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This study investigated the high-strain rate mechanical properties of open-cell aluminium
foam M-pore®. While previous research has examined the response of this type of foam
under quasi-static and transitional dynamic loading conditions, there is a lack of knowl-
edge about its behaviour under higher strain rates (transitional and shock loading regimes).
To address this gap in understanding, cylindrical open-cell foam specimens were tested
using a modified Direct Impact Hopkinson Bar (DIHB) apparatus over a wide range of strain
rates, up to 93 m/s. The results showed a strong dependency of the foam's behaviour on the
loading rate, with increased plateau stress and changes in deformation front formation
and propagation at higher strain rates. The internal structure of the specimens was
examined using X-ray micro-computed tomography (mCT). The mCT images were used to
build simplified 3D numerical models of analysed aluminium foam specimens that were
used in computational simulations of their behaviour under all experimentally tested
loading regimes using LS-DYNA software. The overall agreement between the experi-
mental and computational results was good enough to validate the built numerical models
capable of correctly simulating the mechanical response of analysed aluminium foam at
different loading rates.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

conductivity. Especially mechanical response of metallic
cellular materials is widely studied in the scientific commu-
nity [1]. The mechanical behaviour of a material can be highly

Studying cellular materials is a crucial area of modern engi-
neering materials research since they possess advanced me-
chanical properties such as high stiffness at low-density,
high-energy absorption, and thermal and electrical
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dependent on the strain rate, making comprehensive char-
acterisation of materials across all loading regimes essential
[2—4]. Three strain rate loading regimes are usually identified:
quasi-static, transitional dynamic, and shock [5]. A quasi-
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static regime dictates the deformation of the material, where
the response is mainly governed by force equilibrium,
negating the effect of inertia. Quasi-static test results often
serve as a foundation for evaluating and comparing changes
in the deformation modes at different strain rates. With
increasing strain rate, the influence of inertia starts to domi-
nate, leading to altered deformation behaviour and enhanced
mechanical properties [6]. Cellular materials exhibit localised
deformation, and stress increases at high loading rates due to
the influence of inertia, which is particularly evident in the
shock regime [7].

Despite the growing interest in cellular materials, much of
the research has been focused on their characterisation only
under quasi-static loading conditions [8]. While some studies
have attempted to study these materials under dynamic
conditions [9,10], these have been mainly limited to compu-
tational simulations. In our previous investigation [11], the
open-cell foam specimens were scanned using the X-ray
micro-computed tomography (mCT) and computationally
reconstructed to analyse the effects of the real internal
cellular structure on their mechanical behaviour. Comparing
results with theoretical geometry predictions showed signifi-
cant differences and proved the importance of precise
modelling of the inner structure. The 3D Voronoi tessellation
method and beam modelling were also employed to repro-
duce the irregular open-cell internal structure for numerical
models used in impact computer simulations [12]. The
computational results indicated a decrease in Young's and
increased tangent modulus due to more significant cell shape
irregularity of the model. The same open-cell foam was
computationally and experimentally analysed at lower
loading rates in Ref. [13], which revealed small strain rate
sensitivity and micro inertia effects. Recent study on similar
open-cell material aimed to investigate the effect of biaxial
combined compression-torsion loading complexity on the
mechanical properties of aluminium foams with different
porosities [14]. The results showed that higher foam density
and increased loading complexity resulted in improved yield
strength, energy absorption capacity, and micro-hardness.
Most recent study on open-cell aluminium aluminium foam
at high impact velocities characterised the material by using
the numerical simulations [15]. Therefore, a model of the
open-cell foam based on Voronoi tessellation was created,
allowing for the prediction of stress, strain, and energy dissi-
pation characteristics. The results demonstrated a strong
correlation between the computational predictions and
theoretical expectations, affirming the accuracy of the
method in assessing the shock-wave mechanical behaviour.
The general lack of the complete experimental characteriza-
tion in all loading regimes can be observed from the most
recent review publication on foam materials [16].

One commonly used method for testing materials under
fast dynamic loading is the Split Hopkinson Pressure Bar
(SHPB) test apparatus [17,18]. In study [19], the researchers
used an SHPB apparatus to characterise a similar open-cell
material that functioned as the core component of a sand-
wich structure. The primary emphasis of the study was on
characterizing deflection profiles. However, it is important to
note that the properties assessed in the study were solely
obtained for the sandwich structure and not for the open-cell

