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Abstract. Shock absorption often needs stiff but lightweight materials that exhibit a large kinetic energy absorption capability.
Open-cell metal foams are artificial structures, which due to their plateau stress, including a strong hysteresis, can in principle
absorb large amounts of energy. However, their plateau stress is too low for many applications. In this study, we use highly
novel and promising Ni/Al hybrid foams which consist of standard, open-cell aluminium foams, where nanocrystalline nickel
is deposited by electrodeposition as coating on the strut surface. The mechanical behaviour of cellular materials, including their
behaviour under higher strain-rates, is governed by their microstructure due to the properties of the strut material, pore/strut
geometry and mass distribution over the struts. Micro-inertia effects are strongly related to the microstructure. For a conclusive
model, the exact real microstructure is needed. In this study a micro-focus computer tomography (@ CT) system has been
used for the analysis of the microstructure of the foam samples and for the development of a microstructural Finite Element
(micro-FE) mesh. The microstructural FE models have been used to model the mechanical behaviour of the Ni/Al hybrid foams
under dynamic loading conditions. The simulations are validated by quasi-static compression tests and dynamic split Hopkinson

pressure bar tests.

1. Introduction

Cellular materials like metal foams are a very interesting
class of bionic lightweight materials. Open-cell foams
mimic the construction elements of human femur bones or
the star fish skeletons. Nature uses these cellular structures
as advanced, evolution-optimised lightweight materials.
Based on their special microstructure, consisting of a
network of interconnected pores, metal foams are able to
undergo large deformations at a nearly constant stress,
forming a stress plateau [1,2]. The stress plateau evolves
by the successive collapse of single pore layers. Due to the
stress plateau, the foams are able to absorb considerable
amounts of kinetic energy by plastic dissipation, whereas
metal foams can be used as crash absorbers.
Unfortunately, at the moment, foams have to compete
with established materials that were characterized better,
up to now and the commercially available foams do not
provide the required mechanical properties. In the last
few years, there were efforts to improve the mechanical
properties of metal foams by coating light substrate foams
with hard materials [3-8]. Ni/Al hybrid foams are a
highly novel and innovative material. They consist of
standard, open-cell aluminium foams with a coating of
nanocrystalline nickel. The innovative Ni/Al hybrid foams
skillfully combine three design strategies of materials
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design: cellular lightweight construction, nanotechnology
and composites. When these strategies are coupled
cleverly and the synergies are used, nanocrystalline coated
hybrid foams become an innovative and multifunctional
nanomaterial for future applications in the fields of
lightweight construction and energy absorption.

Cellular materials are called microheterogeneous
materials, because their mechanical behaviour can be
described on different scales. For metal foams, three
different hierarchical scales can be defined. The macro
scale deals with the complete sample or component,
the meso scale with several pores and the micro scale
describes the mechanical behaviour of the struts. Hence,
the global mechanical properties of metal foams strongly
depend on the microstructure, especially under higher
strain-rates. Under high strain rates, the strut geometry
and mass distribution over the struts plays a significant
role, since micro-inertia effects are strongly related to these
microstructural features. Hence, for conclusive models,
especially to describe the global mechanical behaviour of
the foams under high strain rates, the real microstructure is
needed.

In this study, Ni/Al hybrid foams were experimentally
and numerically investigated for their strain-rate depen-
dency. Quasi-static and dynamic compression tests were
performed. To determine the microstructure, a micro-focus
computer tomography system has been used. Based on
the ©CT measurements, a microstructural Finite Element
(micro-FE) mesh was developed. The microstructural
FE models have been used to model the mechanical
behaviour of the Ni/Al hybrid foams under dynamic
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loading conditions and were validated by the macro-
mechanical experiments.

2. Materials and methods
2.1. Synthesis of the Ni/Al hybrid foams

Aluminium alloy foams (AlSi;Mg, 5, Celltec Materials,
Dresden, Germany) with a pore size of 30 ppi (pores per
inch) were investigated. To produce Ni/Al hybrid foams,
the aluminium foams were coated with different theoretical
overall coating thicknesses ranging from 25 to 75 um nano
nickel with a crystallite size of about 50 nm, using direct
current electrodeposition. A commercial nickel sulfamate
electrolyte (Enthone GmbH, Langenfeld, Germany) with
a nickel content of 110g/L nickel was used at a pH
of 3.8 and a temperature of 40°C. For a qualitatively
good coating on the aluminium, the pretreatment steps of
pickling and electroless plating preventing the dissolution
of the aluminium in the acid nickel electrolyte, have been
performed [5]. To guarantee a quite homogeneous coating,
a cage-like anode filled with nickel pellets from Ampere
GmbH, Dietzenbach, Germany, was used as described by
Jung et al. [6-8].

For the uCT measurements, cubic samples with an
edge length of 15mm were coated with 75 um nickel.
According to a bar diameter of 20mm for the split
Hopkinson pressure bar apparatus, cylindrical samples
with a diameter of 20 mm and a height of 5 mm were used
for the dynamic as well as for the quasi-static compression
tests. The foams were coated with 25, 50 and 75 um Ni,
respectively.

