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Elastic finite element analysis on cross-sections of random
hollow sphere structures

Elastische Finite-Elemente-Analyse von Querschnitten zuf�llig
angeordneter Hohlkugelstrukturen

T. Fiedler1, 2, H. S. Kim2, I. V. Belova1, 2, S. W. Sloan1, 2, G. E. Murch1, 2, A. �chsner2, 3

This paper addresses elastic analysis based on 2D finite element models for metallic hollow-
sphere structures. In the first part, the influence of micro-porosity on the elastic behaviour of
sintered metallic hollow sphere wall material is investigated. Young's modulus of the metallic
hollow sphere wall material is found to linearly decrease with increasing micro-porosity rang-
ing up to about 45%. In the second part, elastic parameters for metallic syntactic foams (MSF)
consisting of thin or thick walled hollow spheres, and for epoxy containing spherical pores are
studied. Data obtained from finite element models are compared with theoretical predictions
based on the rule of mixtures developed elsewhere and found to be in good agreement with
each other for MSF but not for porous epoxy. The shear modulus of MSF with thin-walled hollow
spheres was found to increase with increasing volume fraction of matrix whereas that of MSF
with thick walled hollow spheres was found to decrease. Specific Young's modulus of MSF with
thin-walled hollow spheres was also found to increase with increasing foam density whereas
that of MSF with thick walled hollow spheres was found to decrease. Poisson's ratio obtained
was relatively low for porous epoxy matrix material but high for MSF with thin or thick-walled
hollow spheres.
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Dieser Artikel besch�ftigt sich mit der elastischen Finite-Elemente- Analyse zwei-dimensionaler
Modelle von Hohlkugelstrukturen. Im ersten Teil der Arbeit wird der Einfluss von Mikroporosit�t
auf das elastische Verhalten der gesinterten Hohlkugelschale untersucht. Es wurde beobachtet,
dass der Elastizit�tsmodul des gesinterten Materials linear mit steigender Porosit�t abnimmt.
Der zweite Teil der Arbeit befasst sich mit Hohlkugelstrukturen bestehend aus Hohlkugeln und
Epoxidmatrix verschiedener Wandst�rken t: dickwandige Hohlkugeln, d�nnwandige Hohlkugeln
und dem Grenzfall tfi 0 (kugelf�rmige Einschl�sse ohne Hohlkugelschale). Die Ergebnisse der Fi-
nite-Elemente-Analyse wurden mit analytischen Modellen verglichen und mit Ausnahme der ku-
gelf�rmigen Einschl�sse eine gute �bereinstimmung erzielt. Der Schubmodul d�nnwandiger
Hohlkugelstrukturen nimmt mit zunehmendem Volumenanteil der Epoxidmatrix zu, der Schub-
modul von dickwandigen Hohlkugelstrukturen jedoch ab. Die ermittelten Querkontraktionszah-
len sind f�r den Fall kugelf�rmiger Einschl�sse (t fi 0) vergleichsweise niedrig. Deutlich h�here
Ergebnisse wurden f�r d�nn- und dickwandige Hohlkugelstrukturen erzielt.

Schl�sselw�rter: Finite-Elemente-Analyse / zellulares Metall / Hohlkugeln / syntaktischer Schaum / elas-
tische Eigenschaften /

1 Introduction

Hollow sphere structures include composites consisting of hol-
low spheres and matrix. The composites may be classified into
two categories depending on volume content of hollow spheres

or matrix. When they are made of a high volume content of
matrix, they may be referred to as hollow sphere modified partic-
ulate composites, whereas when they are made of a high volume
content of hollow spheres, they may be referred to as syntactic
foams [1]. The demarcation between the two categories in terms
of volume content may be arbitrary. However, hollow spheres in
the former are usually more for toughening the matrix while
those in the latter are more for stiffness and density [1, 2].
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Syntactic foams can be used in various structural components
including sandwich composites [3, 4] and in areas where low
densities are required e.g. undersea/marine equipment for deep
ocean current-metering, anti-submarine warfare [5, 6, 7, 8, 9].
When they are used as core materials for sandwich composites,
they contribute to an increase in specific stiffness. They further
contribute not only to the reduction in damage but also to the
prevention of failure of composite systems by inducing their own
damage when used for protective structural components [10].
Their other uses include products in aerospace and automotive
industries [11].