material such. The open-cell Duocel® material [20] was also
characterised using an SHPB apparatus at strain rates up to
4580 1/s. However, it was only possible to achive a maximum
strain of 0.4 due to the samples material's low impedanc. As a
result, a full characterization of the complete deformation
behaviour was not achieved. Similary, other researchers have
encountered certain limitations when using this method to
study cellular materials related to their low impedance and
stress wave dispersion, highlighted in studies [4,21,22]. The
SHPB method also has a limited deformation and strain rate
range, depending on the size of the apparatus. The test results
of cellular materials obtained from classical SHPB experi-
ments are also limited due to cellular structure effects. The
Digital Image Correlation (DIC) method must be used to avoid
irregularities. To overcome these limitations, upgraded ver-
sions of the apparatus, such as the Open Hopkinson Pressure
Bar [23] and the Direct Impact Hopkinson Bar (DIHB) [24,25],
have been proposed. This study aimed to comprehensively
characterise the open-cell aluminium foam M-pore® under
various strain rate loading regimes with use of recently
modified DIHB apparatus for the first time. As discussed in the
preceding paragraphs, the application of open-cell foam M-
pore® at lower strain rates has already been investigated.
However, to achieve a comprehensive understanding of the
properties of open-cell materials, a modified DIHB apparatus
was utilised to facilitate characterization at strain rates rele-
vant to shock conditions until full densification. The pre-
sented approach combines experimental characterization
using the DIHB apparatus and the DIC method, which has not
been previously employed for the specific material under
investigation. Furthermore, developed numerical models
were verified by experimental testing. The models can thus be
used in computational simulations to estimate the material
behavior and properties also at strain rates not achieved by
used available experimental techniques. Experiments were
performed at a wide range of impact velocities using both
quasi-static and dynamic testing methods. The quasi-static
experiments were conducted using a traditional compres-
sion Instron device, while the dynamic experiments were
performed using a modified DIHB set-up. The initial impact
velocities were determined using the Rigid Power Low Hard-
ening (R-PLH) constitutive model, which accurately defined
the critical velocities separating the different loading regimes.
Additionally, the DIHB results were used to validate the nu-
merical model used for computational simulations based on
microcomputed X-ray tomography (mCT) of tested
specimens.

2. Methodology and material
2.1. Specimen fabrication

The open-cell aluminium foam specimens were fabricated by
M-pore® GmbH using a casting method that uses a polymer
foam as a starting material [26]. The polymer foam was con-
verted into an open-cell structure through reticulation treat-
ment and filled with heat-resistant material. The polymer was
then melted away by the heat. The resulting cellular mould
was then filled with molten aluminium EN AW-1070 (DIN
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Al99.7). Lastly, the mould was removed by applying high
pressure, resulting in an open-cell aluminium foam plate. The
foam plate was then cut into cylindrical specimens with di-
mensions of @19 mm x 20.5 mm (Fig. 1) using an electro-
discharge machine (EDM). The main mechanical properties
of open-cell M-pore® specimens used in quasi-static experi-
ments are listed in Table 1. Parameters m and p represent the
mass and density of the specimen. The average porosity (p) of
the prepared foam specimens is 93.9%. The plate was colour
marked on one side before cutting to ensure consistent
loading orientation for all specimens during subsequent
experimental testing.

2.2.  X-ray micro-computed tomography

The open-cell aluminium foam specimens were scanned
using an X-ray mCT equipment from SkyScan 1275 (Bruker
mCT, Kontich, Belgium) with an X-ray beam of 50 kV and
200 pA. The equipment had a resolution of 14 pm, an exposure
time of 75 ms, and 5 frame averaging. The rotation step was
set at 0.3°, with a 1 mm Al filter and a full rotation of 360°. The
X-ray detector used a 3 MP (1944 px x 1536 px) active pixel
CMOS flat panel. The NRecon (v.1.7.3.1 software, Bruker,
Kontich, Belgium), CTVox (v.3.3.0 r1403 software, Bruker,
Kontich, Belgium), and CTAn (v.1.17.7.2 software, Bruker,
Kontich, Belgium) software were used to reconstruct cross-
section slices from the acquired 2D angular projections,
perform 3D-reconstruction, and analyse the morphometric
properties such as porosity and cell size distribution,
respectively.

2.3. Experimental testing
Experiments were conducted across various strain rates,

encompassing all three main loading regimes: quasi-static,
transitional dynamic, and shock [27].

Fig. 1 — M-pore® open-cell aluminium specimen.

Table 1 — Mechanical properties of open-cell M-pore®
specimens.

Specimens no. m [kg] p [kg/m?] p [%]
S1 0.98 171.73 93.6
S2 0.89 155.46 94.2
S3 0.91 158.88 94.1
S4 0.96 165.66 93.8
S5 0.93 161.80 94.0
Average 0.93 162.71 93.9

2.3.1. Quasi-static loading

The basic material properties of the aluminium foam speci-
mens were determined using a compression test on an INS-
TRON 8801 device at the Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture at the Uni-
versity of Split, Croatia [1]. The maximum loading force was
set to 30 kN at a loading rate of 0.1 mmy/s. Five tests (S1—S5)
were conducted to ensure repeatability due to the non-
homogenous structure of the aluminium foam specimens.
All test specimens were scanned using mCT equipment to
determine the internal structure before the quasi-static ex-
periments, which was crucial for the development of spec-
imen geometry in computational models.

