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Abstract: Because of the complexity and irregularity of the internal structure of aluminum foam, it is difficult to
establish a three-dimensional model that can accurately reflect this structure. In this study, an algorithm, named
spherical core stratification algorithm, for three-dimensional modeling of spherical aluminum foam was proposed,
and by using this algorithm, a three-dimensional model for sphere aluminum foam with random pores has been
successfully constructed. The constructed model not only has a high similarity with the real structure of spherical
open cell aluminum foam, but also can match its pore size and thickness by adjusting the size and number of
holes in the random pore. In order to verify the feasibility of the modeling method, firstly, the three-dimensional model
of the cylindrical spherical aluminum foam with a size of 35 mm x 20 mm and pore diameter of 5 mm has been
generated by using the new algorithm. Secondly, taking the influence of relative density and shape function on
the compressive properties of spherical open cell aluminum foams into consideration, a quasi-static constitutive
model suitable for the material has been established based on the Sherwood-Frost classical compression
constitutive model, which provides material parameters for quasi-static compression simulation. The comparison
results show that the established constitutive equation has a good fit with the experiment, with a fitting correlation
coefficient of above 0.99. Finally, the quasi-static compression simulation was carried out by ABAQUS, and the
simulated nominal stress-strain curve was obtained. The simulation results indicate that the simulated stress-
strain curve had the same trend with the one obtained by the quasi-static compression experiment with a small
deviation.
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luminum foam with spherical pores is a new type

of aluminum foam material as compared with
irregular aluminum foam. The compressive mechanical
property is the focus and challenge of research! ™. To
date, research on the compressive mechanical properties
of aluminum foam is mainly based on experiments.
Simple experimental research is generalized and has poor
reproducibility, and it also consumes a lot of manpower
and material resources. With the rapid development of
computer simulation technology™™®, this has become
a very important method to study the compressive
properties of aluminum foam through computer
simulation technology. As a kind of structural metal
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material with complex internal structure, aluminum
foam itself has poor reproducibility. The influence
of structure on the material mechanical properties is
usually summarized by statistical methods. Therefore,
it is critical to identify and establish a foam metal
microstructure model that can accurately reflect the
relationship between cellular structure and properties of
aluminum foam.

As early as 1982, Gibson and Ashby!” established
hexahedral open-cell and closed-cell foam cells based
on a single-hole model to simulate foam materials.
Because it is a simple model, generating results hugely
different from the real structure, it can only be used for
the foam structure material with lower relative density.
After having corrected and optimized this simple model,
the cubic plate model was introduced, followed by the
docecahedral and tetrakaidecahedral models through
further model optimization. These single cell models can
provide a simple and convenient method for analyzing
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the mechanical properties of materials, but their simple shape
and regular arrangement are too idealized. The structure of these
simple models closely approximate the real inner pore structure
of the foam metal, so the data obtained from simulation are

different from the real one. The Voronoi®""!

model is a randomly
arranged non periodic model. Because the structure of the model
is more consistent with the internal structure of the foamed metal
material, some scholars have used the Voronoi theory to establish
a foamed metal material model. Most of the Voronoi models
are closed cell foam metal models with irregular pore shapes,
which are quite different from the structure of spherical open
cell aluminum foams constructed in this study. X-ray computed
tomography is a new method that can most faithfully reconstruct
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2191 "and it is now used

the structure of foamed metal materials
by a great number of scholars to perform 3D reconstruction of
foam metal, due to the rapid development of this technology.
However, due to the high cost of CT scanning and the relatively
high professional knowledge required by researchers, the entire
reconstruction process is rather complicated, leading to long
reconstruction cycle and high cost.

Simulation is a common method used to verify whether
the three-dimensional modeling method of aluminum foam
is feasible. In order to obtain more accurate simulation
results, it is necessary to establish the constitutive equation
of the material to provide the necessary parameters for the
simulation. The constitutive equation is a set of formulas
which relate the material stress to the material strain, and it is
a mathematical model reflecting the macroscopic properties of
materials. The response of foam metals to plastic deformation
is different from that of dense metal materials, and its
constitutive equation should characterize its special response
to plastic deformation ™. At present, the constitutive model
studies of foamed metal materials focuses on the quasi-static
and dynamic constitutive models of foamed pure aluminum
and aluminum foam alloys, and all are based on the static and
dynamic test data and the existing plastic theory " The
characterization method for the constitutive model of foam
metal during the plastic deformation stage is the basis of the
structural design and application of foam metal. However, in
practical engineering design and applications, an imperfect
data set available to the material constitutive model will affect
and limit the accuracy of analysis.