A wide range of different types of syntactic foams made of
ceramic hollow microspheres can be made by selecting different
materials and consolidating techniques for binder and hollow
microspheres. The consolidating techniques include coating
microspheres [12], rotational moulding [13], extrusion [14, 15]
and techniques which use inorganic binder solution and firing
[16], dry resin powder for sintering [17, 18, 19, 20], compaction
[21, 22], liquid resin as binder [23] for in situ reaction injection
moulding, buoyancy [10, 24, 25], casting [26] and pressure infil-
tration [27]. Recently, a new type of syntactic foams has been
developed through sintering process for metallic hollow sphere
structures [28], which will be referred to here as metallic syntactic
foams (MSF). MSFs are manufactured by pouring single hollow
spheres into a mould and adding an epoxy resin for binding.
They are capable of possessing tailored properties for deforma-
tion particularly under impact conditions, good structural and
acoustic damping properties, high specific stiffness and
strength, and low thermal conductivities [29, 30]. The hollow
sphere geometry in MSF is easily reproducible and therefore
mechanical and physical properties are better controllable than
conventional cellular metals. It was shown in [31] that MSF can
be considered isotropic to a good approximation. Finite element
analysis for such MSF may be useful for optimization of volume
fractions of constituents for elastic behaviour. However, little
work has been found in the literature for such analysis.

In this paper, 2D finite element analyses on the MSF consist-
ing of metallic hollow spheres and epoxy as matrix, and also hol-

low spheres as structures affected by porosity within sphere wall
due to sintering process are conducted for elastic behaviour
affected by mixing ratio of the constituents.

2 Finite Element Modeling

Two different types of 2D finite element models were employed
in this paper. The first type of model is to represent porous struc-
tures consisting of solid and void phases. It was used for analysis
of sintered hollow-sphere wall material affected by micro-poros-
ity. To this end, a solid volume (V) was chosen and small pores
were inserted at random sites. Models with various porosities
(i. e. total volume occupied by micro-pores divided by the initial
volume V) ranging between 0 (solid material) and 0.45 were gen-
erated. The maximum possible porosity of this analysis is given
by the limit where the two-dimensional model loses its connec-
tivity and disintegrates. The hollow sphere wall in the second
type of models (see below) was modeled as a solid and the mate-
rial properties obtained for the micro-porosity models were
assigned to this material.

The second type of model is to represent MSFs comprising
cross-sections of hollow spheres and matrix. Figure 1 shows vari-
ous images for cross-sections of a MSF, generated from differ-
ent sources, consisting of nominally mono-sized hollow spheres
at random positions, and matrix. Figure 1a is from a photo-
graph of a real image, Fig. 1b from computed tomography
reconstruction, Fig. 1c from computer-generated models for
analysis. Three different phases can be identified i. e. matrix,
hollow sphere, and voids in both sphere wall and hollow part.
The residual micro-porosity (after the sintering) within the
sphere wall after manufacturing is not shown here due to the
limitation of resolution in the models of the cross-sections. The
analyses using models (Fig. 1b and 1c) are for the approximate
characterization of a complex three dimensional material.
Recent results [32] indicate that the model approach would only
be achieved if the considered geometry is representative of a suf-
ficiently large size. In order to investigate the applicability of
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Fig. 1. Cross-sections of a syntactic foam consisting of mono-sized hollow spheres at random positions and matrix: a) photograph of real image,
b) computed tomography reconstruction, c) computer-generated models.

Abb. 1. Querschnitte syntaktischer Sch�ume bestehend aus gleichartigen Hohlkugeln und Epoxidmatrix: a) Photographie, b) Computertomogra-
phische Rekonstruktuion, c) Computer-generierte Modelle.
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this approach, numerical results will be compared with experi-
mental data and analytical solutions.

The advantage of modeling based on the tomography (Fig. 1b)
is the representation of the accurate geometry of a real cross-sec-
tion of a MSF obtained by scanning. However, the disadvantage
is that the variation of geometric parameters is difficult to
achieve, and the size and resolution of the geometry are limited
by the computed tomography data. In contrast, randomly gener-
ated cross sections (Fig. 1c) allow for an aimed variation of geo-
metric parameters such as volume fraction and wall thickness.
Also, the model size is only limited by the available computer
hardware capacity so that larger geometries with a higher resolu-
tion would be applicable.

