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Numerical homogenization of the foamed metal structures
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1. Introduction

Current trends in the design of new materials put
great emphasis on the development of all kinds of composite
materials and highly porous. Such materials with much
lower densities exhibit good and sometimes even better me-
chanical properties than the native material. Large growth
was recorded in the field of highly porous materials, which
in their structure have a cavity filled with gas. These struc-
tures are often referred foams, and formed from different
types of materials from the group of metals, polymers and
ceramics. Foamed metals, also called metal plans are pure
metals or alloys that have in their structure a significant
amount of intentionally introduced gas bubbles. The volume
of the pores in the metal foam spans between 40% and 90%,
but also more common foam having the pores in its structure
[1-3].

Foamed metals have various kinds of pores can be
sealed, or each void is a separate component and can’t be
combined with others and the pores open, which they are
connected to other voids, or the entire structure has the form
of a beam, wherein each gas bubble combined and all neigh-
boring base material takes the form of metal fibers connect-
ing the foam structure. Gases used primarily air, but also
other uses, especially when the foamed metal is reactive
with air, which could cause corrosion and degradation of the
structure. It is used as foam metal of a different type of ma-
terial such as copper, nickel, zinc, lead, molybdenum, rhe-
nium, stainless steel, tin and titanium, and alloys such as
nickel-iron, nickel and copper, nickel and chromium, tung-
sten, and nickel and of iron, nickel and chromium. Currently
it is used for foaming in wide use of the most popular serial
or a structural material which is solid, except for stainless
steel, this is due to the flammability of the liquid steel in
contact with oxygen and ease of corrosion of the material.
The foamed metals where the walls are very thin bubbles
through which corrosion is very dangerous, because it can
rapidly destroy the cell structure and completely destroy the
entire structure of the material. So to create the foam and
prevent its destruction would be used in the process of its
production as a cover and fill the pores of the inert gases,
which affects a significant increase in the price of a material
and causes that do not produce such a structure [2-4].

Currently expanded metal is used mainly as com-
ponents of a vibration damping or impact-absorbing cas-
ing. This is due to the high energy absorption property of
the metal foam, many times larger than the native material
[1, 5] (Fig. 1).

A very interesting feature of metal foams is their
property of absorbing high energy, thanks to the properties
used in various types of packaging for impact protection as

vibration isolators - in many types of machine tools and
other equipment and sometimes even the same components.
An example of such use of a metal foam may be a new type
of gears into which the elements of expanded metal between
the hub and the ring gear which reduces the noise through-
out the transmission, and reduces the impact of the teeth
themselves and the weight of the mix (Fig. 2, [6, 7]). In-
creasingly used also in this property foams in automotive,
wherein the foam metal used to reinforce the hollow profile
in the design of safe crumple zones. Crumple zones safe are
responsible for absorbing the energy created during impact.
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Fig. 1 Energy absorption chart [1]
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Fig. 2 Gears with a layer of metal foam [7]

In addition to building components to protect
against explosions it is also used as a refractory elements
protecting load-bearing elements or at risk of ignition from
the possibility of ignition and damage caused by the impact
of an open flame. They are also used as components of heat-
conductive or insulating, depending on what is their density
and the material from which they are made. Using foam cop-
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per, we can get good conductive elements at very high sav-
ings expensive material which is copper, and the way to re-
duce the weight of components (Fig. 3, [8]). They are used
also in the shipping industry as a lightweight materials to
improve buoyancy and floatability all kinds of watercraft.

Fig. 3 The conductive copper foam [8]

In view of their high porosity and a highly devel-
oped surface, closely linked to their porosity or internal rel-
ative density and cell type, they are frequently used as cata-
lysts and filters in a wide range of different types of chemi-
cal reactions. As that in this branch of the application is im-
portant to the ability to pass through a foam of various kinds
of gases and liquids used herein open-cell foam.

Because that they exhibit absorption and conduc-
tion are rarely used as supporting structures. This is influ-
enced by their relatively low strength due to very low rela-
tive density. Low density makes the cell walls inside are
very thin and irregularly distributed in the structure by
which quickly destroyed or weakened.