2.3.2. Dynamic loading

2.3.2.1. DIHB experiments. The high-speed experiments were
carried out using a DIHB testing device at the Dynamic Testing
and Modelling Laboratory and Department of Mechanical
Engineering, Izmir Institute of Technology, Turkey [28]. The
DIHB set-up consisted of an incident bar that was 3110 mm
long and had a diameter of 19.4 mm. Table 2 lists the me-
chanical properties of the incident bar steel Inconel 718,
where E, v, p, Ryo2 and Ry, represent the Youngs modulus,
Poisson's ratio, density, yield, and tensile strength.

Impact experiments were conducted at five different
impact velocities of 14, 26, 56, 76, and 94 m/s to study the
strain rate effect on open-cell aluminium foam. Different
impact velocities were achieved by using different striker
materials and adjusting the acceleration pressure. At lower
velocities (14 and 26 m/s), an Inconel 718 striker was used.
Wooden strikers were utilised to achieve higher velocities. All
strikers were 200 mm in length. The wooden strikers were
only used for achieving high-strain rates and were therefore
regarded as a rigid body within the scope of this study. This
assumption is justified by the observed course of deformation
propagation under shock loading conditions. In this mode,
deformation initiates at the point of impact and progressively
spreads towards the opposite end. Previous studies [28] have
already established this phenomenon, which was further
corroborated by the analysis of digital images captured during
the experiments. Consequently, the shock wave does not
reach the striker until the deformation process of the sample
is fully concluded. The wooden strikers were made of dry red

Table 2 — The mechanical properties of the Inconel 718.

E [GPa] v [/] o [kg/m?] Ry 02 [MPa] Ry, [MPa]
207 0.29 7800 1100 1375
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Fig. 2 — Schematic of the DIHB testing set-up.

oak with modulus of elasticity 57,000 MPa and compression
strength parallel to grain 23.9 MPa.

The specimen was attached to the striker, which served as
the backing mass, and accelerated towards the incident bar by
releasing pressure from a gas tank. The experiments mimic
the principle of the Taylor test, where specimens are accel-
erated into a rigid wall. The specimen deformation during
impact with the incident bar was recorded using a high-speed
camera, Photron Fastcam SA-Z, at 100,000 fps with a resolu-
tion of 302 px x 128 px. Its primary purpose was to accurately
determine the initial impact velocity, velocity profiles, and the
propagation of the deformation front.

The incident bar was equipped with strain gauges at two
different positions, as shown in Fig. 2. The first measuring
point was 1460 mm from the impact end, and the second was
2110 mm from the impact end. The acquisition of experi-
mental results at two measuring locations was crucial for
separation of the propagating deformation waves in the inci-
dent bar. The strain gauges at each point were connected to a
full Wheatstone bridge circuit. The voltage output V, in each
Wheatstone bridge was measured and amplified to compen-
sate for the low amplitude of the outgoing signal during the
experiments. The engineering strain at both measuring points
in the incident bar was then determined as [29]:

2V,

=G A,a+ (Ve =)

(1)

where the excitation voltage was Vg = 10V, strain gauge
factor Gy =2.09, amplification A; = 200 and Poisson's ratio» =
0.29.

The impact between the specimen and the incident bar
creates a deformation wave that propagates along the inci-
dent bar. When this wave reaches the free end of the bar, it is
reflected and travels back as a tensile wave. The superposition
of these two waves creates inaccuracies in measuring the

propagating strain on the incident bar. To eliminate this
overlap, the method of strain wave separation was used, as
proposed by Lie et al. [21].

The mechanical properties of the open-cell aluminium
foam were analysed using the results from the strain mea-
surements converted to engineering stress. First, the highest
Peak Stress (PS) before the plateau stress was evaluated. The
plateau region was characterised by two significant parame-
ters: the plateau stress ¢, which is the average stress value
between 0.2 and 0.4 strain, and the densification stress oy,
which is calculated as 1.3 times the plateau stress. The
densification strain ¢4 corresponds to the densification stress
o4. The Specific Energy Absorption (SEA) of the specimens
until densification strain ¢; was evaluated as:

/ Fdx
SEA=20 2
m

where F represents the force and m represents the mass of the
specimen.

2.3.2.2. Digital image correlation (DIC). High-speed camera
was used to capture digital images of all dynamic experi-
ments, and the recorded deformation sequence was saved in a
PNG format without compression. The DIC method was
employed to analyse the recorded digital images to evaluate
experimental results. The DIC method involves tracking the
movement of reference pixels in an image sequence, with the
first image taken just before the impact of the specimen and
incident bar. The exact values of specimen deformation and
impact velocity were determined by using a subset of each
reference pixel and the known image resolution and sampling
frequency of the high-speed camera by using Matlab scripts
written by the Czech Academy of Sciences' Institute of Theo-
retical and Applied Mechanics [2,30].

Fig. 3 — DIC method evaluation of the initial impact velocity.
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Fig. 4 — DIC method evaluation of the velocity profiles.