Compared with conventional geometry in a simplified foam
aluminum model, the model built by the present algorithm can
more accurately reconstruct the internal structure of spherical
open cell aluminum foam. In comparison with a CT scanning
3D reconstruction model, the present modeling method has the
benefits of a simple process, low cost and short cycle.

1 Materials and experiment

Sphere open-cell aluminum foam (SOAF) with an average
pore size of 5 mm is selected as the study object. The pores
have an average diameter of 1.5 mm for corresponding
apertures. As shown in Fig. 1, a cylindrical specimen with the

Fig. 1: Aluminum foam sample

size of @35 mm x 20 mm was cut from an aluminum foam plate
using wire electrical discharge machining (WEDM), then after
cleaning and drying, the aluminum foam samples were weighed
with an electronic balance. The relative density p, of aluminum
foam is calculated from Eq. (1).

p, =& W)

where p,; is the density of aluminum foam, p; is the density of
matrix metal aluminum and p, equals 2.7 g-em™.

The quasi-static compression tests were carried out on SOAF
with different relative densities by the TLS-W50000A type
universal material testing machine. When the indenter loading
speed was set to be 5 mmemin”, the load-displacement curve
was obtained through computerized data acquisition, and then
the nominal stress-strain curve of the material was calculated
from the load-displacement curve.

2 3D modeling method for SOAF
based on spherical core stratification
algorithm

The porosity of the open-cell aluminum foam is the ratio of the

volume of all internal pores to the overall volume. This problem

can be defined as follows: there are a series of hollow spheres
distributed in a certain volume space, which intersect with each
other and have no existing closed space. The porosity is the ratio
of the volume of the pores to total volume; and the volume of

pores equals to the sum of all the spheres minus the volume of
intersecting regions, thus the porosity can be calculated by Eq. (2):

I
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where 7 is the porosity, v, is the volume of pores, v is the overall
volume, R; is the radius of the i-th sphere, v’ is the volume of
intersecting regions.
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The cellular pores of the aluminum foam used in the test are
spherical and have relatively regular shape, and the small round
holes are open on the apertures to connect each sphere to avoid
straight-through holes. Therefore, the SOAF model with non-
straight-through holes is established and shown in Fig. 2. It is a
three-layer sphere superimposed structure with the purple upper
layer, black middle layer and yellow lower layer, and there are
six spheres distributed around each sphere in the same layer
with no intersection of each other. Taking the middle layer as an
example, six spheres A, B, C, D, E, and F are distributed around
the center sphere O in the middle layer, and the centers of the six
spheres are located at the points of the regular hexagon, so the in-
plane sphere distribution can be equivalent to the graph, formed
by the base-hexagon continuously circumscribing to the adjacent
hexagons. Three spheres, respectively on the upper layer and
the lower layer, intersect with the spheres on the middle layer to
form six-direction through-holes. When the directional angles

r Sz In

of the three spheres on the upper layer are > and the
a
directional angles of the three spheres on the lower layer are e

kY4

3
T’ 7”, the straight-through holes can be avoided, then the

open-cell aluminum foam models with non-straight-through
holes in six directions are formed. This algorithm is named
asspherical core stratification algorithm.

Fig. 2: SOAF model with non-straight-through holes

The algorithm flow chart for the detailed sphere open-cell
foam aluminum modeling with non-straight-through holes is
shown in Fig. 3. Through the algorithm, a 3D model of the
internal cell of SOAF with an average pore size of 5 mm is
established. After the solid model is created and the cell model
generated by the algorithm is removed, a 3D model of open-cell
aluminum foam is obtained.

The steps are as follows:

(1) Initialize to determine the diameter of the hole, the column
numbers of spheres in the X direction, the column numbers of
spheres in the Y direction, and the layers of spheres in the Z
direction.