The outer radii (R) of the metallic hollow spheres and the
sphere wall thicknesses in the computed tomography images are
approximately 1.5 mm and 0.075 mm respectively. It is noted
that radii (ri) (Fig. 2) of their circular cross sections depend on the
distance (hi) of their centre points to the cutting plane and are
given by RiðhiÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � h2
i

q

.
Some of the calculation models were directly derived from

cross-sections obtained by computed tomography scans (Fig.
1b). The chosen alternative to computed tomography data is the
usage of random-generated calculation models that allow for a
controlled variation of geometric parameters. As an example, the
influence of the sphere wall thickness on the structure's elastic
properties is investigated. Three different cases were considered
i. e. the limiting case without sphere wall (only matrix and pores),
a thin wall (t = 0.075 mm = 0.05 R) and a thick wall (t = 0.15 mm
= 0.1 R). The area fraction (representing volume fraction) of the
matrix was changed by varying the number of hollow spheres.
The computer-generated models were created using an algo-
rithm which sequentially fills spheres into a grid at randomly
selected coordinates Ci(Xi, Yi, hi). It allows the distance (hi)
(Fig. 2) to be smaller than the sphere radius (R) in order to obtain
the cross section. Further, it defines the position (pi) of the centre
point (Ci) relative to the cutting plane (i. e. below: pi = 1, above:
pi = –1). In the following algorithm, any intersection of the last
added sphere in relation with pre-existing spheres is checked.
Therefore, the distances (di) between the spheres are calculated
according to:

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXn � XiÞ2 þ ðYn � YiÞ2 þ ðpn � hn � pi � hiÞ2
q

ði ¼ 1 v n� 1Þ: ð1Þ

Whenever any distance di is smaller than two times the sphere
radius (R), the last added sphere n was removed because at least
two spheres intersect each other. Figure 2 illustrates this for the
case, hi = 0. Additional attempts of adding spheres were made in
the model whenever intersection occurred. In the case where the
number of attempts reaches 107, it was assumed that no further
spheres can be positioned in the gaps between previously added
spheres. In order to analyse a representative cross section of the
MSF, each grid contained at least 100 circles.

For the grid generation, two-dimensional matrices M(X,Y)
with a resolution of 1000 by 1000 points were created. For each
entry of M, the distances d(X,Y) between the corresponding coor-
dinate (X,Y,0) and the centre points (Xi,Yi,hi) of the spheres were
calculated according to:

dðX ;YÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðX � XiÞ2 þ ðY � YiÞ2 þ h2
i

q

ði ¼ 1 v nÞ: ð2Þ

The following three cases were defined in the grid for matrix,
wall and hollow part of sphere:
d (X, Y) A R all circles } Matrix

d (X, Y) = R
d(X,Y) A R – t

for one circle
o

all circles Sphere wall

d (X, Y) = R – t one circle } Hollow part

A particular cross section through MSF can be characterized
by its area fractions. Thus, the sum of the area fractions for
matrix (AM), wall (AW) and hollow part (AH) is equal to unity. The
area fractions on the grid were obtained by summing up the grid
points allocated to each phase and then dividing them by the total
amount of grid points (10002). The average density of a MSF (�qq)
was calculated using:

�qq ¼ AW � qW þ AM � qM ð3Þ
where qM and qW are the densities of the epoxy matrix and cell

wall material, respectively.

3 Finite Element Analysis

The finite element analysis (using the commercial MSC.Marc1

software) was performed through three stages: pre-processing,
processing, and post-processing. The pre-processing is the gener-
ation of calculation models including geometric discretisation,
definition of material properties and boundary conditions. The
grid models described in Section 2 were used to generate the
finite element calculation meshes where one square element
replaces one grid point, and material properties were defined
according to the identified phases (matrix, sphere wall, hollow
part). The material properties used are given in Table 1 [44].

For elastic analysis, uni-axial compressive testing was simu-
lated (Fig. 3). To this end, a time (t)-dependent nodal displace-
ment u = a N t (a = const.) was prescribed at the upper edge of the
geometry. The displacement of the opposing edge is confined
into x-direction (reflective symmetry). In order to prevent dis-
placement in the y-direction, reflective symmetry conditions
were also prescribed at the left side of the model. In all finite ele-
ment analyses, the plain-stress state was adopted.
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Fig. 2. Adding of circles in the cutting plane.