In the paper multi-scale modeling of the foamed
metal structures using numerical homogenization algorithm
is prescribed. The first, numerical model of heterogeneous
porous simplified structures of typical foamed metal, based
on the FEM was built. Next, a micro RVE model represent-
ing elementary volume of macroscopic model was con-
structed. Material parameters of the considered structure
were determined with use of numerical homogenization al-
gorithm. In the work the different RVE models of structure
were created and their properties were compared at different
relative density, different numbers and the size and structure
of the arrangement of voids.

The main goal of the work was to test how changes
in the geometric parameters influence on changing the me-
chanical parameters of structures, mainly material parame-
ters. It can be useful in modeling new materials with ex-
pected material parameters.

2. Numerical homogenization

Numerical homogenization is mainly for calculat-
ing the variables defining the status and parameters of the
microstructure in such a way that by using these variables
can be modelled macrostructure materials in such a way as
if it was made of homogeneous material, a phenomenon oc-
curring in the microstructure which affect the macrostruc-
ture are represented by the calculated variables [9, 10]. The
advantages of this method are:

*no need putting requirements in relation to as-
sumptions of constitutive centre macroscopic;

« allows the consideration of large deformations in
both micro and macro;
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» makes it possible to use any of the techniques of
numerical calculation in both scales;

« the ability to modify the micro to the macro level
of analysis;

« the possibility of using the issues of dynamic and
non-linear.

The models with which to model and explore the
structure of the micro call RVE (representative volume ele-
ment). RVE models should represent the micro-structure to
the extent possible to identify the properties of the medium
in composition. It is important RVE small enough to make
it simple as possible so that we can carry out its detailed
analysis, yet large enough to be able to represent the micro-
scopic structure of the tested structure. If the model structure
is homogeneous typically comprise a so-called unit cell, or
RVE model that has only one inclusion, in this case the void.

Basically there are three types of approaches to the
use RVE:

« Adoption of a constitutive law at the macro level,
averaging material parameters.

« Adoption of a constitutive law at the macro level,
testing of material parameters.

* No explicit constitutive law at the macro level,
testing of material parameters and calculating the actual
stress tensor and effective tangential material parameters.

The simplest approach is the aforementioned aver-
aging material parameters, the computation of a tensor, the
average material constants. This may be the arithmetic mean
or harmonic mean. The values determined by these methods
often vary considerably and are a lower bound and upper
tensor properties of the material. This method has a low ac-
curacy which is caused by the fact that it does not take the
shape of inclusions, and in this case the air bubbles, that is,
we assume that our material is completely isotropic. This
approach is sufficiently accurate only in the case of calcula-
tion of the inertia, as well modelled averaging the values of
these parameters.

Another approach is a numerical testing of material
parameters. In this case, we determine the components of
the tensor material parameters on the basis of the selected
element RVE load cases. Apply the burden of stress or strain
without regard to volume forces, in the case of 3D element
it is necessary to perform six samples corresponding to the
six component tensor material parameters. These attempts,
for example, deformation in three main directions x, y and z
in the absence of other loads, and also in the tangential di-
rection of the three components YZ, XZ and XY whereas
searched tensor is symmetric. This method in compared
with the previous one takes into account the internal struc-
ture and anisotropic properties of the structure. That is nec-
essary when the inclusions in the material are irregularly
spaced.

The study used precisely this method in numerical
terms. The methodology is the same as in the classic ap-
proach, which is performed six studies with six different
boundary conditions, and then averages the strain and stress
in a model using the following equations:
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It is important that homogenization process is pos-

sible only if the scale separation condition is satisfied (5):

I/L<x1, (5)
where | is characteristic dimension for the scale of hetero-
geneity; L is characteristic dimension for the scale of homo-
geneity.

In case of periodic structures, periodic boundary
condition should be used. Periodic boundary displacement
u (6) and anti-periodic boundary traction t (7) should be en-
forced on the opposite boundaries of the RVE model:

(6)
()

Using numerical homogenization it is possible to
model regular and irregular (stochastic) RVE elements

(Fig. 4).

a b

Fig. 4 RVE elements a — regular; b - irregular (stochastic)
3. Models and results

Using FEM the simplified models of foam metal
structures were prepared. Here, the MSC.Software system
was used. In RVE elements the size of voids, the number of
voids (density) and position were changed. As a basic mate-
rial assumed pure aluminium (Young modulus E = 69 GPa,
Poisson ratio v = 0.33).