(2) Calculate the side length of the hexagon in the XOY plane.
Based on the idea of hexagonal circumscribing, generate the
data of the sphere center of the entire first layer, that is, the
vertices and centers of all hexagons in the plane.

(3) Generate data of the next layer. The current layer and
the upper layer are offset and intersected with each other to
form three holes. Limited to the size of aperture, the center of
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Fig. 3: Algorithm flowchart for SOAF modeling with
non-straight-throughholes

the sphere is randomly generated in a small space nearby until
the size of the wall hole reaches the requirement, thereby the
position for one of the spheres is determined, and then the data
for sphere center in this layer is generated based on the hexagon
circumscription idea.

(4) Return to step (3) to solve the data of spheres on the i-th
layer until the solving for this layer is finished.

(5) Generate the radius data of each sphere and determine the
sphere at the center of each sphere, then the algorithm is finished.

The aperture size and wall size of aluminum foam materials
are random values, which can be considered as normal distribution
and the boundary value is interval. Taking a SOAF model with
aperture size of 5-6 mm and and wall diameter of 1-2 mm as an
example, the mathematic descriptions of the aperture size and
wall diameter are as follows.

D~N(u, , 0> A3)
(14,30, , 1 +30,1=[5,6] @)
D,~N(u, o, ®)
[4,-30,, s, +30,1=[1,2] (©6)

where D, and D, are the diameters of the cell pores and the wall
pores of the sphere respectively, x4, and z, are the mean values
of the cell pore diameter and the aperture diameter, o, and o, are
the standard deviations of the cell pore diameter and the wall
pore diameter, respectively.

Through the above-described algorithm for modeling SOAF,
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Fig. 5: Five-layer space random sphere generated by the open-cell aluminum foam modeling algorithm

the internal cell models for the three-layer and five-layer
SOAF are established in MATLAB, as shown in Fig. 4 and
Fig. 5. According to the open-cell foam aluminum modeling
algorithm, a 3D model of @35 mmx*20 mm cylindrical SOAF
is established in Solidworks using a reverse calculation method,
as shown in Fig. 6.

3 Establishment and parameter
fitting of quasi-static constitutive

model for SOAF

A static compression constitutive equation is established
considering only the effects of relative density and shape
function, regardless of temperature and strain rate, as given in

the form of Eq. (7):
o=G(p) fle) (7

According to the established quasi-static constitutive model,
the expression forms for the relative density influencing factor
G(p,) and the shape function affecting factor f{(¢) must be
determined separately.

3.1 Influence of relative density

In order to study the influence of relative density on the
constitutive model, under the same strain rate conditions,
a quasi-static uniaxial compression test was performed on
aluminum foam specimens with different relative densities of
0.325, 0.364, 0.381, and 0.386 respectively, and the obtained
stress-strain curve is shown in Fig. 7. It is apparent that the

Fig. 6: Internal hole model and reverse calculation model of SOAF
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Fig. 7: Quasi-static compressive stress-strain curves
of aluminum foam specimens

influence of relative density on the constitutive model is not
unitary, and the stress is changed by the coupling effect of
the relative density and the strain at that time, which can be
represented by power series. Therefore, the relative density
effect can be determined by Eq. (8):

4 —B[p—'—l)g

G i,a | £ e P
Py Po

®)

where, p, is the selected reference density, which is generally
set at the minimum value of 0.325; p, is the relative density of
aluminum foam, ¢ is the strain value; 4 and B are the fitting
parameters.

The shape function can reflect the shape and trend of the
stress-strain curve of the materials. Aluminum foam material
is a kind of nonlinear material with a relatively complex
structure, and its nonlinear characteristics are very complicated.
Nonlinear materials can be divided into four types: piecewise
linear type, cubic function type, tangent type and hyperbolic
tangent type °*. Because the stress-strain curve of aluminum
foam exhibits a distinct three-stage characteristic, the shape
characteristics of the curve cannot be described through a single
shape function. Therefore, the quasi-static compressive stress-
strain curve for aluminum foam is considered to be defined by
the combination of several forms of shape function. According
to the shape characteristics of the four commonly used shape
functions, combined with the quasi-static compressive stress-
strain curve of a typical foam material, it can be seen that the
piecewise linear type can reflect the characteristics of the stress-
strain curve of the initial elastic stage of the composite material;
the hyperbolic tangent type can reflect the curve characteristics
with the stress slowly increasing as the strain rises during the
material's yielding platform stage; and the tangent type can
reflect the curve characteristics with the sharp stress increase
during the material compaction stage. Therefore, the shape

function of the aluminum foam is established as Eq. (9):

fe)y=ke + krtanh(kye) + k,tanh(ks) ©)