The initial impact velocity was at first determined by the
two-laser method [10]. However, it was found to overestimate
the actual impact velocity, particularly at higher velocities,
due to the indirect measurement of the two-laser method at
some distance away from the impact location. The DIC
method was therefore used for all velocity evaluations in the
conducted experiments using correlation images taken just
before the impact to ensure the precise determination of the
impact velocities. The correlation points, represented by
green crosses, were positioned on the undeformed specimen,
as shown in Fig. 3. The red arrow indicates the specimens' and
strikers' movement direction. The impact velocity was calcu-
lated by measuring the displacement between the second-to-
last and last image taken before the impact. The impact was
defined as the first point of contact between the specimen and
the incident bar.

The DIC method was also used to determine the striker
velocity profile during deformation by measuring the
displacement of pixels in an image sequence. Selecting the
correct starting image is important to get an accurate velocity
profile. The correlation points were placed on the striker end
directly after the specimen to accurately represent the true
velocity profile, as shown in Fig. 4.

2.4. Computer simulations
The Finite Element Method (FEM) and the LS-DYNA software

[31] were used for computer simulations reported in this
study.

Fig. 5 — Numerical model of open-cell aluminium foam
specimen S1.

The simulation models consisted of three main parts: an
upper plate, an aluminium foam specimen, and a bottom
plate, as shown in Fig. 5. The specimen was placed between
the plates, which were discretised with rigid linear shell finite
elements using the Belytschko-Tsay formulation.

Five different specimen geometries S1-S5 were built to
account for the inhomogeneity of the cellular foam structure.
The geometries of the built numerical models were recon-
structed from the fabricated foam specimens by using the
mCT images. This allowed a direct comparison between
identical structures' experimental and computational results.

Reconstructing the geometry of open-cell aluminium foam
specimens began with obtaining mCT images of the fabricated
foam specimens. These images were then converted into a
grayscale stack made up of voxels, which were then thresh-
olded to separate the foam material (white pixels) from the
background (black pixels). A thinning algorithm was applied
to the material voxels, resulting in a one-voxel-thick skeleton
representing the foam's struts and connections. By assuming
that all struts could be modelled as straight lines, the geom-
etry of the aluminium foam was reconstructed [11]. The struts
were then converted into a finite element mesh by dividing
them into 3 to 5 quadratic beam finite elements, depending on
the strut length. The Hughes-Liu beam finite element formu-
lation [23] with a simplified constant circular cross-section
was used. The constant diameter of the struts 0.398 mm was
calculated by equating the numerical model and fabricated
specimen mass. The numerical model of foam specimen S1 is
shown in Fig. 5. The struts are neither ideally circular nor with
a constant cross-section along their entire length in the real
foam specimens. However, the simplified numerical models
using beam finite elements allow for very fast parametric
computations compared to more precise numerical models
with struts discretised using solid finite elements. Previous
studies show that the simplified numerical model of foam
specimens returns a slightly less stiff response than the real
foam specimens.

Table 3 — Mechanical parameters of the open-cell foam
base material EN AW-1070.

E[GPa] v [-] pkg/m®] oyqs [MPa] E; [MPa] C[s7!] p[-]
70 0.35 2700 60 84 6500 4
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Fig. 6 — a) Grayscale reconstructed 2D image, b) binary 2D image, c) 3D rendered reconstructed foam sample, d) cell size

distribution and e) cell wall thickness distribution.

A kinematic plastic material model (MAT_PLASTIC_K-
INEMATIC_003) was used to simulate the mechanical
response of the base material of the foam. The base material
parameters (Poisson's ratio, yield stress, and tangent
modulus) are given in Table 3. The simulation models also
captured the influence of the strain rate by using the Cowper-
Symonds constitutive model, defined by the following
equation:

ta=ay1+(0) "] ®)

where material parameters oy 4, 0y s and ¢ represent dynamic
yield stress, static yield stress and deformation strain rate.
Parameters C and p represent Cowper-Symods coefficient for
the considered material. The chosen constitutive model was
selected based on previously proven suitability specific for the
open-cell foam [32] used in this study.

An AUTOMATIC_GENERAL contact was prescribed to
simulate open-cell foam self-contacts as it enables body-to-
self contacts that occur during the densification of the
cellular material. The contact automatically checks the
interference along the entire length of the element. An
AUTOMATIC_NODE_TO_SURFACE contact was assumed for
the contact between the rigid plates and the foam specimen. A
friction coefficient of 0.35 was prescribed at the contacts [33].

The upper plate in the simulation acted as the means of
applying load to the open-cell specimen. It was constrained to
prevent movement in the lateral direction regarding the
specimen. The bottom plate was fixed and immovable in all
directions. The displacement measurements were taken on
the upper plate, and reaction forces were recorded on the
bottom plate.

The numerical models were subjected to compressive
loading with the same conditions as the experimental tests.

Table 4 — mCT results obtained using CTAn software.

Percent object volume [%] Porosity [%]

Cell size [mm)]

Cell wall thickness [mm]

Average

Standard deviation Average Standard deviation

5.94 94.1 2.63

0.642 0.36 0.135

Fig. 7 — Compression behaviour of open-cell specimens under quasi-static loading conditions.
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The loading rate for the quasi-static regime was scaled up to 5
s~! for explicit simulations to decrease computation time.
Initial tests confirmed that such loading rate upscaling does
not affect the accuracy of the results since the inertia influ-
ence is negligible.

