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Numerical modeling for generating ultrahigh porosity aluminum
foam through independent control of pore size and cell wall
thickness
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Abstract: This paper proposed a numerical modeling method for generating ultrahigh porosity aluminum foam through
independent control of pore size and cell wall thickness. The proposed method introduced two independently adjustable
parameters (point spacing and scaling distance) to control pore size and cell wall thickness, respectively. Aluminum foam models
with a porosity exceeding 90% were constructed while maintaining structural integrity using the proposed method, and the
influence of key modeling parameters on the porosity of the models was discussed. The reliability of the modified method was
validated by comparing both geometric morphology and dynamic mechanical properties between experimental aluminum foam
samples and corresponding numerical models. The results indicate that the proposed method can effectively generate aluminum
foam models with tailored pore sizes and wall thicknesses by adjusting the point spacing and scaling distance. The relative error in
porosity between the experimental and numerical models is less than 3%, and the deviation in pore size distribution is within 10%.
Furthermore, the numerical model demonstrates high accuracy in predicting dynamic mechanical behavior, with a relative error in
yield stress as low as 1.2%. The consistent trends in the effects of pore size and cell wall thickness on dynamic mechanical
properties further confirm the validity of the modeling approach.
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1 Introduction

Aluminum foam is a lightweight porous metallic
material characterized by a set of functional
properties, including energy absorption, shock
damping, thermal insulation, and heat dissipation (An
etal., 2021; Xu et al., 2023), which have led to broad
application in fields such as protective engineering
and automotive transportation (Kumar et al., 2020;
Hangai et al., 2022). The macroscopic performance of
aluminum foam is largely attributed to its complex
internal porous architecture, where energy dissipation
occurs primarily through the substantial deformation
of individual pores (Huang et al., 2023).
Understanding the relationship between this intricate
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microstructure and the resulting macroscale
properties often relies on the development of
numerical models capable of accurately representing
its internal geometry (Rajendran et al., 2009; He et al.,
2024). Consequently, establishing a robust and
controllable modeling method to reconstruct the
internal pore structure is fundamental for the analysis
and prediction of the mechanical behavior of
aluminum foam (De Giorgi et al., 2010; Xi et al,,
2017).

The mechanical properties of aluminum foam,
such as its strength, energy absorption capacity, and
deformation behavior, are governed primarily by its
internal porous architecture rather than by the base
aluminum alloy alone (He et al., 2020; Zhuang et al.,
2023; Zhuang et al., 2024). Key structural parameters
include porosity, pore size distribution, and cell wall
thickness. Porosity is widely recognized as the
dominant factor influencing compressive strength and
stiffness, which generally exhibit an inverse
relationship with increasing porosity (Wang et al.,
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2020; Golbasi et al., 2024). However, pore size and
spatial distribution are also critical. Studies indicate
that foam with more uniform and finer pores tends to
demonstrate more stable deformation and higher
energy absorption efficiency, as irregular pore
arrangements can  induce  localized  stress
concentrations and trigger premature collapse under
compression (Mu et al., 2010; Wang et al., 2019; Cui
et al., 2025).

Pore morphology further dictates deformation
mechanisms. Closed-cell foams typically display a
well-defined compression plateau due to sequential
cell-wall buckling and yielding, making them
particularly suitable for energy-absorbing
applications (Dannemann and Lankford, 2000;
Teimouri and Yazdani, 2024). In contrast, open-cell
foams deform mainly through cell-wall bending,
lacking a distinct plateau, which leads to lower
stiffness and collapse stress (Quadrini et al., 2010;
Wan et al., 2021). The cell walls themselves play an
equally vital role: thicker and more robust walls
enhance plateau stress and energy absorption (Cheng
et al., 2018; Thorat et al., 2025), whereas defects such
as microcracks or thickness variations can act as
failure initiators, significantly degrading mechanical
performance (Hangai et al., 2020; Guo and Wong,
2020; Guo and Wong, 2021). Beyond these individual
effects, synergistic interactions among parameters are
significant. For example, heterogeneous structures
containing adjacent regions of large and small pores
can generate substantial stress gradients during
loading, promoting localized deformation and
reducing energy absorption efficiency (An et al., 2017;
Du et al., 2025). Advanced experimental techniques
such as in situ compression coupled with computed
tomography (CT) have visually confirmed that
collapse often initiates in high-porosity zones or areas
with thin cell walls and then propagates through the
structure (Hangai et al., 2025). In summary, extensive
research affirms that the mechanical performance of
aluminum foam is profoundly influenced by its
internal structural characteristics, including pore size,
wall thickness, and spatial distribution.