Abb. 2. Hinzuf�gen von Kreisen innerhalb einer Schnittebene.
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Subsequent processing was conducted using the non-linear
finite element solver MSC.Marcm. In the post-processing, elastic
properties such as Young's modulus (E) and Poisson's ratio (m)
were determined. Under the boundary conditions defined (cf.
Fig. 3), Young's modulus equals the ratio of effective stresses to
strains in the x loading-direction. Effective values were obtained
by averaging over all nodes where the nodal displacement boun-
dary condition is prescribed:

E ¼ rx

ex
ð4Þ

where E is the Young's modulus, s is the stress and e the strain.
The Poisson's ratio (m) is given by the ratio of transversal ey to lon-
gitudinal strains ex:

m ¼ ey

ex
ð5Þ

The shear modulus (G) was calculated using:

G ¼ E
2ð1þ mÞ ð6Þ

As the applied voxel technique requires a fine resolution in
order to map the detailed geometric information on the numeri-
cal model, a sufficient mesh density, i. e. number of finite ele-
ments, was used. Also, to minimize the numerical error, it was
ensured that finite element solutions converge towards a plateau
value by increasing the number of finite elements as shown in
Fig. 4 for random-generated MSF cross-sections. Five different
mesh densities were considered. Convergence occurs around
400,000 elements. As a result, only meshes containing 106 or

more elements were employed. The bitmap images of a single
sphere in Fig. 4 show the minimum and maximum geometric
resolutions. It is obvious that the low resolutions are insufficient
for the geometric representation.

4 The Rule of Mixtures for the Elastic Modulus

Mechanical behaviour of syntactic foams is generally dependent
upon properties and volume fractions of constituents, and geom-
etry of spheres such as ratio of sphere diameter to wall thickness.
At a very low binder content, syntactic foams are not structurally
useful and thus failure mode is mainly of gross disintegration as
addressed in the literature [12, 33]. However, as the binder con-
tent increases, syntactic foams become useful as structures and
further, their mechanical behaviour is affected by various condi-
tions arising from relative properties of constituents and relativ-
ity between load carrying capacities of constituents [34, 35]. Kim
and Islam [34] identified various failure conditions and hence
various mixture rules for strength and elastic modulus arising
from failure analysis. Two equations are given below for the elas-
tic modulus. The first equation (7) is for large volume fractions of
binder (matrix), which will be compared with numerical data in
this paper, resulting in the Voigt law of mixtures under the iso-
strain condition [36]:

G ¼ Ghsð1� vmÞ þGmvm ð7Þ
where G is the effective shear modulus of the composite (syntac-
tic foam), v is the volume fraction, and subscripts (hs and m)
denote hollow sphere and matrix respectively. Ghs in equation
above is the average shear modulus where the shear stress area
consists of hollow part and sphere wall cross sectional areas. The
second equation is for the case where binder fails due to small
volume fractions of binder with weak bonding between hollow
spheres:

G ¼ CGmvm ð8Þ
where C is a constant. Equation (8) was found to be well correla-
ted with experimental data [35].
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Fig. 3. Boundary conditions of the finite element analysis.

Abb. 3. Randbedingungen der Finite-Elemente-Analyse.

Table 1. Physical properties of constituent materials.

Tabelle 1. Physikalische Eigenschaften der Grundmaterialien.

Material Young's
modulus

Shear
modulus

Poisson's
ratio

Density

Epoxy resin 2.40 GPa 882 MPa 0.36 1.13 g/cm3

Solid steel 210 GPa 80.77 GPa 0.30 6.95 g/cm3

Sintered steel 180 GPa 69.57 GPa 0.29 6.55 g/cm3

Fig. 4. Normalized Young's modulus versus number of elements for
mesh refinement.

Abb. 4. Normierter Elastizit�tsmodul aufgetragen �ber der Element-
anzahl.
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It should be noted that numerous mathematical expressions
based on the micro-mechanics models for particulate composites
which might be relevant to syntactic foams have been developed
for the elastic modulus [36, 37, 38, 39]. However, most expres-
sions require the modulus of hollow spheres to be determined. A
hollow sphere is a structure possessing a stiffness which is not a
property but can be determined using the hollow sphere wall
modulus. The stiffness of hollow spheres in the matrix depends
on hollow sphere wall thickness and the ratio of inner to outer
diameters, boundary conditions and porosity in sphere wall
material. A typical expression, which will be used here for com-
parison, was given for a high volume fraction of matrix by Eshlby
[39, 40]:

G ¼ Gm 1þ 5ð3Km þ 4GmÞðGm �GhsÞ
ð9Km þ 8GmÞGm þ ð6Km þ 12GmÞGhs

ð1� vmÞ
� ��1

ð9Þ

where Km is the bulk modulus of matrix. The shear modulus
(Ghs) in this equation will be regarded as the effective shear
modulus for application for hollow spheres of MSF. For porous
materials without hollow spheres (Ghs = 0), Equation (10) beco-
mes:

G ¼ Gmf1þ 5ð3Km þ 4GmÞ9Km þ 8Gmð1� vmÞg�1 ð10Þ

5 Results and Discussion

5.1 Sintered Hollow Sphere Wall Material

Elastic properties of the sintered metallic hollow sphere wall
material were calculated to find the effect of the micro-porosity
within the wall. Young's modulus (E) and Poisson's ratio (m)
obtained are shown in Fig. 5. It can be seen that Young's modulus
(E) is approximately a linear function of the micro-porosity
although a slight deviation from the linearity is found for very
high porosities (greater than 0.3). The high linearity agrees well
with experimental results elsewhere [41]. Poisson's ratio appears
to weakly depend upon the micro-porosity and exhibits the mini-
mum value at a micro-porosity of 0.22. A micro-porosity of the
sintered sphere wall material was determined elsewhere and
given to be 0.057 [42]. Elastic parameter values corresponding to
the micro-porosity (0.057) are found to be E = 179.5 GPa (G =
69.6 GPa) and m = 0.29 from data given in Fig. 5, which are those
already shown for MSF modeling in Table 1.

5.2 Metallic Syntactic Foams and Porous Material

Numerical results obtained for the elastic shear modulus from
two-dimensional models of MSFs are given in Figure 6 for three
different cases. Unless stated otherwise, models of cross-sections
are for those with random hollow sphere positions. The first case
is for MSF (thick walled) in which the hollow sphere wall is 0.15
mm thick (= 0.1 R), and the second case for MSF (thin wall) in
which the hollow sphere wall is 75 lm (= 0.05 R). The last case is
for zero walled hollow spheres. The shear modulus for the thick
walled case decreases as the volume fraction of binder increases,
indicating that hollow spheres stiffness is relatively high com-
pared to that of binder occupying the same volume as the hollow
sphere. Thus, thick hollow spheres contribute more than the
matrix to the modulus of the MSF. However, in the case of MSF
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Fig. 5. Elastic properties of the sintered cell wall material: a) Young's
modulus E, b) Poisson's ratio m.

Abb. 5. Elastische Eigenschaften der Hohlkugelschale: a) Elastizit�ts-
modul, b) Querkontraktionszahl.

Fig. 6. Numerical results for shear modulus versus volume fraction of
matrix. Solid lines represent Equation (6) and dashed lines Equation
(8).

Abb. 6. Numerische Ergebnisse des Schubmoduls aufgetragen �ber
dem Volumenanteil der Matrix. Durchgezogene Linien repr�sentieren
Gleichung (6), gestrichelte Linien Gleichung (8).
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with thin walled hollow spheres, its shear modulus increases as
the volume fraction of matrix increases, indicating that the aver-
age effective shear modulus of hollow sphere as a structure is
low compared to that of the matrix. This trend is more prominent
as expected in the zero walled case. Equation (6) describes the
data well with correlation factors 0.624, 0.948 and 0.999 for thick
walled, thin walled and zero walled cases respectively. The low
correlation factor of 0.624 seems due to the insensitivity of vol-
ume fraction of binder rather than the validity of the equation.
Thus, Equation (6) appears useful and may be extended for esti-
mating the effective shear modulus (Ghs) representing the stiff-
ness of the hollow sphere as a structure. The estimates are found
to be 1.01 GPa and 451 MPa for thick walled and thin walled hol-
low spheres respectively from the intercepts at zero matrix vol-
ume, supporting earlier qualitative interpretation that the stiff-
ness of thick walled hollow spheres is high compared to that of
epoxy in equivalent volume and vice versa. As for the zero walled
hollow microsphere, which is the limiting case or in a different
class from syntactic foams, Equation (6) correlates very well in
curve fitting but it does not provide good insight into the stiffness
of equivalent entity being a negative value of 1.01 GPa (= Ghs).
Also Equation (8) based on micro-mechanics model using the
values (Ghs = 1.01 GPa or 451 MPa) determined from Equation
(6) is shown as a dashed line in Fig. 6 for the thick walled and
thin walled hollow sphere cases. It describes the shear modulus
of MSF as well as Equation (6). However, it correlates poorly with
data for the zero thickness walled case. The high linearity
between shear modulus and volume fraction of matrix for the
three different cases agrees well with experimental results given
elsewhere for other hollow sphere structures [41, 43].