3. Results
3.1. X-ray micro-computed tomography

Fig. 6 demonstrates the process of X-ray mCT image pro-
cessing, segmentation, and reconstruction of open-cell foam
specimens. The segmentation step was crucial in separating
the two phases of the specimen (solid and voids), providing
the necessary input for the subsequent steps. This was ach-
ieved by converting the 2D slices of the grayscale images
(Fig. 6a) into binary images (black and white, Fig. 6b) using a
Global method. The 3D reconstruction of the foam specimen is
seen in Fig. 6c.

The porosity, cell size distribution, and cell wall thickness
distribution of analysed foam specimens were determined
from the binary images using the CTAn software. The cell sizes
were quantified by evaluating the cell volume and calculating

— Quasi-static experiment

----- R-PLH model

Engineering stress [MPa]

0.0 1 1 1

0 0.2 0.4 0.6 0.8
Engineering strain [-]

Fig. 9 — Quasi-static experiment and the R-PLH model
mechanical response comparison.

Table 5 — Initial impact velocities determined by the DIC
method.

Test Initial impact velocity =~ Average initial impact

No. [m/s] velocity [m/s]
1 13.81 14.0
2 14.14

3 14.15

4 25.90 25.9
5 54.00 55.7
6 58.00

7 55.00

8 76.00 76.0
9 93.61 93.6
10 94.47

11 92.61

the diameter of an equivalent sphere. The morphometric re-
sults are summarised in Table 4. The range of cell sizes in the
open-cell aluminium foam specimens (porosity of 94.1%, Table
4) varies between 0.056 mm and 3.416 mm (Fig. 6d), with an
average of 2.63 mm (Table 4). In contrast, the range of cell wall
thickness varies between 0.056 mm and 0.84 mm (Fig. 6e), with
an average of 0.36 mm (Table 4).

3.2 Experimental results

3.2.1. Quasi-static loading
The key indicator of the type of material loading and defor-
mation regime under compression loading is the initial loca-
tion and spread of the deformation front. For quasi-static
loading and deformation regime the first signs of deformation
appear at the specimen's weaker points leading to the
appearance of typical deformation bands. The compressive
deformation progress in the open-cell specimen at a loading
rate of 0.1 mm/s is shown in Fig. 7 at a 15% deformation steps.
The results of five quasi-static experiments are illustrated
in Fig. 8 as engineering stress-strain relationships, exhibiting a
common three stress stage patterns: an initial elastic stage, a
prolonged plateau stage with little change in stress despite a
significant increase in strain, and a densification stage marked
by a sharp increase in stress. Young's modulus was deter-
mined to be 40.97 MPa. The elastic deformation persisted until

100

----- 93.6 m/s

—76.0 m/s

......... 557 n]/s
e —25.9 m/s
= — —14.0 m/s
R3]
=
2

\q

.‘ 1
1.5 2

Time [ms]

Fig. 10 — Striker velocity profiles after the initial impact.
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b)
259 m/s

c)
55.7 m/s

Fig. 11 — Deformation behaviour (deformation step of 15%) with deformation front initiation and propagation in a) quasi-

static, b) transitional dynamic, and c) shock loading regime.

the peak stress at 0.58 MPa, followed by a plateau stage with
an average stress oy of 0.72 MPa. Small, inconsequential stress
fluctuations within the plateau region may occur due to
random geometry, the unstable deformation of the underlying
material, and specimen imperfections. Although the inner
structure of the open-cell samples may vary due to differences
in the production method, the stress-strain results presented
in Fig. 8 demonstrate an almost identical response among the

samples. This indicates that the differences in the inner
structure of the samples do not significantly affect the stress-
strain behaviour. Therefore, it can be concluded that the
observed variations in microstructure do not have a sub-
stantial impact on the stress-strain results. The densification
stage was reached at a strain ¢ of 0.5 and a stress o4 of
0.93 MPa. The SEA was evaluated to be 2.08 J/g. The quasi-
static testing results were used as input data for the R-PLH
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model utilised to predict critical impact velocities of evaluated
aluminium foam specimens.

3.2.1.1. R-PLH model prediction of critical impact velocities.
Two critical impact velocities, theoretically separating the
three deformation regimes of cellular materials, were esti-
mated using the constitutive R-PLH model [7] based on the
results of the quasi-static compression experiments reported
in the previous section. A comparison of the predicted engi-
neering stress-strain relationships from the R-PLH model to
the experimental results is presented in Fig. 9 and demon-
strates a good match. The calculation of two critical velocities
yielded values of 15.7 and 29 m/s. It is expected that impact
velocities below 15.7 m/s (0.1 mm/s and 14 m/s) will fall within
the quasi-static loading regime, velocities between 15.7 and
29 m/s (25 m/s) will fall within the dynamic transitional
regime, and velocities above 29 m/s (55, 75, and 95 m/s) will fall
within the shock regime.

3.2.2.  Dynamic loading

The initial impact velocities and their corresponding average
values for all DIHB experiments, determined using the DIC
method, are listed in Table 5. For simplicity, each group of
initial velocities was referred to using the average value.

