words, the porous are distributed randomly
and the effect of configuration parameters (like shape,
number, size) are investigated on elastic modulus.

Numerical Modeling of Porous

In the present research, porous is modeled by two method of
aggregation and FEA model. In the aggregation method,
random shape of porous are simulated using generation, and
placement coding in MATLAB software. On the other hand,
JavaScript in ANSYS is considered to randomly distribute
porous region.

Modeling of Porous: Aggregation Method
The pores in closed cell metal foam can be geometrically
simulated as randomly oriented ellipsoids. These ellipsoids

_ _ Zq _
[(516 + S26) <tan @+ @ =qsinZe (p) + 566]
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are not interesected with each other, and the their spatial
distribution and volumetric proportions should represent
realistic material properties[48]. In this paper, the procedure
used for modeling aggregate in concrete was modified to
generate the pores in the metal foam specimens. The
algorithm that was excuted in MATLAB and is divided into
two parts: Generation, and Placement. In Generation, the size
and the number of ellipoids were calculated accoarding to
predefined volumetric distribution for each diameter. Then
later in Placement, the position and orientation of each
individual ellipoid were selected after checking that they lie
in the specimen boundaries and not intersecting with other
ellipoids. These two processes are explained in the following
subsections.

Generation and Placement

In order to get realistic representation of the structure of
metal foam, the size distribution of pores was taken into
account by dividing the ellipsoids into classes accoarding to
their diameters. The total volume of ellipsoids for each class
should be chosen to represent real specimen. The principal
radii of each ellipoids within each class are determined from
the following random variable equations [49-52]:

d; d;
deqv —2%r, = i Ait1 ©
\/uzdi3 + (1 —uy)d},,
m-—1
n= (1) o ©
m-—1

where d,q, is the medium diameter, and the prinical radii
are ry, 1,, and r; with , >r, > ;. d; and d;,, are the
diameter range for the ith diameter class. u,, u, ,and u; are
the realizations of uniform random variables ranging from 0
to 1. m is a flatness parameter. If its value is 1 the pores are
sphere, and if its value is higher than 1 the flatness increases.
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This process is summarized as: the volume for largest
diameter class is selected. Then individual ellipsoids are
generated within that class using equations 1 to 3. This step
is repeated until the cumulative volume of ellipsoids exceed
the assigned volume for the class. The difference between
the assigned and simulated volume is substracted from the
next class. The process is repeated for the smaller classes,
descendingly. Similarly to Generation, in Placement the
aggregates are placed from the largest to smallest diameter
classes. The position and orientation for each individual
ellipsoid are randomly chosen within the required domain
and checked for the following overlaps[49]: The ellipsoid is
checked that it lies within the required specimen geometry.

90

BO

70

60

50 r

40t

3071

201

50

(@)

Then, the overlap between that ellipsoid and nearby
ellipsoids are investigated. If there is intersection with
geometry boundaries or other ellipsoids, the position and
orientation are chosen again. The process is repeated for the
other ellipoids within this diameter class and then for smaller
classes.

Different porous dispersions are assumed as particle
distribution. In this context, congruential random number
generator (multiplicative) [50] and fuller function [51, 52]
are the most general theories for random distribution.
Random circular and elliptical pore are simulated as vacant
modulus particles (blue part) based on pore to intact ratio
(porous ratio).
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Fig. 2. (a) and (b) illustrating the porous distribution for porous ratio of (0.32) and (0.62), respectively

Also, three dimensional analyses were made based on spherical and ellipsoidal shape of porous.