The Young's modulus (E) obtained as a function of density
from finite element analyses including tomography based mod-
els is given in Fig. 7 with data points from an experiment of MSF
[44] and pure epoxy (cf. Table 1). Each data point represents an
average value from five different samples. For lightweight struc-
tural applications, materials with high specific properties (e.g.
modulus divided by density) are preferred for comparison of
different materials. A straight line that intersects the origin in
Fig. 6 can be used to locate equal specific Young's modulus val-

ues. Any higher specific Young's modulus values are located in
the top left area to the straight line of equal values, and any lower
specific Young's modulus values are located in the bottom right
area to the straight line. Both thin (denoted by unfilled circles)
and thick (denoted by filled circles) walled MSF generally exhibit
higher specific Young's moduli than the zero walled case
(denoted by crosses). Specific Young's modulus of a thin walled
MSF appears to increase with increasing foam density whereas
that of a thick walled MSF to decrease. This information indi-
cates that the more thin walled hollow spheres and the less thick
walled hollow spheres, the higher the specific Young's modulus
can be achieved. An optimization of hollow sphere thickness in
MSF may be required for practical manufacturing of metallic
hollow spheres. In addition, the data point (denoted by an
unfilled square) from tomography based models that resembles
the thin walled MSF is in line with those for thin walled MSF,
and is similar to the value obtained for a pure epoxy matrix
(denoted by star maker). Further, an experimental value (denoted
by sun-shaped marker) for similar (thick-walled) MSF elsewhere
[44] appears to be in good agreement with numerical findings,
supporting the validity of the numerical modeling.

Poisson's ratio (m) may not be a major parameter for the opti-
mum design of light weight structures. However, it is important
for understanding of deformation, given that it is an elastic
parameter relating between different elastic moduli. When the
three different cases are considered, it is expected that the zero
walled case (porous material) would be low for Poisson's ratio
compared to thin and thick walled MSFs. The reason is that the
structural deformation with only pores in transverse direction to
the loading direction would be relatively small compared to the
structures with hollow spheres for a given volume fraction of
matrix, given that the deformation around a pore in the absence
of sphere wall tends to be more collapsible than around a sphere.
In Fig. 8 numerical data sets obtained for Poisson's ratio (m) from
the three different cases are given as a function of volume frac-
tion of matrix. It can be seen that there is an obvious difference
in Poisson's ratio between the zero walled case and MSF with
hollow spheres. This supports the expected deformation dis-
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Fig. 7. Young's modulus as a function of average density.

Abb. 7. Elastizit�tsmodul als Funktion der gemittelten Dichte.

Fig. 8. Poisson's ratio versus matrix volume fraction.

Abb. 8. Querkontraktionszahl aufgetragen �ber dem Volumenanteil
der Matrix.
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cussed here and thus they also support the validity of the finite
element analysis. Further, not much difference between thin and
thick walled MFSs is found, indicating that Poisson's ratio is not
sensitively affected by the hollow sphere wall thickness within
the range given in this work.

6 Conclusion

Elastic finite element analysis using 2D models based on cross
sections of metallic hollow sphere structures has been perform-
ed. Elastic parameters for hollow sphere wall material, metallic
syntactic foams (MSF) consisting of thin or thick walled hollow
spheres, and for epoxy containing spherical pores are calculated
and compared with theoretical predictions developed elsewhere.
The data obtained are found to be in good agreement with theo-
retical predictions for metallic syntactic foams except for porous
material containing no hollow spheres.

In addition, the following findings from the finite element
analyses are addressed within the data range employed.
1. The Young's modulus (E) of metallic hollow sphere wall

material linearly decreases with increasing micro-porosity
ranging up to about 45%.

2. The shear modulus of MSF with thin walled hollow spheres
increases with increasing volume fraction of matrix whereas
the shear modulus of MSF with thick walled hollow spheres
decreases.

3. The specific Young's modulus of MSF with thin walled hol-
low spheres increases with increasing foam density whereas
that of MSF with thick walled hollow spheres decreases.

4. Poisson's ratio is low for porous epoxy matrix material but
high for MSF with thin and thick walled hollow spheres.
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