The DIC method was also used to determine the striker
velocity profiles after the initial impact, shown in Fig. 10. A
continuous deformation pulse is necessary for an experiment
to be considered as having a constant impact. This is achieved
by maintaining a constant velocity profile. In all tests, a con-
stant velocity plateau was observed during the entire defor-
mation process until the densification, when the striker
velocity dropped sharply due to the inertia of the fully com-
pressed specimens and the incident bar. The most pro-
nounced constant velocity plateau was observed at 14 m/s,
Fig. 10. The plateau duration was shorter in experiments with
higher initial impact velocities due to higher strain rates,
which made the plateau regions less pronounced when
viewed on a graph's time scale.

At an impact velocity of 14 m/s, the first structural col-
lapses occur at the weakest points of the cellular material, as

10 :
......... 93.6 m/s I
_ 76.0 m/s .
s 8 — - -557m/s I
R 25.9 m/s I
2 ——0.1 mm/s I"l ::
o i
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Fig. 12 — Average engineering stress-strain curves at
different initial impact velocities.

shown in Fig. 11a. The formation of a deformation front is
illustrated by the red dashed line, and the red arrows indicate
the direction of the impact. In this case, the deformation front
moved from the opposite end to the impact end of the spec-
imen, as shown by the grey line on the right side of each
deformation sequence in Fig. 11. This homogeneous defor-
mation mode defines a quasi-static loading regime, where
cells deform by bending and collapsing cell walls until adja-
cent walls come into contact, and then begin to collapse,
which marks the beginning of the densification phase. This
deformation mode was present at both 0.1 mm/s and 14 m/s.

Fig. 11b shows the deformation sequence of the test spec-
imen at an impact velocity of 25.9 m/s. The deformation was
initially a combination of deformations at the weakest loca-
tions and on the impact side of the specimen. The deforma-
tion front later occurred at the opposite end of the specimen
and then moved towards the impact end. Again, irregular cell
collapses in the weakest locations were observed. This
deformation type is common in the transitional loading
regime.

A localised layerwise deformation across the specimen
was observed at impact velocities of 55.7, 76, and 93.6 m/s.
This deformation is typical of the shock loading regime. The
deformation front appeared at the impact end of the specimen
and propagated to the opposite end (Fig. 11c). In this case, the
cells behind the deformation front were fully crushed. In
contrast, the cells in front of the deformation front remain
completely undeformed until all the cells in the layer collapse.
This deformation mode is a result of the inertial effect, which
determines the deformation mechanisms at the macro level.
The deformation front has a one-layer cell size.

As previously mentioned, the quasi-static loading regime
was observed at loading velocities of 0.1 mm/s and 14 m/s,
which corresponds well with the analytical predictions of the
R-PLH model for the quasi-static loading regime to be present
under the first critical velocity of 15.7 m/s. A transitional
loading regime was observed at a velocity of 25.9 m/s, which
also aligns well with the R-PLH model prediction. The highest
shock loading regime was dominant at velocities of 55.7, 76,
and 93.6 m/s, as predicted by the second critical velocity of
29 m/s.

The deformation behaviour of the foam is depicted
through an engineering stress-strain relationship for all
loading regimes in Fig. 12. The relationship demonstrates an
increase in stress response as the strain rate increases, which
is a result of the influence of inertia in the dynamic loading
regime. The strain rate hardening phenomenon demonstrates
that the material's strength and resistance to deformation

Table 6 — Evaluated mechanical parameters at different
loading rates.

Loading Velocity PS op a4 eqa SEA)/
rate [m/s] [MPa] [MPa] [MPa] [] gl
Q-s 0.0001 058 072 093 050 2.08
DYN 14.0 0.83 0.57 0.74 0.5 1.62
25.9 1.67 0.83 1.08 0.5 2.75
55.7 2.27 0.89 1.15 0.69 3.95
76.0 3.08 1.59 206 078 6.76
93.6 4.09 1.95 254 080 9.73



https://doi.org/10.1016/j.jmrt.2023.05.280
https://doi.org/10.1016/j.jmrt.2023.05.280

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:1208—-1221

1217

8.0
----- Numerical model

=
%6.0 | Experiment
: |
. ]
= i
o0 4.0 | i
£ i
g 1
£ 4
@20 f
45| -

0.0 ' ' | |

0 0.2 0.4 0.6 0.8

Engineering strain [-]

Fig. 13 — Comparison of quasi-static experimental and
computational results for S1 specimen at the loading
velocity of 0.1 mm/s.

increase as the strain rates rise. This effect is attributed to the
rapid deformation occurring within a short time period, which
restricts the material's microstructure from rearranging and
leads to enhanced resistance against further deformation. The
significance of the inertial effect becomes more prominent as
the strain rate increases, contributing significantly to the high
strain hardening effect. The rapid acceleration induces high
strain rates, resulting in profound plastic deformation.
Consequently, this rapid deformation, in combination with
the strain hardening effect, leads to enhanced strength and
altered mechanical properties of the open-cell foam. The
evaluated mechanical parameters for the quasi-static (Q-S)
and dynamic (DYN) loading regimes were determined from
the calculated stress-strain relationships in Fig. 12 and are
presented in Table 6. It is evident that an increase in the
impact velocity causes an increase of the peak stress PS, larger

stress drops to a plateau stress o, thereafter and an increase of
the densification strain ¢4 and stress o4, all resulting in a sig-
nificant increase in the SAE. When comparing the lowest
(0.1 mm/s) and the highest (93.6 m/s) loading velocity, the
average increase in PS, g, and SEA factor was 86%, 63%, and
79%, respectively.