In conclusion, considering the effect of relative density and
shape function, the final form of the quasi-static constitutive
model of a SOAF is given as Eq. (10):

L
- P B[Po )s
o=||—| e
Po

{ ke +kytanh(kye)  (10)

+k, tan (ksg)]

This constitutive model is suitable for elastoplastic foamed
metal materials under quasi-static compression conditions
without considering the effects of strain rate and temperature.
Because the cells of the foamed material in the compaction stage
are completely compacted, and the force-receiving area of the
material at this time is already different from the original cross-
sectional area, the characteristics reflected by the stress-strain
curve of the material are not the characteristics of the foam
material. Thus, the established constitutive model only studies
the stress-strain response of the elastic phase and the plastic
deformation phase.

3.2 Parameter fitting for constitutive model

The parameter fitting is a process in which the unknown
parameters in a model are calculated by building up a mathematical
model and then simulating the model's laws, assuming discrete
test or real data points are known. During the parameter fitting,
the most important thing is to describe the expression of the
mathematical model.

(1) Parameter fitting affected by shape function

In MATLAB, the parameters k,, k,, ks, k4, and k5 in Eq. (9) are
identified by the cftool fitting tool of MATLAB and by using
stress and strain test data of the specimens. Selecting the relative
density 0.325 as the reference relative density, based on the
stress-strain data of the quasi-static compression test specimen,
the five parameters affected by the shape function are obtained
by fitting. Taking the influence parameters of the shape function
obtained by #1 standard test piece fitting as reference, which are
shown in Table 1, the fitting result is indicated by the correlation
coefficient R-square, which is 0.9999, indicating that the fitting
result is very good. The fitting result curve is shown in Fig. 8 (a).

(2) Parameter fitting affected by relative density

The reference relative density is still selected as 0.325, and
the five shape function influence parameters obtained by the
fitting are entered into the original constitutive model, then the
fitting of the constitutive equation is given for the #2, #3, and
#4 aluminum foam specimens with the relative densities of

Table 1: Parameters affected by shape function of #1 specimen

Specimen

#1 -256.4 19.49
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21.18 181.4 1.734 0.9999
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Fig. 8: Fitting curve and test curve for constitutive equation of specimens with different relative densities

0.364, 0.381, and 0.386, respectively. By using the stress and
strain test data of the above mentioned three test specimens,
and adopting the cftool fitting tool to identify parameters
A and B which are affected by relative density in Eq. (10),
the parameters affected by the relative density of each test
specimen are given in Table 2. The comparison results of the
fitting result curve and the experimental curve are shown in
Fig. 8 (b-d).

Table 2: Parameters affected by relative density

Specimen A B R-square
#2 6.412 5.066 0.9989
#3 5.802 6.333 0.9969
#4 5.199 4.834 0.9996

4 Quasi-static compression numerical
simulation

When introducing the established cylindrical SOAF model
into ABAQUS/CAE, using square discrete rigid plates with
dimensions of 60 mm x 60 mm to load the upper and lower
surfaces of the model, as well as setting a reference point at
the center of the two rigid plates, which are named Upper and
Lower, respectively, the movement of the reference point can
represent the movement of the rigid body. The finite element
model of SOAF is shown in Fig. 9.

