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This study digitally identifies and repairs defects produced in the manufacturing of an open-cell metal foam for the first time.
Finite element calculations are based on microcomputed tomography data of actual samples. The effective Young’s modulus and
0.2% offset yield strength are calculated and equivalent plastic strain is used to identify weakness within the material. In areas of
high plastic deformation, the structure is digitally repaired locally and the calculations are repeated in order to quantify the change

in material properties.
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Cellular metals are multifunctional materials
that combine high specific stiffness and strength [1,2]
with structural damping [3], versatile thermal properties
[4,5], large internal surface area and excellent energy
absorption [6,7]. However, their properties are quite var-
iable as a result of defects produced during manufactur-
ing. This is proving to be a major impediment in their
large-scale application [8]. The present work investigates
the impact of small geometric imperfections, such as
thin or damaged struts which are produced in manufac-
turing, on the macroscopic material properties for the
first time. The aim of the study is the identification of
critical defects to facilitate the design of stronger, more
reliable cellular metals.

The mechanical properties of cellular metals have
been the subject of intensive research. Generally speak-
ing, two types of cellular metals are distinguished: those
with closed and those with interconnected porosity. The
present paper addresses open-celled M-Pore® alumin-
ium, which falls into the latter category (see Fig. 1).
Its cellular structure is formed by interconnected struts
with approximately circular cross-sections. A classifica-
tion system for mathematical morphology based on
Minkowski functionals was proposed in Ref. [9]. Based
on this system, the considered material has the following
averaged functionals: a relative density V= 0.10, a nor-
malized surface area S =1.23, a normalized mean
breadth B = 1.44 and a normalized Euler characteristic
= 35.5.
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Previous analysis of such material has been extensive,
and includes experimental [10,11], analytical [12] and
numerical [13,14] approaches. Numerical analysis uses
both simplified model structures [15] and, more recently,
highly accurate calculation models that are derived from
microcomputed tomography (u-CT) data [13,16]. The
latter allows the consideration of the complex, random
mesostructure of the material, and is also used in the
present analysis. Imperfections in open-celled metals
were previously considered in Ref. [17], where wire-wo-
ven cellular metal was investigated. Wire-woven cellular
metals are manufactured in a three-dimensional weaving
process using helical metallic wires. Unlike the presently
investigated stochastic M-Pore® foam, they exhibit a
mostly periodic geometry. Combined finite element
and network analysis was applied to understand the
change in mechanical behaviour due to the imperfec-
tions. A perturbation was introduced by shifting the
joints of regular starting geometries. The effective mate-
rial strength was found to gradually decrease with
increasing levels of imperfection. In Ref. [18], regular
model structures were perturbed by randomly shifting
or removing struts; however, the shape of the struts re-
mained unchanged. In accordance with previous work,
a decrease in clastic stiffness and material strength was
found for increasing disorder. Finite element analysis
on open-cell metal foam was conducted in Ref. [19],
using non-periodic tetrakaidecahedral model structures.
Perturbations were introduced by removing struts, curv-
ing struts or filling faces within the material. Curved
struts were found to have a minor impact on mechanical
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Figure 1. M-Pore® calculation model No. 1 with boundary conditions.

properties, whereas distinct decreases in stiffness and
strength were observed for missing struts. Strain-in-
duced damage was considered in Refs. [20-22]. Open-
cell Duocel® aluminium foam (20 pores per inch) was
investigated and the change in electrical resistance dur-
ing loading was related to load-induced damage. Results
indicate that damage accumulation starts well before the
peak strain is reached. Damage accumulation was found
to depend both on the relative density and the heat
treatment of the samples. It should be emphasized here
that the present work focuses on defect damage pro-
duced by the manufacturing process that affects material
behaviour prior to the damage caused by material
deformation.

The present paper supplements previous research and
takes it an important step further. For the first time, the
simplified model structures that have been used in previ-
ous research are replaced by CT data. The major advan-
tage in using CT data is the substitution of artificial
perturbations by actual geometric data that accurately
represents the defects introduced by manufacturing.
To this end, finite element analysis is conducted based
on u-CT data. Simulation results are used to identify lo-
cal concentrations of plastic deformation caused by crit-
ical imperfections. These imperfections are digitally
removed and simulations are repeated in order to scru-
tinize their impact on the macroscopic material behav-
iour. This is a paradigm shift in approach to
identifying the causes of the variability of properties of
open-cell metal foams.