Given the decisive role of microstructure,
numerical simulation has become indispensable for
analyzing the mechanical behavior of aluminum foam.
Consequently, developing modeling techniques
capable of accurately reconstructing its complex

internal architecture is of paramount importance.
Various numerical approaches have been employed.
Early studies used representative volume elements
(RVEs) to replicate and stack idealized pore
geometries, offering an efficient method for
homogenization and macroscopic property prediction
(Alsayednoor et al., 2013). While RVE models can
achieve good agreement with experimental
stress—strain curves under compression (Sonti et al.,
2024), their inherent assumption of material
homogeneity limits their ability to capture the actual
heterogeneity and randomness, especially in
high-porosity foams (Hamidi Ghaleh Jigh et al., 2017;
Mancini et al., 2022). Fractal-based models provide
an alternative, allowing control over fractal
dimension and relative density, and have been applied
to scenarios such as hypersonic impact. However,
they often oversimplify three-dimensional pore
geometry and connectivity, requiring careful
calibration (Zhang et al., 2011). The material point
method (MPM) is advantageous for simulating large
deformations under dynamic loading but lacks the
resolution to capture detailed pore-level features (Liu
et al, 2014). CT-reconstructed models, derived
directly from scan data, offer high geometric fidelity
and have been used to simulate compression behavior.

Their  drawbacks, however, include high
computational cost and dependence on specific
physical samples, which restricts parametric

flexibility and general applicability (Ramirez et al.,
2014). Random models, which distribute spherical,
elliptical, or polyhedral pores throughout a volume,
can mimic structural nonuniformity (Zhu et al., 2020).
However, the need for pore interference checks
during generation renders them computationally
inefficient for creating high-porosity models (Nosko
et al., 2010; Dong et al., 2025). While existing
numerical methods have significantly advanced the
field, a common and persistent challenge remains:
precise and independent control over key geometric
parameters, specifically pore size, cell wall thickness,
and their distribution. This limitation is especially
acute for the construction of high-porosity foam
models, where conventional approaches often involve
a compromise between geometric accuracy,
computational efficiency, and parametric flexibility.
For instance, most conventional Voronoi-based
methods are constrained to porosity levels below 80%



due to difficulties in maintaining cell wall
connectivity at higher porosities. Similarly, although
CT-based models offer high geometric accuracy, they
are inherently dependent on specific physical
specimens and lack the parametric flexibility required
for structural variations. In addition, existing
parametric models typically couple pore size and cell
wall thickness, making it difficult to isolate their
respective effects on mechanical behavior.

To improve modeling methods for aluminum
foam, this paper proposed a modified Voronoi-based
numerical method for generating ultrahigh porosity
aluminum foam models with independent control
over pore size and cell wall thickness. The core of this
method comprises two aspects. On the one hand, the
method enables the construction of aluminum foam
models with a porosity exceeding 90% while
maintaining continuous and intact cell walls. On the
other hand, the method introduces two independently
controllable parameters, allowing for the independent
control of key structural features of the model. The
reliability of models constructed using the proposed
method in geometric accuracy and predicting
dynamic mechanical properties was validated through
comprehensive comparisons with = experimental
samples.

2 Methodology

2.1 Parametric
approach

Voronoi-based modeling

The typical internal structure of closed-cell
aluminum foam is primarily composed of pores and
cell walls, as shown in Fig. 1. This material is
characterized by a cellular solid structure consisting
of pores isolated within a continuous metallic matrix.
This unique structure endows the material with
mechanical properties such as low density, high
specific stiffness, and good energy absorption
efficiency. The macroscopic mechanical properties of
aluminum foam are predominantly determined by
structural parameters, including pore size, cell wall
thickness, and porosity. In real aluminum foam, the
pores exhibit randomness in both morphology and
spatial distribution, a feature crucial for constructing
accurate numerical models. Therefore, it is important
to precisely and efficiently control pore size and cell
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wall thickness in high-porosity aluminum foam
models while also ensuring that the pore morphology
and distribution exhibit realistic randomness.