(@)

(b)

Fig. 3. (a), (b) and (c) represent as 0.2, 0.4 and 0.6 porous ratio distribution

Therefore, the probability function can be obtained based
on porous distribution.
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Modeling of Porous: FEA Method
One of the most challenging parts of analyzing porous
materials is creating an accurate geometric model of the
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material. Geometric modeling of porous materials is difficult
for several reasons, including the pores' high density, varying
radius, and seemingly random distribution. This article
presents a method for the geometric modeling of porous
materials using MATLAB and JavaScript in tandem with
ANSYS. To this end, a MATLAB script was written to
generate the porous centers in a cubic geometry. Each pore's
position and simulated radius are chosen randomly within a
predetermined tolerance range. This script ensures that
porous never overlap by setting the minimum distance

criterion to twice the radius. This script also allows the user
to adjust the size of the boundary cube, the sphere's radius,
and the total number of spheres used in porous material
simulations. As a final step, the MATLAB script exports its
generated points to a text file that the ANSYS program can
read. This allows geometric modeling to be performed in
ANSYS based on the locations of the points. The following
diagram depicts the logic used by the MATLAB script to
determine the porous centers.

Create three arrays of random
numbers for X, Y, Z coordinates

)

Initialize list of 3D points with
counter and handle

v

A

Compare each point to the previous points

Continue to next point

Yes

Distance greater than the
minimum allowable distance?

Delete point

Maximum number of points

have been reached?

Save point to list

|

Write list to .txt file format for read in
ANSYS Design Modeler

A 4

End

Fig. 4. MATLAB script flowchart for pore center points

In the figure below, a view of the randomly generated
points representing the three-dimensional coordinates of the
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porous centers by the MATLAB script is shown for the
porosity percentage of 20 and 40%.
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Fig. 5. A view of the randomly generated points representing the three-dimensional coordinates of the porous centers by the MATLAB script for the
porosity percentage of 20 and 40%

The geometric drawing of porous materials in ANSYS
software can be automated with the help of Java script. To
model porous materials in ANSYS, this script reads in the
MATLAB script's text file containing the porous centers'
three-dimensional coordinates. It produces the three-
dimensional geometry of the representative volume element
(RVE). The representative volume element (RVE) used to
model porous materials is designed to have as small of

40% Porosity

30% Porosity

dimensions as possible in order to reduce the number of
calculations required. The SEM images in reference [48,
53]suggest that a cubic volume element with porous on all
sides should have dimensions of 200 um x 200 um x 200
pm. The porous radii are also assumed to be chosen at
random between 5.0 pm and 3 pm. See how ANSYS
software handles geometric modeling of porous materials
with 20, 30, and 40% porosity in the figure below.

20% Porosity

Fig. 6. ANSY'S geometry modeling of porous materials with 20, 30, and 40% porosity

Porous Material Finite Element Analysis and Mechanical
Property Calculation

To determine the mechanical properties of porous materials,
first constructing a geometric model and then developing a
finite element model of the desired representative volume
element (RVE) is necessary. A finite element model and
numerical solutions were developed in ANSYS and used to
determine mechanical properties. Idealized calculations are
used to determine the mechanical properties of porous
materials. This means that local buckling and residual stress
in porous materials [54]are not considered when calculating
mechanical properties or manufacturing defects. The

48

quadratic interpolation element with tetrahedral elements has
been used to create the finite element model of the required
representative volume element (RVE) because of its good
performance and appropriate accuracy for complex
geometries. Mesh sensitivity analysis is used to determine
the optimal element count. The number of constituents
needed is proportional to the porosity percentage. RVE finite
element modeling with 20% porosity has used 123,000
elements. The figure below depicts the finite element model
of porous materials in ANSYSS software with 20%, 30%, and
40% porosity percentages.
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40% Porosity

30% Porosity

20% Porosity

Fig. 7. ANSYS finite element model of porous materials with 20, 30, and 40% porosity

The homogenization method was used for the mechanical
property calculations. Here, the Hooke-Lamé law and the

T .
stress (a= (0xx0yy 0227y ToxTxy) ) and strain (s =
T oy .
(exxEyyEzzYyzVaxYay) ) values are utilized to derive the
stiffness matrix:

og=_Ce

®)

Combining the three axial strains and three shear strains
shown in Figure with periodic boundary conditions allows
for calculating the homogeneous response. The
corresponding column of i is calculated from the stiffness
matrix of C for each unit strain field applied to RVE. In fact,
the equilibrium stress vector o; for a given strain field ¢; is
represented in each column of the stiffness matrix.