Finite element analysis was used to investigate the
effective mechanical properties and mesostructure defor-
mation of open-cell M-Pore® metal foam. Finite element
calculation models were based on the geometry of real
samples. To this end, u-CT scans of real samples were
performed. The three-dimensional (3-D) CT image
acquisition was performed using a Xradia MicroXCT-
400 CT system. An accelerating voltage of 120 kV and
a current of 70 pA were used for the radiography of the
M-Pore® specimens. The radiographies were conducted
using the Hamamatsu L8121-03 X-ray source. During
the irradiation of the samples, 1801 2-D projections were
acquired using an exposure time of 2 s and a resolution of
50.13 pm voxel ~'. The 3-D volume processing was ap-
plied to the projections of the 2-D radiography images.
For the 3-D reconstruction, the software XMRecon-

structor from Xradia was used. For better contrast con-
ditions between metal and pores, image processing based
on a median filtering was performed. Three different sam-
ples with dimensions 20 x 50 x 100 mm were captured.
The finite element meshes comprised non-intersecting
cubes extracted from these scans with a side length of
20 mm. A total of eight different samples were consid-
ered. Each geometry contains five cells per edge, which
is commonly regarded as being sufficiently large to con-
stitute a representative volume [23]. The focus is the com-
parative study of real imperfections, thus a relatively
small geometry size is beneficial since it strengthens the
impact of imperfection on macroscopic properties. The
study of imperfection density and mechanical properties
is considered elsewhere [18,19], and is not the aim of the
present analysis. In order to eliminate size effects, only
one imperfection per identically sized geometry is consid-
ered at any time unless otherwise indicated. In the follow-
ing, the original geometries are labelled as uCT, and
geometries in which one major imperfection was digitally
repaired are designated modified. In addition, an opti-
mized geometry is considered where all major imperfec-
tions have been repaired in order to estimate the
maximum potential of M-Pore® foam.

The geometry data was converted into mixed finite
element meshes containing linear hexahedral, linear tet-
rahedral and linear pentahedral elements, which have
been shown to yield superior accuracy [24]. The com-
mercial software package MSC.Marc was used for the
finite element analysis. The corresponding MSC.Marc
element numbers are 43, 135 and 137. A multifrontal
sparse solver was used for the solution of the equation
system. Due to the large size of the calculation models
(i.e. containing in excess of 1.35 x 10° elements), high-
performance computers with 64 GB RAM were used
for the numerical analysis. The average computation
time per model was 155 h.

Uniaxial compressive loading of the specimens was
simulated. To this end, normal displacement was con-
strained within one of the surfaces (see Fig. 1). Within
the opposing surface of the cubic sample, quasi-static
displacement was prescribed incrementally within 500
time steps. To this end, a time 7 dependent normal dis-
placement u, = v x ¢ was defined, where the parameter
v is small enou(gh to avoid the occurrence of dynamic ef-
fects. M-Pore™ foam exhibits weak anisotropy in its
properties [25] so, in order to eliminate any directional
influence, all the structures were loaded in the same
direction. The base material of the struts is aluminium,
i.e. Young’s modulus Ex; =70 GPa, Poisson’s ratio
v =0.33 and the yield stress g, = 200 MPa. For the base
material, ideal plasticity was presumed.

Finite element results were evaluated using a subrou-
tine that calculates technical stresses and strains parallel
and perpendicular to the loading direction. For the cal-
culation of technical stress and strain, the reference area
A and length /, respectively, are shown in Figure 1.
Young’s modulus is the constant gradient of technical
stress as a function of strain in the loading direction
within the elastic range E = o) /g. The 0.2% offset yield
strength ¢, is determined as the stress at which 0.2%
plastic deformation remains after the unloading of the
structure.
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Figure 2. p-CT geometry (first column), equivalent plastic strain
(second column), modified geometry (third column) and equivalent
plastic strain (fourth column) for (a) sample No. 4 and (b) sample No.
5.

The evaluation of calculation results also includes the
analysis of the distribution of plastic deformation. To
this end, the equivalent plastic strain is visualized as a
contour map projected onto the surface of the 3-D cal-
culation models (see Fig. 2). High levels of equivalent
plastic deformation are indicated by dark grey, whereas
light grey corresponds to purely elastic deformation.
Structural imperfections were identified as local concen-
trations of plastic deformation. In Figure 2, two differ-
ent types of imperfections are shown as u-CT
geometry (first column), surface maps of plastic defor-
mation (second and fourth columns) and reinforced
modified geometry (third column). In the top row (a),
a notch causes stress concentration within a strut. In
the modified structure, this notch is digitally filled to
reinforce the strut. In the second row (b), a thin strut
is unable to bear the loads distributed within the struc-
ture. In the modified structure, the diameter of the strut
is increased in order to decrease the local stress and plas-
tic deformation.

Preliminary mesh refinement analysis ensures numer-
ical convergence of the calculation models. To this end,
six calculation models of sample No. 2 were generated
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Figure 3. Mesh refinement analysis: (a) stress—strain; (b) effective
material properties.

using increasing numbers of elements. For each of these
models, uniaxial compressive loading was simulated and
the stress—strain responses were recorded (see Fig. 3a).
Young’s moduli and 0.2% offset yield strengths were
also determined (see Fig. 3b). Analysis of the results
indicates that good numerical convergence is achieved
at the second highest mesh density, containing approxi-
mately 1.35 x 10° elements. Subsequent results are pre-
sented for meshes containing similar mesh densities
with minor changes of element numbers due to small
variations in porosity.