' 4

Fig. 1 Microstructure of aluminum foam

A method for constructing aluminum foam
models is proposed based on a modified approach to
generating and controlling Voronoi structures. Fig. 2
illustrates the algorithmic flowchart of this method,
which isused to generate a high-porosity, closed-cell
aluminum foam model with controllable pore size and
cell wall thickness. The modeling process mainly
consists of three stages: generating a random point
matrix, constructing a Voronoi polyhedral structure,
and controlling the cell wall thickness. First, the
process begins by generating a random point matrix.
The spatial distribution of the points is determined by
a control parameter, the point spacing d, which
directly dictates the average pore size of the
aluminum foam model. Each point within this matrix
is allowed to fluctuate randomly around its theoretical
position, thereby introducing the characteristics of
randomness and irregularity. Subsequently, a
tetrahedral bounding box encompassing all points is
constructed. The spatial domain is then systematically
subdivided into small tetrahedral elements using
Delaunay triangulation, ensuring that each
tetrahedron contains only one point in its interior.
This spatial partition forms the basis for constructing
the Voronoi structure, with each resulting polyhedral
element corresponding to a pore in the aluminum
foam. Finally, to precisely control the cell wall
thickness between adjacent pores, a critical scaling
operation is applied to the generated Voronoi
polyhedral structure. This operation is governed by a
second control parameter, the scaling distance #,
which shifts the walls of the polyhedral cells inward.
The final numerical model of the aluminum foam is
obtained via a Boolean operation between the scaled
Voronoi structure and the initial base volume. This
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method can generate high-porosity aluminum foam
models where the pore size and cell wall thickness
can be independently and accurately controlled. The
modeling relies on only two main parameters, the
point spacing d and the scaling distance 4, which
ensures high efficiency.
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Fig. 2 Flowchart for constructing the aluminum foam
numerical model

To illustrate the generation of the aluminum
foam model more intuitively, the three modeling
stages are summarized as geometric transformations

among four representative models. Fig. 3 illustrates
the geometric evolution during model generation,
visually = demonstrating  the transformation
relationships among these four models. The initial
model contains only a randomly distributed point
matrix. Each point in this matrix corresponds to a
pore, and their spatial distribution determines the pore
morphology. Subsequently, the point matrix is
transformed into a Voronoi structure through
Delaunay triangulation, forming the basis of the pore
structure in the aluminum foam model. After this
transformation, the entire initial model space is
subdivided into a series of polyhedral elements, and
the shape and distribution of each pore are clearly
defined. Next, the geometry of each polyhedral
element is modified through a scaling operation. This
reduces the volumes of the polyhedral elements,
generating interstitial structures with a defined
geometric thickness between them, thereby forming
the cell walls. Finally, Boolean operations are used to
retain only these cell walls, forming the complex
internal pore structure of the final aluminum foam
numerical model. Boolean operations are performed
on predefined geometric shapes and a scaled discrete
polyhedral structure. A discrete polyhedral structure
is typically set to be larger than the final numerical
model to ensure that pores near the boundaries are not
truncated. The resulting final aluminum foam model
has the desired external shape. The generation of
aluminum foam models thus primarily involves four
key geometric models, which are sequentially
transformed through Delaunay triangulation, scaling,
and Boolean operations.
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Fig. 3 Procedure for generating the aluminum foam
numerical model

The randomly distributed point matrix is the first
representative model. Fig. 4 illustrates the generation
and geometric control of this matrix during the
modeling process. This stage begins with a point
matrix where the points are uniformly and regularly
distributed. The spacing between adjacent points,
denoted as d, controls the pore size in the final
aluminum foam model. Theoretically, this can
generate an idealized aluminum foam structure with
uniform pore size and consistent porosity. To capture
the randomness inherent in real aluminum foam,
controlled random fluctuations are applied to the
position of each point. The final position of each point
is determined by randomly displacing it within a
spherical neighborhood of radius 7, thereby
generating a random point matrix with specific
distribution characteristics. Notably, the point
spacing d determines both the size and the number of
pores. A smaller point spacing d results in a higher
number of points in the matrix, leading to smaller and
more numerous pores. The fluctuation radius r
determines the degree of irregularity in the aluminum
foam. As r increases, the irregularity of the model
gradually increases. The point spacing 4 and
fluctuation radius r are treated as independent input
parameters. To avoid distortion of the Voronoi cells
and unrealistic pore geometries, the fluctuation radius
r should generally be set to a value smaller than the
point spacing d. The irregularity of the aluminum
foam model can be calculated as