There was a strong correlation between the results at ve-
locities of 0.1 mm/s and 14 m/s, as both cases fall under the
same quasi-static loading regime. The stress gradually in-
creases until the densification strain after the initial yielding
of the weakest cells in the foam specimens at a test velocity of
0.1 mm/s. A typical increase in PS was observed at an impact
velocity of 14 m/s during the DIHB test, although the observed
deformation regime was still quasi-static. The plateau stress,
densification stress at the same densification strain and SEA
are interestingly slightly smaller than one measure for the test
velocity 0.1 mm/s. This is attributed to a more brittle failure of
foam struts at higher loading velocity conditions.

A higher PS, plateau stress, densification stress and SEA
increase were observed in the transitional loading regime at
25.9 m/s, with the same densification strain as in the quasi-
static loading regime. An average increase of 24% in the SEA
parameter was observed.

In the shock loading regime at velocities of 55, 76, and
93.6 m/s, a significant increase in the PS, plateau stress,
densification stress and strain and SEA proportional to higher
strain rates were observed. Slightly larger stress oscillations
were detected compared to the quasi-static and transitional
loading regimes. These stress oscillations were caused by the
deformation of individual cells and the propagation of stress
waves in the already densified layers of the foam. As the
deformation rate increases, the stresses in the plateau region
also increase. Larger densification strains and, consequently,
longer plateau stages were measured. As the densification
stress and strain increased, the open-cell foam was able to
absorb more energy, resulting in an increased SEA factor. In

summary, the mechanical response of the open-cell

a) Quasi-static loading regime (0.1 mm/s)

Fig. 14 — Deformation behaviour of open-cell numerical model S1 under different loading regimes at the deformation step of

12.5%.
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Fig. 15 — Comparison of experimental and computational results at a) 14, b) 25.9, c) 55.7, d) 76, and e) 93.6 m/s.

aluminium foam was improved regarding SEA with increasing
strain rate.

3.3. Computational results

Five numerical models were constructed using open-cell foam
geometries S1-S5, obtained through mCT scans. The models
were initially validated by comparing the computational re-
sults to the experimental results at a quasi-static loading ve-
locity of 0.1 mm/s. Fig. 13 shows a relatively good agreement

between measured and computed engineering stress-strain
relationships of specimen S1. The experimental stress
values were slightly higher than computed values at higher
strains, as expected due to the use of the simplified numerical
model.

The behaviour of the open-cell foam at higher strain rates
was simulated using numerical models with the added
Cowper-Symonds strain-rate-dependent material model.
Fig. 14 shows the deformation process of numerical model S1
in all loading regimes. The computational simulations
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Table 7 — Comparison of experimental (E) and computational (C) mechanical parameters at different loading rates.

Velocity [m/s] 0.0001 14 55.7 76.0 93.6

E C E C E C E C E C E c
PS [MPa] 0.58 0.53 0.83 0.65 1.67 0.90 2.27 1.98 3.08 2.92 4.09 3.62
ap [MPa] 0.72 0.57 0.57 0.59 0.83 0.69 0.89 1.08 1.59 1.56 1.95 2.14
a4 [MPa] 0.93 0.74 0.74 0.77 1.08 0.89 1.15 1.40 2.06 2.02 2.54 2.79
eq [-] 0.50 0.53 0.50 0.5 0.50 0.61 0.69 0.72 0.78 0.74 0.80 0.80
SEA [J/g] 2.08 1.73 1.62 1.82 2.75 2.63 3.95 5.28 6.76 7.50 9.73 11.40

observed the same deformation mechanisms as in the
experimental tests. At a low deformation rate in the quasi-
static regime (0.1 mm/s and 14 m/s), the first deformation
occurred at the weakest locations in the open-cell structure,
consequently forming a deformation front progressing to-
wards both ends of the specimen.

The deformation mode at 25.9 m/s was a combination of
deformations at the weakest locations and on the impact side
of the specimen. They corresponded well with the experi-
mentally observed deformation mode in the transitional
regime, Fig. 14b. In this regime, the deformation front had not
yet spread throughout the entire cross-section of the spec-
imen, leaving some cells undamaged in front and behind the
deformation front. These undamaged cells eventually
collapsed in the last phase of densification.