'
|
'
Y
|
I
I

M mmeaaa

F

Fig. 8. Schematic design of six-unit strain fields (three pure axial strains
and three pure shear strains) to calculate homogeneous stiffness matrix

The analyzed volume must meet both of the following
[55]for the stiffness matrix to be computed when periodic
boundary conditions are applied to an RVE:

1) The stress field must be periodic for static equilibrium
of the RVE.
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2) The deformation of the RVE's two opposing sides must
be constant.

The above requirements can only be satisfied if the
numerical model's geometry and mesh are perfectly
symmetrical. In this regard, this paper's geometry and finite
element model are symmetrical. The original cell's reflection
in the XY, XZ, and YZ planes ensures this symmetry.

[s]=1[c]™ ©

After calculating the stiffness matrix using the method
described, the flexibility matrix must be computed as
follows:

1 Uz1 Usq
E 5 & o 00
V12 1 U3,
-— = ——== 0 0 0
v v 1
5= 2 (10)
0 0 0 — 0 0
Ga3
0 0 0 0 ! 0
Gi3
0 0 0 0 0 !
L 612-

Figure 10 summarizes the steps required to calculate the
mechanical properties of porous materials using the method
presented in this article. To calculate the mechanical
properties of porous materials, the following six steps must
be taken according to this diagram:

First step: Create a three-reference plane symmetrical finite
element model of RVE.

Second step: Add periodic boundary conditions to the model
with nodes.

Third step: Applying six independent unit strain fields to the
model.
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Fourth step: Calculate each stiffness matrix column using

node stresses.

Create A Symmetric
Mesh From The
RVE

Create Node Sets To
Apply Periodic
Boundary Conditions

Imposing Six

Strain Fields

Independent Unitary

Fifth step: Calculating flexibility matrix from the stiffness
matrix.
Sixth step: Mechanical properties from flexibility matrix.

Calculating The
Corresponding
Stresses From The

Node Sets

Calculating The
Flexibility Matrix

Calculating The
Mechanical Properties
From Flexibility
Matrix

Fig. 9. A summary of the steps required to calculate the spatial properties of porous materials using the method presented in this article

RESULTS

This section presents the results of numerical analyses used
to calculate the mechanical properties of porous materials
using the method described in the previous section. In
addition, to validate the numerical analysis, the results of this
article are compared to those presented in reference [56, 57].
Figures 11 to 16 depict, respectively, the change in relative
elasticity modulus and relative shear modulus of porous
material as a percentage of porosity. According to these
graphs, the value of the modulus of elasticity and the relative
shear modulus of a porous material decreases nonlinearly as
the percentage of porosity increases, with approximately
25% of the modulus of elasticity and shear remaining at a
porosity level of 55%. Extrapolating the graph reveals that at
approximately 80% porosity, the porous material's modulus
of elasticity and shear tend toward zero, indicating that the
porous material will lose its mechanical strength. Comparing
the results of this study with those presented in reference
[56]reveals a good correlation between the values of the
modulus of elasticity and the relative shear calculated. This
agreement indicates that the modeling and analysis process
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used to calculate the mechanical properties of porous
materials in this article is accurate. In this context, all
calculated mechanical properties have been compared with
results of Marco et al. [56] and Zerhouni et al.[57].
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Fig. 10. Relative Longitudinal Young’s Modulus (E, /E) for different

porosities
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Fig. 11. Relative Transversal Young’s Modulus (E,/E) for different
porosities
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g. 12. Relative Transversal Young’s Modulus (E3/E) for different
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Fig. 13. Relative In-plane shear modulus (G4,/G) for different porosities
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Fig. 14. Relative Out of plane shear modulus (G,3/G) for different
porosities
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Fig. 15. Relative Out of plane shear modulus (G34/6) for different
porosities