=1-—m (M

where k represents the irregularity of the model, dmin
represents the minimum distance between adjacent
points in the model, and Jo represents the distance
between any adjacent points in a regular
tetrakaidekahedral model. Both the pore size and the
irregularity of the aluminum foam model are
controlled through this process.
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Fig. 4 Generation of the point matrix

The Voronoi structure is the second
representative model. Fig. 5 illustrates its
construction during the modeling of aluminum foam.
This process begins with the randomly distributed
point matrix established in the previous stage. This
matrix is transformed into a Voronoi structure that
defines the porous architecture of the aluminum foam
model. The topological transformation is carried out
incrementally through discrete computation. First, a
Delaunay triangulation is constructed based on the
point matrix. Subsequently, a Voronoi structure is
formed according to the principle of geometric
duality. This division partitions the model space into
many convex polyhedra that fill the entire space
without overlap. Each polyhedron contains only one
generating point, and any location within a given
polyhedron is closer to its contained point than to any
other point in the matrix. Each polyhedral element in
the Voronoi structure is generated through this
rigorous mathematical procedure, with its specific
shape and size determined by the local spatial
arrangement of adjacent points. This structure
ultimately manifests as an interconnected network of
cells that captures the stochastic morphological
characteristics of real aluminum foam.

Generate a Voronoi structure

Fig. 5 Construction of the Voronoi structure

The discrete polyhedral structure is the third
representative model. Fig. 6 illustrates the scaling
applied to the Voronoi structure, which is a critical
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process for achieving precise control over the cell
wall thickness. The process begins with a complete
Voronoi structure composed of many compact
polyhedral elements. The scaling transformation is
carried out by treating the interior point of each
polyhedral element as the scaling center and moving
all vertices of the polyhedron inward toward this point
by a fixed distance /4. Notably, each polyhedron is
scaled independently, thereby transforming the
initially compact Voronoi structure into a discrete
polyhedral model. The volume of each polyhedral
element is reduced, and a continuous cell wall
structure with variable thickness is formed in the
interstitial regions between adjacent scaled elements.
Scaling clearly delineates the pores and cell walls in
the model: the scaled polyhedral elements become the
pores, while the newly formed interstitial regions
between adjacent contracted elements constitute the
metallic cell walls. The inward scaling distance %
directly determines the final cell wall thickness of the
aluminum foam model. A larger scaling distance
leads to thicker cell walls. Although the scaling
distance /4 is a constant, the resulting cell wall
thickness is not uniform across the entire model. This
is because the final cell wall thickness is determined
not only by 4 but also by the local geometric
configuration of the adjacent polyhedra. To ensure
that the scaled polyhedron remains a wvalid,
non-self-intersecting geometry, the scaling distance 4
must be smaller than the inradius (the distance from
the generating point to the nearest face) of the
corresponding Voronoi polyhedron. Therefore, the
advantage of this scaling operation is that it maintains
the random pore distribution while allowing
independent control of the cell wall thickness,
resulting in cell walls that themselves exhibit
randomness in thickness. Finally, the aluminum foam
model is generated through Boolean operation and
exhibits the microstructural characteristics of
closed-cell aluminum foam.

Fig. 6 Formation of the cell wall structure

2.2 Implementation in custom modeling software

Fig. 7 illustrates the interface of the
three-dimensional  aluminum foam  modeling
software, which integrates the proposed parametric
construction method. The interface is organized into
a standard operation area, a parameter control panel,
and a display area. The standard operation area
features a conventional menu bar containing basic
commands such as open, save, exit, and view
adjustment.

@ Three-dimensional Aluminum foam Modeling Software

= e 9 e |
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Loading: [ 0% ) m
Fig. 7 Interface of the 3D aluminum foam modeling
software

The parameter control panel serves as the core
component of the interface, providing control over
the modeling process. This panel encompasses three
categories of parameters. The first category includes
basic model specification parameters that define the
overall dimensions of the model. The second
category consists of point matrix size parameters,
which control the spatial distribution of points
through settings for length, width, height, and
fluctuation distance. The final category comprises
the critical pore control parameters, namely, the point
spacing and the scaling distance, which directly
determine the final pore size and cell wall thickness.



The software dynamically calculates and
displays the resulting porosity of the aluminum foam
model, which reaches 62.1% for the parameter
combination shown. Additional features include a
real-time progress indicator for model loading and a
management system offering options for model
display and color customization. This integrated
modeling software effectively streamlines the
aluminum foam model generation workflow by
transforming  complex  geometric = modeling
procedures into intuitive parameter settings. It
enables the efficient generation of customized
aluminum foam models with specific morphological
characteristics.