The response of materials to shock loading is influenced by
various factors, in solid materials primarily by the modulus of
elasticity, density, and the specific stress-strain behavior of
the base material. The shock loading is characterised by shock
compression wave propagating through the material at very
high speed, initiated by impacting body at higher impact
speed. The speed of shock wave propagation in cellular ma-
terials depends also on the structural geometry, including
distinct deformation patterns and failure modes. Since the
open-cell materials are highly porous with diverse structural
geometry, the shock wave is in these materials mostly driven
by layer wise collapse and consecutive layer by layer densifi-
cation of the cellular structure away from the impact area, as
shown in Fig. 14c. This leads to significantly lower shock
loading velocities as discussed in Ref. [7]. The estimated sec-
ond critical velocity of the tested material, separating the in-
termediate and shock deformation regimes, is 29 m/s. The
testing velocity of 55.7 m/s is well above the second critical
velocity and a localized deformation front characterized by a
narrow region encompassing a single layer of cells experi-
encing significant deformation until full densification is
observed, Fig. 14c. This front then propagates to the next cell
layer and the process repeats itself until full sample densifi-
cation. This phenomenon is consistent with experimental
observations.

Furthermore, the stress-strain response provides evidence
of the achieved shock mode in the open-cell foam, as illus-
trated in Fig. 15. Stress values in the numerical simulations are
significantly lower at velocities below 55.7 m/s compared to
higher testing velocities.

Fig. 15 compares the experimental and computational en-
gineering stress-strain relationships at different impact ve-
locities. The quantitative comparison of the average
measured and computed mechanical parameters for all

analysed impact velocities is presented in Table 7. The results
were in good agreement at an impact velocity of 14 m/s.
However, there were some deviations at a higher velocity of
25.9m/s. The numerical model featured thinner cell ligaments
with a smaller cross-section, leading to lower plateau stresses
and PS values than the experimental results. The numerical
models showed higher stress oscillations in the plateau region
at impact velocities in the shock loading regime. These oscil-
lations were also present in the experimental results but were
more pronounced in the computational results due to failure
modelling effects. However, the numerical models could
represent the responses of the five analysed specimens
(S1-S5) accurately enough, despite the inherent in-
homogeneity of the open-cell foam's internal structure. The
maximum deviation of the SEA factor between experimental
and computationally predicted values was 16% or less on
average.

The overall agreement between the computational and
experimental results was deemed good enough for fast esti-
mating aluminium foam mechanical response to different
loading regimes.

4, Conclusions

This study aimed to comprehensively characterise the open-
cell aluminium foam M-pore® under various loading veloc-
ities. This was achieved by conducting experiments at loading
velocities of 0.1 mm/s, 14, 25.9, 55.7, 76, and 93.6 m/s. The
experiments were carried out using a servo-hydraulic Instron
testing device for quasi-static loading and a modified DIHB
set-up for higher-speed loading. The DIC method was used to
precisely determine the initial impact velocity and evaluate
the velocity profile from high-resolution digital deformation
images. The constant velocity profile observed in all experi-
ments confirmed the suitability of the DIHB set-up. The
constitutive R-PLH model based on quasi-static testing results
of aluminium foam samples was used to theoretically predict
two critical loading velocities, 15.7 and 29 m/s, separating the
quasi-static, intermediate and shock loading regimes. Quasi-
static loading regime occurred at the testing velocity of
0.1 mm/s and 14 m/s, the transitional regime at 25.9 m/s, and
the shock regime at a velocity of 55.7 m/s and above.

The results showed that the material's response improved
with increasing strain rates, as evidenced by an increase in PS
by 86%, g, by 63%, and the SEA factor by 79% when comparing
the lowest and highest impact velocities. In the quasi-static
regime, the first collapses occurred at the weakest points of
the cellular material, and the deformation front propagated
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from the opposite to the impact end of the specimen in the
form of typical deformation bands. The deformation mecha-
nism in the transitional regime was initially a combination of
deformations at the weakest locations and on the impact side
of the specimen. The deformation front later occurred at the
opposite end of the specimen and then moved towards the
impact end. A localised layer-wise deformation across the
specimen was pronounced in the shock regime, with a clear
deformation front appearing at the impact end of the spec-
imen and propagating to the opposite end.

The mCT images were used to build simplified 3D numer-
ical models of analysed aluminium foam specimens that were
used in fast computational simulations of their behaviour
under all experimentally tested loading regimes. The overall
agreement between the experimental and computational re-
sults was good enough to validate the built numerical models
capable of correctly simulating the mechanical response of
analysed aluminium foam at different loading rates.

Based on the findings and methodology described in the
text, there are several potential areas for future work. Firstly,
expanding the investigation to include higher impact veloc-
ities could provide insights into the foam's behavior under
loading conditions. Secondly, incorporating
advanced imaging techniques, such as in-situ imaging during
loading, would capture the foam's dynamic response at a finer
scale. Additionally, integrating multi-scale modelling tech-
niques could help establish a link between microstructural
features and macroscopic mechanical properties, enhancing
the understanding of the foam's response under different
loading regimes. The combination of experimental data and
computational simulations would contribute to a more
comprehensive understanding of the material's behaviour.
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