Calculations were first conducted for the geometries
obtained by u-CT scanning. Figure 4a shows the techni-
cal stress—strain plots of the u-CT finite element models.
Samples are numbered in ascending order with respect
to their porosity, i.e. No. 1 has the lowest and No. 8
the highest porosity. It can be observed that stress levels
decrease with increasing porosity. Based on the stress—
strain data, the effective material parameters Young’s
modulus £ and 0.2% offset yield strength gy, are ex-
tracted. The results are plotted vs. porosity in Figure 4b.
In addition, two experimental data points of the mate-
rial strength are added and good agreement with simu-
lation results is found. The trend observed in
Figure 4a is confirmed: both Young’s modulus and the
0.2% offset yield strength decrease with increasing
porosity. However, closer examination of the data re-
veals a certain degree of scattering for both material
parameters. In the following, analysis of the mesostruc-
ture is used to relate the variation in properties to small
geometric imperfections of the struts.

In the next step, the distribution of equivalent plastic
strain was analysed. With the exception of sample Nos.
3 and 8, localized concentrations of plastic strain could
be observed. Following the procedure demonstrated in
Figure 2, struts were digitally reinforced by filling in
the notches (sample Nos. 2 and 4) or increasing the strut
diameter. The geometry modifications change the over-
all porosity. However, the decrease in porosity in all
cases is smaller than 0.001, which is negligible. For each
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Figure 4. uCT geometries: (a) stress—strain data; (b) material proper-
ties (experimental values taken from Ref. [26]).
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Table 1. Material properties of pu-CT and modified geometries.

No  Major defect  u-CT Modified
(MPa) (MPa)

E Go.2 E Go.2 E(%) Go.2

Change

1 Thin strut 950 291 955 291 0.3 —
2 Notch 690 2.14 700 2.17 1.6 1.3
3 - 730 210 - - - -
4 Notch 725 211 750 223 3.2 5.7
5 Thin strut 590 211 590 2.13 - 0.5
6 Thin strut 670 214 675 2.19 0.7 2.2
7 Thin strut 575 184 585 190 1.7 3.3
8 - 560 2.02 - — - —

model, only the defect with the highest plastic deforma-
tion was considered. Calculations were repeated with the
modified geometries under otherwise identical condi-
tions to isolate the change in material behaviour due
to the single defect. The results are summarized in
Table 1.

In all cases, an improvement in Young’s modulus
and/or 0.2% offset yield strength can be observed after
geometry modification. This increase is more pro-
nounced for the offset yield strength. It can be concluded
that even small geometric imperfections can have a dis-
tinct impact on macroscopic properties and are proba-
bly responsible for the material property variations, as
shown, for example, in Figure 4. The greatest change
is found for sample No. 4, with a 3.2% increase in
Young’s modulus £ and a 5.7% increase in cg,. It
should be mentioned here that the sample size consid-
ered (8) is too low to provide statistically safe informa-
tion. However, there is some indication that notch
defects are more critical than thin struts in causing a
higher decrease in stiffness and strength.

Up to this point, only a single geometric defect per
model was considered in order to avoid distortion of
the imperfection significance due to size effects. How-
ever, in order to estimate the full potential of M-pore®
aluminium foam, one geometry must be further opti-
mized. To this end, the modified geometry of sample
No. 4 is considered. In contrast to previous geometric
modifications, not one but all major imperfections were
digitally repaired. Geometric changes are limited to
these areas and the resulting optimized geometry has a
porosity p = 0.902, similar to the original u-CT porosity
of p =0.903. Distinct increases in stiffness £ = 790 MPa
(+8.4%) and, in particular, offset yield strength
oo = 2.50 MPa (+18.6%) are found for the optimized
geometry. The results of the optimized geometry can
be considered as representing an upper estimate for
the material behaviour of random open-celled metal
foam without critical structural defects.

Micro-CT scans of M-Pore® aluminium foam were
obtained and converted into geometrically accurate fi-
nite element models. Numerical analysis of these calcu-
lation models was conducted and the effective Young’s
modulus and 0.2% offset yield strength were determined.
In addition, concentration of equivalent plastic strain
was used to identify structural imperfections. Computed
tomography data was modified by digitally removing a
single imperfection within each model. The finite ele-
ment analysis was repeated in order to quantify the

change in macroscopic properties. It was found that
even small changes in the mesostructure can have a pro-
nounced effect at the macroscale. Due to limited CT
data in combination with very long calculation times,
only a relatively small number of eight samples and
imperfections were considered, thus reducing the statis-
tical significance of the results. However, the results sug-
gest that notches within the struts cause the highest
decrease in effective Young’s modulus and 0.2% offset
yield strength. Finally, one selected model was further
optimized by removing all imperfections. Strong in-
creases in stiffness (+8.4%) and strength (+18.6%) were
found, providing an estimate for the full potential of de-
fect-free open-celled cellular metal.
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