3 Parametric analysis and model generation

3.1 Influence of control parameters on model
morphology

Fig. 8 shows the geometric morphologies of a
series of aluminum foam models generated by
varying the two primary control parameters. These
two parameters, the point spacing d and the scaling
distance 4, independently control the internal
geometric structure of the aluminum foam model.
The point spacing d determines the pore size. As d
increases, the overall average pore size increases,
while the number of pores decreases. Similarly, the
scaling distance / determines the cell wall thickness.
A larger value of /& results in thicker cell walls,
thereby increasing the relative density of the model.
For instance, for the model withd =5 mm and 2= 0.5
mm, the porosity is 72%. For the model with d = 7
mm and # = 0.9 mm, the porosity is 64%. The ability
to generate aluminum foam models with distinct
geometric morphologies under different parameter
combinations confirms the broad applicability of the
proposed method.
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Fig. 8 Aluminum foam numerical models with different
control parameters
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Fig. 9 illustrates the influence of the point
spacing d and the scaling distance 4 on the porosity
of the generated aluminum foam models. It can be
observed that porosity exhibits a significant positive
correlation with d. An increase in point spacing leads
to larger average pore sizes, which consequently
results in higher model porosity. Conversely,
porosity shows a significant negative correlation
with 4. Cell wall thickness increases with scaling
distance, which raises the volume fraction of the
solid aluminum matrix and thus reduces the total
porosity of the model. Furthermore, the results
indicate that the effect of the scaling distance /# on
porosity is more pronounced when the point spacing
d is smaller. The synergistic interaction between
these two independently controllable parameters
enables precise and predictable regulation of the final
model porosity. This explicit relationship between
the parameters and the porosity forms the foundation
of the proposed method, allowing for the generation
of aluminum foam models with prescribed porosity
to meet the requirements of subsequent mechanical
analysis through numerical simulations.
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Porosity (%)

Fig. 9 Effect of control parameters on model porosity

3.2 Generation of high-porosity foam models

Fig. 10 presents a series of aluminum foam
models generated with varying pore sizes, illustrating
the flexibility of the proposed method in constructing
high-porosity models. The generated models cover a
porosity range from 70% to 95%, achieved by setting
the point spacing d to 6 mm, 7 mm, and 8 mm. For a
given target porosity level, models with different
pore sizes can be constructed. At a constant porosity,
an increase in point spacing from 6 mm to 8 mm
leads to a significant enlargement of the pore size and
a corresponding reduction in the number of pores.
Conversely, for a constant pore size, an increase in
porosity from 70% to 90% results in a notable
decrease in cell wall thickness within the model.
Despite variations in porosity and pore size, all
models exhibit a similar morphological structure in
their pore networks. It is noteworthy that the models
maintain structural integrity even at a high porosity
of 95%. Although the metallic matrix occupies a low
volume fraction at this porosity, the resulting cell
wall structure remains continuous and
interconnected. These results demonstrate that the
proposed method is capable of generating aluminum
foam models across a wide spectrum of porosity and
pore size combinations.

Porosity 70% 80% 90% 95%

d=6mm

d=7mm

d=8 mm

=
Q
_
U
(]
L}

Fig. 10 High-porosity aluminum foam models with
different pore sizes

4 Model validation
4.1 Geometric accuracy

To validate the reliability of the proposed
method in reconstructing the internal structure of
aluminum foam, a numerical model was generated
based on the geometric parameters of a real
experimental sample. Fig. 11 presents a comparative
view of the actual aluminum foam sample and the
corresponding numerical model generated by the
proposed method. Both share identical overall
dimensions, with a diameter of 50.0 mm and a height
of 25.0 mm. The experimental sample displays a
characteristic porous structure, featuring irregular
pore shapes, random spatial distribution, and
nonuniform wall thicknesses. The numerical model
successfully  reproduces these morphological
characteristics, exhibiting a comparable degree of
randomness.