Each RVE element was modelled as a cube meas-
uring 5 x 5 x 5 mm. The simplest element had one void with
a radius of 2.25 mm centrally positioned (Fig. 5). The next
regular RVE elements with different numbers of voids show
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scale respectively; Vrye is volume of RVE element.

Next when these values < &j; >, < gjj > are desig-
nated we substitute them into a matrix in Eq. (3) and then it
is possible to calculate elasticity matrix C of equivalent ho-
mogenous material using the matrix Eq. (4).
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Figs.6-9 and irregular RVE elements show
Figs. 10-12. The parameters of regular RVE elements are
presented in Table 1.

In the next step the boundary conditions were ap-
plied. Asked displacement values are chosen so that the
value of deformation models was ¢ = 0.01 and displacement
in all directions were u = 0.05 mm. RVE models that use the
boundary conditions in the deformation, it is necessary av-
eraging strains.

For each model were carried out six analyzes cor-
responding to the six types of boundary conditions. As a re-
sult of the analysis is obtained value of the stresses and
strains per each item. This allows you to determine the value
of the integral (1) and (2) numerically, that is to be summed
generated by the program values for each item and then
these values divided by the volume. As a result of this oper-
ation matrix medium stress and strain are obtained and then
using the formula (4) the elasticity matrix of defined mate-
rials can be determined.
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Fig. 7 Regular RVE model 3 Fig. 8 Regular RVE model 4



Fig. 9 Regular RVE model 5

e

Fig. 10 Irregular RVE model 1
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Fig. 12 Irregular RVE model 3

The parameters of regular RVE models

Table 1

Density, g/mm?®

Model RVE dimensions, mm Radius of void, mm Numbers of voids
1 5x5x5 2,25 1 61,8
2 5x5x5 1,1 8 64,3
3 5x5x5 0,7 21 75,4
4 5x5x5 0,4 121 74,0
5 5x5x5 0,2 1044 72,0

Obtained results for regular RVE models are
shown in Tables 2-6 and for irregular RVE models in Ta-
bles 7-9. Positions of material coefficients correspond to

matrix C in Eq. (3).

We can observed that for regular RVE models that
system of elasticity matrix tends to the isotropic structure.

The more voids that convergence is improved. For irregular
RVE models designated elasticity matrix is full and asym-
metrical.

The number, size and location of the voids signifi-
cantly affects on the shape of the elasticity matrix and value
of designated coefficients.

Table 2
Coefficients of elasticity matrix C for regular RVE model 1
X Y Z YZ XZ XY
X 67226.8 34051.1 34894.4 -108.8 20.3 0.9
Y 34115.9 68673.4 35406.3 131.0 -20.2 47.0
Z 41352.3 41825.1 84130.4 23.5 -0.9 6.1
YZ -123.7 -189.2 -81.7 51351.7 5.1 -8.7
XZ 50.1 -42.5 71.1 313.7 31982.0 37.1
XY 176.3 93.8 23.8 -58.2 2.8 31981.4
Table 3
Coefficients of elasticity matrix C for regular RVE model 2
X Y Z YZ XZ XY
X 66736.5 33468.4 33468.4 -0.0 -0.0 0.0
Y 33468.4 66736.4 33468.4 -0.0 -0.1 0.0
z 33468.4 33468.4 66736.5 -0.0 -0.1 -0.0
YZ -0.0 0.0 0.0 33268.0 0.0 -0.0
XZ -0.0 -0.0 -0.0 0.0 33268.04 0.0
XY 0.0 0.0 0.0 0.0 0.0 33268.0