CONCLUSIONS

Take in to account of several application of porous materials,
a precise examination of the mechanical properties of pores
seems necessary. In this study, the novel numerical method
has been proposed for estimation of mechanical behavior of
porous materials as a function of the porosity configuration.
In this regard, a MATLAB script was developed for
geometrical modeling of porous material in Micro/Meso
Scale and each pore's position and radius are chosen
randomly within a predetermined tolerance range. The
porous never overlap by setting the minimum distance
criterion to twice the radius. Also, the user allows adjusting
the size of the boundary cube, the sphere's radius, and the
total number of spheres. Furthermore, several porous
configurations are simulated using finite element method to
estimated mechanical properties of porous materials. In
addition, periodic boundary conditions have been employed
for calculation of stiffness matrix on different RVE and the
effects of different parameter like shape, number and size of
pores have been investigated on mechanical behavior of
porous materials. The results demonstrate that high range of
porosity (from 5% to 65%) has been modeled. Also, it can
estimate the effective constant of porous materials in 3
directions including of (E1, E2, Es, G12, 13, G23).
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APPENDIX
Table 2. Summary of the different modes investigated to calculate the mechanical properties of porous materials
Case 5 Case 4 Case 3 Case 2 Case 1l Properties
30.1% 25.4% 20.5% 15.5% 10.9% Porosity
Aluminum Aluminum Aluminum Aluminum Aluminum Base Metal
Sphere Sphere Sphere Sphere Sphere Type of
pores
Diameter
0.5to3 um 0.5to3 um 0.5to3 um 0.5to3 um 0.5to3 um of sphere
Distributio
Random Random Random Random Random n of pores
Geometry
Mesh
E, =37.079 GPa E, = 40.095 GPa E, = 46.349 GPa E, = 50.824 GPa E, =57.517 GPa
E, =36.713 GPa E, = 41.253 GPa E, =46.977 GPa E, =52.309 GPa E, =57.249 GPa
E; = 37.745 GPa E; = 39.989 GPa E; = 45.843 GPa E; = 52.157 GPa E; = 58.120 GPa .
Mechanica
Gi, = 14.101 GPa Gy, = 15.937 GPa Gy, = 17.597 GPa G,, = 18.981 GPa Gy, = 21.060 GPa | Properties

Gys = 14.278 GPa
Gs, = 13.754 GPa

Gys = 16.061 GPa
Gsy = 16.490 GPa

Gys = 17.714 GPa
Gy = 17.862 GPa
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Gys = 19.758 GPa
Gs, = 19.355 GPa

Gys = 21.225 GPa
Gsy = 21.845 GPa
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Case 10 Case 9 Case 8 Case 7 Case 6 Properties
54.9% 50.0% 45.1% 40.2% 35.0% Porosity
Aluminum Aluminum Aluminum Aluminum Aluminum Base Metal
Sphere Sphere Sphere Sphere Sphere Type of
pores
Diameter
0.5to3 um 0.5to3 um 0.5to3 um 0.5to3 um 0.5to3 um of sphere
Random Random Random Random Random Distributio
n of pores
Geometry
Mesh
E, =17.861 GPa E, = 20.947 GPa E, = 24.087 GPa E, = 28.452 GPa E, =31.871 GPa
E, =17.970 GPa E, = 21.246 GPa E, = 24.096 GPa E, = 28.866 GPa E, = 33.481 GPa
E; = 18.537 GPa E; = 21.584 GPa E; = 24.524 GPa E; = 28.300 GPa E; = 32.225 GPa .
Mechanica
G, = 6.928 GPa Gy, = 8.112 GPa Gy, = 9.674GPa G,, = 10.803 GPa Gy, = 12.447 GPa | Properties

Gys = 7.045 GPa
Gs; = 6.895 GPa

Gys = 8.147 GPa
Gs, = 8327 GPa

Gys = 9.499 GPa
Gsy = 9.697 GPa
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Gys = 10.917 GPa
Gs, = 10.714 GPa

Gys = 12.115 GPa
Gsy = 12.777 GPa