(a) Aluminum foam experimental sample
@ =50.0 mm

(b) Aluminum foam numerical model



Fig. 11 Aluminum foam experimental sample and
numerical model with identical dimensions

Fig. 12 shows the selected cross-sectional planes
from both the experimental sample and the numerical
model for quantitative comparison. To ensure a
comprehensive  analysis of the geometric
morphology, two orthogonal cross-sections, labeled
A-A and B-B, were extracted from each. The A-A
cross-section provides a representative planar view
through the central region of the cylindrical specimen,
capturing the internal pore distribution and cell wall
features. The B-B cross-section offers a
complementary view perpendicular to A-A, revealing
structural details in the third dimension. The use of
these two sections ensures that the comparative
analysis encompasses internal features from different
spatial orientations, allowing for a more thorough
evaluation of the model’s geometric fidelity.

(a) A-A cross-section

(b) B-B cross-section
Fig. 12 Cross-sectional planes selected from the sample
and numerical model

A quantitative comparison of pore size
distribution and porosity was conducted by analyzing
binarized images of the cross-sections. Fig. 13
presents a comparison of the pore size distributions in
the A-A and B-B cross-sections between the
experimental sample and the numerical model. As
shown in Fig. 13a, pore sizes in the A-A section for
both the sample and the model range from 1 mm to 8
mm. Their pore size distributions follow nearly
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identical trends: the proportion of pores initially
increases and then decreases with increasing pore
size. The pore sizes are primarily concentrated within
the 3 mm to 5 mm range for both, with the highest
proportion, approximately 30.08% for the sample and
30.15% for the model, found in the 4 mm to 5 mm
range. The lowest proportion, approximately 0.74%
for the sample and 0.70% for the model, is observed
in the 7 mm to 8 mm range. Notably, the relative error
in the pore size distribution between the sample and
the model remains below 10% across all size ranges.
As shown in Fig. 13b, the pore size distribution trends
observed in the B-B section are essentially consistent
with those in the A-A section.
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Fig. 13 Pore size distribution in cross-sections of the
sample and model

the three-dimensional bulk
porosity and the areal porosity of the cross-sections
for both the sample and the model were measured, as
summarized in Table 1. The bulk porosity of the

Furthermore,
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experimental sample is 76.3%, compared to 75.9%
for the numerical model, yielding a relative error of
0.5%. The areal porosity values for the A-A section
are 75.5% (sample) and 74.5% (model), and those for
the B-B section are 76.8% (sample) and 76.1%
(model). The maximum relative error for the areal
porosity is 1.3%. These results indicate a strong
agreement in geometric morphology between the
aluminum foam sample and the numerical model
across different spatial dimensions, demonstrating the
geometric reliability of the models generated by the
proposed method.

Table 1 Porosity of the aluminum foam sample and the
numerical model

Porosity-2D  Porosity-2D

Material Porosity-3D (A-A) (B-B)
Exiz;rgle:tal 76.3% 75.5% 76.8%
Nlrllr::)ezir;?al 75.9% 74.5% 76.1%

4.2 Dynamic mechanical performance

To validate the similarity in the dynamic
mechanical properties between the aluminum foam
sample and the numerical model, split Hopkinson
pressure bar (SHPB) experiments and corresponding
numerical simulations were performed. The
geometric dimensions of the sample and model are
shown in Fig. 11. In the SHPB experiment, the bullet
collides with the incident bar, generating an incident
stress wave that propagates along the incident bar
toward the specimen. To ensure consistency between
the numerical simulation and the experiment, the
initial impact velocity of the bullet is set to 5 m/s in
both the experiment and the numerical simulation.
The matrix material of the aluminum foam is
industrial pure aluminum. The porosity of the
aluminum foam experimental specimen is 76%, while
that of the corresponding numerical model is 75%.
The mechanical behavior of the numerical model was
simulated using the Johnson-Cook constitutive model
and the Griineisen equation of state, with the relevant
material parameters provided in Tables 2 and 3.

Table 2 Parameters of the Johnson-Cook constitutive
model

G A B C n m Tmelt

(GPa) (MPa)
27 35 25

(MPa) (X)
0.015 034 1426 933

Table 3 Parameters of the Griineisen equation of state
C (m/s) S1 70
5328 1.338 2 0

Fig. 14 presents the comparative results between
the SHPB experiment and the numerical simulation.
Fig. 14a shows the stress histories recorded by the
incident bar. In the experiment, the stress of the
incident wave first decreases and then increases over
time, while the reflected wave exhibits the opposite
trend. The waveforms obtained from the numerical
simulation ~show high consistency with the
experimental waveforms. The amplitude of the
incident wave is -91.7 MPa in the experiment and
-92.4 MPa in the simulation, resulting in a relative
error of 0.8%. The amplitudes of the reflected wave
are 83.2 MPa (experiment) and 86.6 MPa
(simulation), with a relative error of 4.1%. Since the
incident waves can be controlled, an extremely low
relative error between the numerical simulation and
the experimental results is to be expected.
Meanwhile, the high similarity in the amplitude of the
reflected waves indicates that the numerical model
accurately reproduces the wave reflection behavior
dominated by the porous structure.