347

Table 4
Coefficients of elasticity matrix C for regular RVE model 3
X Y Z YZ XZ XY
X 78224.5 39229.7 39229.7 -0.0 -0.0 -0.1
Y 39229.7 78224.5 39229.7 -0.0 -0.1 -0.0
Z 39229.7 39229.7 78224.5 -0.0 -0.1 -0.1
YZ 0.0 -0.0 0.0 38994.8 0.0 -0.0
XZ -51.5 -26.6 -24.5 577.1 38993.3 -0.0
XY 0.0 0.0 -0.0 0.0 0.0 38994.8
Table 5
Coefficients of elasticity matrix C for regular RVE model 4
X Y Z YZ XZ XY
X 76803.7 38517.2 38517.2 0.0 0.0 0.1
Y 38517.1 76803.7 38517.2 0.0 0.0 0.0
Y4 38517.2 38517.2 76803.7 0.0 0.0 0.0
YZ 0.0 0.0 0.0 38286.5 0.0 0.0
XZ 0.0 -0.0 -0.0 0.0 38286.5 -0.0
XY 0.0 0.0 0.0 -0.0 0.0 38286.5
Table 6
Coefficients of elasticity matrix C for regular RVE model 5
X Y Z YZ XZ XY
X 74719.7 37472.0 37472.0 -0.0 0.0 0.0
Y 37472.0 74719.7 37472.0 -0.0 0.0 -0.0
Z 37472.0 37472.0 74719.7 -0.0 0.0 -0.0
YZ -0.0 -0.0 0.0 37247.6 -0.0 -0.0
XZ -0.0 -0.0 -0.0 -0.0 37247.6 0.0
XY -0.0 -0.0 -0.0 -0.0 -0.0 37247.6
Table 7
Coefficients of elasticity matrix C for irregular RVE model 1
X Y Z YZ XZ XY
X 84269.5 39025.7 44202.9 -47.1 5036.4 86.4
Y 44607.7 83538.3 46846.3 -49.9 5337.5 91.5
Z 37726.5 34979.4 81798.7 -42.3 4514.2 77.4
YZ -473.1 -438.6 -496.8 42179.3 -56.5 -0.9
XZ -2130.2 -1975.1 -2237.1 2.3 41923.9 -4.3
XY -515.9 -478.3 -541.8 0.5 -61.7 42177.7
Table 8
Coefficients of elasticity matrix C for irregular RVE model 2
X Y Z YZ XZ XY
X 82196.2 42516.6 42641.0 -997.6 -151.7 -758.5
Y 39182.2 82323.2 40998.5 -959.1 -142.8 -729.2
Z 37299.0 38914.1 80472.3 -913.0 -136.0 -694.2
YZ -302.1 -315.1 -286.0 41451.6 1.1 5.8
XZ -449.1 -468.6 -470.0 10.9 41445.9 8.3
XY -466.3 -486.5 -503.7 114 1.7 41452.8
Table 9
Coefficients of elasticity matrix C for irregular RVE model 3
X Y Z YZ XZ XY
X 69319.4 34285.2 37306.5 -222.2 -25.6 -648.8
Y 35070.2 69459.6 37782.3 -225.3 -26.0 -657.4
Z 29553.0 29299.2 66618.2 -189.8 -21.9 -554.4
YZ -445.9 -442.0 -481.0 34740.0 0.3 8.3
XZ -529.9 -493.4 -536.9 3.4 34737.6 9.5
XY -136.9 -135.7 -147.7 0.9 0.1 34739.7




4. Discussion and conclusions

In the literature one can find works using numeri-
cal homogenization of the bone scaffold structures [11], of
materials with internal cracks [12]. However, most studies
have been associated with the analysis of composite with
inclusions of various size, number and arrangement relating
to the different types of matrix material and the inclusions
[13]. Most of this works was based on homogenization of
the RVE 2D models.

In this study developed 3D model of RVE elements
and the coefficients of elasticity matrix were determined for
different number and size of voids and their various posi-
tions. It means that influence of geometrical features on ma-
terial parameters was tested.

It can be observed that if the inclusions grid is reg-
ular then density primarily influence on coefficient of elas-
ticity matrix C. However changing the size of inclusions in
some plane or direction we have impact on the form of ma-
trix C, which gives us to understand that if we will skillfully
control the composite geometry we will be able to model its
mechanical parameters.

In further studies, the results (material constants)
will be used to develop and stress analysis of complex sys-
tems containing elements made of foamed metal type struc-
tures. This should result in significantly shorten the time of
calculation.
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NUMERICAL HOMOGENIZATION OF THE FOAMED
METAL STRUCTURES

Summary

In the paper multi-scale modeling of the foamed
metal structures using humerical homogenization algorithm
is prescribed. The first, numerical model of heterogeneous
porous simplified structures of typical foamed metal, based
on the FEM was built. Next, a micro RVE model represent-
ing elementary volume of macroscopic model was con-
structed. Material parameters of the considered structure
were determined with use of numerical homogenization al-
gorithm. In the work the different RVE models of structure
were created and their properties were compared at different
relative density, different numbers and the size and structure
of the arrangement of voids.

Keywords: foamed metal, numerical homogenization,
FEM, RVE.
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