In this study, the ABAQUS/Standard analysis module is used
to solve the quasi-static compression process of the SOAF.
The material properties in ABAQUS are specific to the cross-
sectional features of the material properties. By defining

Fig. 9: Quasi-static compression finite element model of SOAF

reasonable materials and cross-section parameters, the materials
can exhibit the properties that are very close to the actual
mechanical properties. Since the foam material exhibits the
characteristics of dense metal in the compact stage, only the
material mechanical properties of the linear elastic phase and the
plastic deformation phase were studied during the simulation. It
can be seen from the quasi-static compression test that the yield
limit and the densification strain of the material are 0.04 and 0.45,
respectively. The bulk density, elastic modulus, Poisson's ratio,
as well as the yield stress and plastic strain of the plastic phase
need to be defined for the material properties in ABAQUS. For
the definition of plasticity, the true stress and true strain of the
material must be used in ABAQUS, however the nominal stress
and nominal strain data of the material are obtained in the quasi-
static compression test, therefore the transformation relationship
between nominal stress-strain and true stress-strain must be
utilized to process the test data. The material property definition
of the SOAF is derived from the established constitutive model.
The calculation process of the material properties is as follows.
Through the constitutive equation of each test piece, the
nominal stress values of 10 points with nominal strains of 0.04,
0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40 and 0.45 were

253



CHINA_FOUNDRY EoSeH Mt

obtained, and the elasticity modulus of each test piece was
calculated. The selected strain value and the obtained stress value
are converted into the real stress and true strain by a conversion
relationship between them, and the plastic strain of the material
is calculated:

o=o,(1+¢,) (1)

e=In(l+g,) (12)

Spl:g—gel :g—g (13)
E

where o, is the nominal stress, ¢, is the nominal strain, o is the
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true stress, ¢ is the true strain, ¢ is plastic strain, & is elastic
strain, E is the elastic modulus, and ¢, is negative values for
compression tests. When defining the plastic properties of a
material in ABAQUS, the yield stress term is the true stress
of the material, and the plastic strain term is filled in with the
calculated plastic strain value which on the yield point is zero.
Considering the complex cellular structure of the SOAF, the
contact between the pore walls will be complex and the contact
state will continue to change when subjected to compression
load. Therefore, the general contact algorithm is used to define
the inner contact of aluminum foam and the contact between the
aluminum foam and the upper and lower pressure plates.
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Fig. 10: Simulated and experimental quasi-static compressive stress-strain curves of samples with different

relative densities

The quasi-static compressive stress-strain curves for each
specimen are shown in Fig. 10.

As seen from Fig. 10, the simulated stress-strain curve of
SOAF has the same trend as the one obtained by quasi-static
compression experiments, which can verify the feasibility and
effectiveness of the established constitutive model and the SOAF
3D model. However, there exist numerical deviations, probably
caused by the following reasons: Firstly, because the cellular
pore's size and distribution of the real SOAF are irregular but
the ones of the simulated model are regular, it is hard to achieve
the entire uniformity with the structure of the real material.
Secondly, there are defects, such as holes and cracks, in the walls
of pores of the real SOAF, which can affect the compression
mechanical properties of the materials to a certain extent, while
the walls of pores of the simulation model are smooth without
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defects. Thirdly, the simulation model needs to define the real
contact area between the rigid body plate and the surface of the
specimen, the calculation of which can probably cause deviation
because of the structural differences between the real specimen
and the simulated specimen.

5 Conclusions

(1) An algorithm, named spherical core stratification
algorithm, for the three-dimensional modeling of spherical
aluminum foam was put forward. By this algorithm, a three-
dimensional model of porous aluminum foam with random
pore size and adjustable number of layers was successfully
constructed. In order to verify the feasibility of the three-
dimensional modeling method of spherical open cell aluminum
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foam based on the spherical core stratification algorithm, the
spherical core stratification algorithm was used to generate the
cylindrical sphere open cell aluminum foam with the size of
@35 mmx20 mm and a pore diameter of 5 mm.

(2) By improving the Sherwood-Frost constitutive model, a
quasi-static constitutive equation has been established by taking
the impacts on foam materials properties from the relative
density and shape functions into consideration, and then all the
parameters of the constitutive model were obtained by fitting
the static compression experimental data with MATLAB. The
fitting results show that the established constitutive equation
has a good fitting with the experiment, with a fitting correlation
coefficient above 0.99.

(3) Using the ABAQUS finite element analysis software and
the established quasi-static compression constitutive equation of
the material, the quasi-static numerical simulation of SOAF was
performed. The simulation results indicate that the simulated
stress-strain curve had the same trend with the one obtained
by the quasi-static compression experiment, but with a small
deviation due to the difference between the simulation model
and real aluminum foam structure. Therefore, the algorithm
should be optimized in this aspect in subsequent studies.
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