Fig. 14b shows the stress histories recorded by
the transmission bar. The stress of the transmitted
wave in the experiment also shows an initial decrease
followed by an increase over time. The variation trend
of the transmitted wave in the simulation is generally
consistent with the experiment. The amplitude is -7.5
MPa in the experiment and -8.5 MPa in the
simulation, yielding a relative error of 13.3%. In
addition, although the relative error in the transmitted
wave amplitude is slightly higher, it remains within
an acceptable range. The overall waveform
consistency validates that the proposed modeling
method captures the essential dynamic stress wave
propagation characteristics of aluminum foam.

Fig. 14c shows the dynamic stress—strain curves
for both the experimental sample and the numerical
model. The dynamic stress—strain relationship
exhibits three characteristic stages typical of cellular
materials under impact loading: a linear elastic region
at small strains and a relatively flat plateau region,



followed by a densification region. In the experiment,
the stress increases rapidly initially and then reaches a
plateau region, with a yield stress of 8.5 MPa. The
stress—strain  relationship from the numerical
simulation under dynamic impact shows high
agreement with the experimental results. The yield
stress of the numerical model is 8.6 MPa,
corresponding to a relative error of only 1.2%. The
plateau region in the simulated curve exhibits slightly
smoother stress fluctuations compared to the
experimental curve. This is expected because the
numerical model is more idealized, whereas the real
sample contains microstructural defects that cause
more erratic local collapse. The various stages of the
two curves are essentially consistent. These results
validate the high reliability of the proposed method in
predicting the complete dynamic compression
response of aluminum foam. Regarding the potential
uncertainties associated with high-porosity structures
in dynamic analysis, the proposed model accounts for
geometric randomness through the generation of a
random point matrix. Furthermore, in dynamic
analysis, slight variations in local pore shapes and cell
walls within high-porosity - structures can lead to
slight differences in the processes of cell wall
buckling and local collapse. However, during the
compression process, the aluminum foam numerical
model and the experimental specimens exhibited
consistency at all stages. This indicates that although
local collapse exhibits randomness, the overall

dynamic mechanical response can be well
characterized.
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Fig. 14 Comparison of the dynamic stress—strain
relationships between the sample and the model

Having validated the reliability of the numerical
model for stress—strain analysis, it is necessary to
further examine the influence of internal structural
parameters on dynamic mechanical properties. This
step is crucial for comprehensively validating the
reliability of the method in analyzing the dynamic
mechanical behavior of aluminum foam. Therefore,
SHPB numerical simulations were conducted on
aluminum foam models with different pore sizes and
cell wall thicknesses. The pore size and cell wall
thickness are controlled by the point spacing d and the
scaling distance 4, respectively.

Fig. 15a illustrates the influence of pore size on
the dynamic compressive strength of models with five
different cell wall thicknesses. The dynamic
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compressive strength decreases approximately
linearly with increasing pore size. For instance, for
models with a scaling distance of 1.0 mm, as the point
spacing increases from 7.0 mm to 11.0 mm, the
dynamic compressive strength decreases from 11.0
MPa to 7.6 MPa, a reduction of 30.9%. When the cell
wall thickness is constant, larger pore sizes indicate a
higher porosity in the model and a smaller proportion
of the aluminum matrix. This implies that the ability
of aluminum foam to redistribute stress around the
failure zone is reduced, making it more prone to
collapse when subjected to external loads.
Conversely, the dynamic compressive strength
increases with increasing cell wall thickness. For
models with a point spacing of 7.0 mm, increasing the
scaling distance from 0.6 mm to 1.0 mm raises the
dynamic compressive strength from 6.4 MPa to 11.0
MPa, an increase of 71.9%. This pronounced effect
highlights that cell wall thickness is a more sensitive
parameter than pore size for tuning strength. Notably,
the independent control of pore size and cell wall
thickness provided by the proposed method allows
these two effects to be quantitatively separated. These
observed trends are consistent with existing
experimental findings, thereby wvalidating the
reliability of the proposed method for analyzing
dynamic compressive strength (Duarte et al., 2014;
Aldoshan and Khanna, 2017).

The dynamic mechanical properties of
aluminum foam also include its energy absorption
capacity. To further validate the reliability of the
method, the energy absorption rates of models with
different pore sizes and cell wall thicknesses were
calculated. According to the principle of energy
conservation, the energy absorbed by the aluminum
foam Ws can be expressed as

Ws =W, =Wy =Wy, @)

where W1, Wr, and Wr represent the energies of the
incident, reflected, and transmitted waves,
respectively. According to stress wave propagation
theory, these energies are calculated as

W, = EcA|, &l dt

W, = EcA[ &, (3)

W, = EcA[, &1dt

where g1, er, and e are the strains in the bar caused by
the incident, reflected, and transmitted waves,
respectively. E is Young’s modulus of the bar, ¢ is the
wave propagation speed in the bar, and A4 is the
cross-sectional area of the bar. Consequently, the
energy absorption rate k£ of the aluminum foam is

W W -Wr

k x100%, @)

I

Fig. 15b illustrates the influence of pore size on
the energy absorption rate for models with five
different cell wall thicknesses. The energy absorption
rate decreases approximately linearly with increasing
pore size. For models with a scaling distance of 1.0
mm, as the point spacing increases from 7.0 mm to
11.0 mm, the energy absorption rate decreases from
23.0% to 13.1%, a reduction of 43.0%. On the other
hand, the energy absorption rate increases with cell
wall thickness. For models with a point spacing of 7.0
mm, increasing the scaling distance from 0.6 mm to
1.0 mm raises the energy absorption rate from 14.7%
to 23.0%, an increase of 56.5%. This shows a similar
trend to that of the dynamic compressive strength but
with greater sensitivity, indicating that energy
absorption is more significantly influenced by pore
structure than compressive strength. This is consistent
with the pattern observed in previous studies, which
found that the energy absorption capacity of
closed-cell aluminum foam increases as pore size
decreases and relative density increases (Edwin Raj et
al., 2009; Wang et al., 2023). The numerical
simulation results comprehensively validate the
reliability of the proposed method for investigating
the dynamic mechanical properties of aluminum
foam.
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Fig. 15 Effect of pore size and wall thickness on dynamic
mechanical properties

The dynamic mechanical analysis serves two
primary validation purposes. On the one hand, the
comparison between the numerical model and the
experimental sample validates the predictive
capability of the model. The numerical model
accurately reproduces the dynamic stress—strain
response of real aluminum foam. This consistency
confirms that the model captures the fundamental
mechanical behavior. On the other hand, the model
established by the proposed method isolates the
individual effects of two structural parameters. The
parameter analysis verifies that the model can
accurately predict the trends in dynamic mechanical
properties as structural parameters vary, thereby
providing a method for optimizing material
performance.
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5 Conclusions

This study proposed a method for constructing
aluminum foam models that enables independent
control of pore size and cell wall thickness. The
effects of the two primary modeling control
parameters on the geometric morphology and
porosity of the aluminum foam models were
investigated. The reliability of the proposed method
was validated through a comparison of both
geometric morphology and dynamic mechanical
properties between an experimental aluminum foam
sample and its corresponding numerical model.

1. The proposed method enables precise control
over the pore size and cell wall thickness of aluminum
foam models by adjusting the point spacing and
scaling distance. The pore size of the model increases
with larger point spacing, resulting in higher porosity.
Conversely, the cell wall thickness increases with
larger scaling distance, which raises the volume
fraction of the aluminum matrix and correspondingly
reduces the porosity.

2. The reliability of the modeling method has
been validated in terms of geometric morphology.
The relative error in porosity between the numerical
model and the experimental sample is less than 3%,
and the relative error in pore size distribution is less
than 10%. These results indicate that the proposed
method is capable of accurately reconstructing the
internal geometric structure of aluminum foam.

3. The reliability of the method has also been
validated in terms of dynamic mechanical properties.
The relative error in yield stress between the
numerical model and the experimental sample is
1.2%. Furthermore, the internal structural parameters
of the aluminum foam model significantly influence
its dynamic mechanical properties, which is
consistent with the experimental findings. This
demonstrates the capability of method for accurately
analyzing the dynamic mechanical properties of
aluminum foam.
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