2.2. Micro-focus computer tomography

High resolution microCT measurements of the samples
were performed using a state-of-the-art DSCT/DECT
X-ray imaging device developed in the Centre of
Excellence Tel¢ (patent pending, European Patent Office
No. 14002662.6-1559 and Industrial Property Office of
Czech republic No. PV2013-607). The device (depicted
in Fig. 1) was designed to achieve maximum flexibility
of the measurement in terms of specimen dimensions,
magnification and beam characteristics. For this reason, a
flexible modular design based on an orthogonal assembly
of two tube-detector imaging pairs with independent
geometry setting and a shared rotational stage was
mounted on a complex 16-axis CNC positioning system.
This enables unprecedented variability of measurement
for highly detailed tomographical measurements, which
is particularly advantageous in the case of heterogeneous
materials with complex microstructures (i.e. composites,
foams, stones, etc.).

In this work, samples of the metal foam were
irradiated using a reflection type X-ray tube XWT-240-SE
(X-ray Worx, Germany; voltage range 20-240kV, mini-
mum focal spot size 5 mm, maximum target power 280 W)
with voltage and target current set to 80kV and 300 nA
resulting in a target power of 24 W. Acquisition was
performed using large area GOS scintillator flat panel
detectors XRD1622 (PerkinElmer, USA) with an active
area 410 x 410 mm, resolution 2048 x 2048 px (pixel size
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Figure 1. Laboratory setup of DSCT/DECT X-ray imaging
device used for the tomography measurements. The sample was
fixed on the rotational table in the middle (the sample is not
depicted in the figure).

200 mm) at 2 x 1000 ms acquisition time. Setup geometry
was set to obtain the maximum possible magnification
leading to a source-object distance of 79.7mm and a
source-detector distance of 1345.4 mm, which provided
a 16.87x magnification. Tomographic scanning was
performed in 1200 projections with a 0.3° angular step to
improve the accuracy and reliability of the tomographic
reconstruction due to the very complex microstructure of
the investigated material.

The linearization of the attenuation range (beam
hardening correction) [9] was applied to all acquired
radiographic projections. During the correction procedure,
a set of aluminium calibrators (thicknesses 0.4—2 mm)
covering the whole attenuation range of the specimens
in their widest part was irradiated. The image data were
corrected using the attenuation curve fitted through the
measured Al calibrators’ thicknesses.

2.3. Quasi-static and dynamic compression tests

Quasi-static compression tests were performed on 30 ppi
aluminium and Ni/Al hybrid foams using an INSTRON
4204 universal testing machine at a strain-rate of about
5x 1073s71,

The dynamic compression tests were conducted using
a classical split Hopkinson pressure bar (SHPB) apparatus.
The cylindrical bars are made of Zicral (AlZn7075) to
guarantee a comparable mechanical impedance between
the bars and the sample. Using the SHPB setup, strain-
rates of up to 5000 s~! were applied to cylindrical samples
(diameter = 20 mm; height = 5mm) of pure aluminium
foams and Ni/Al hybrid foams with a pore size of 30 ppi
and varying coating thicknesses.

2.4. Dynamic material modelling

The strain-rate dependency of the foam has also be
investigated by using numerical methods with the explicit
finite element code EUROPLEXUS (http://www-epx.
cea.fr/). This is done using a micro model, which means
that the microstructure of the material is dissolved in order
to obtain the material behaviour on a macro level. This kind
of investigations are very powerful as they can be used as
a kind of virtual laboratory testing in order to investigate
the material behaviour. They need a strong computational
power and adapted material laws for the microstructure.
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Figure 2. FEM meshes with element sizes of 170 um (left) and
85 pm (right).

Table 1. Used material parameters for aluminium.

Unit Value
Density kg/m? 2660
Young’s modulus N/m?>  7el0
Poisson ratio - 0.35
Elastic limit N/m>  230e6
Erosion (principal strain) — 0.1

Similar investigations are done also for concrete [11], sand
[12] and laminated glass [13].

The microstructure of the foam gained by micro-focus
computer tomography («CT) is used in order to create a
solid 3D mesh from the £ CT hexahedron cell mesh. These
meshes use quite a large number of elements. The meshes
contain about 130,000 elements for a mesh size of 170 um
and 5.4 million elements for a mesh size of 85 um (Fig. 2).
While the coarser meshes are manageable, the calculation
time for the finest mesh is very high. The coating thickness
for the investigated foams is in the range between 25 and
75 pum, while the scanned one has a coating thickness of
about 75 um. Therefore, it is not possible to build up the
coating in the raw resolution. Further approaches could
use beam elements with much lower calculation times, for
which the coating is defined via the cross section of the
beam, similar to layered shell elements. Nevertheless, it
will be quite complex to build beam element meshes basen
on the scan results.

A quite generic elastic-plastic material law is used to
represent the behaviour of the aluminium. No hardening is
taken into account. In addition, an erosion criterion based
on principal strain is introduced (Material parameters, see
Table 1). The numerical virtual experiment is conducted
displacement controlled. The displacements are introduced
via rigid load plates similar to real experiments. Between
all aluminium elements and these plates, a contact is
defined by using a pinball method [14]. This very powerful
method attaches spheres around each concerned element.
The contact between these spheres is checked each step. In
addition to the contact between the sample and the plates, a
self contact is introduced in order to allow contact between
the struts after larger displacements or failure of them.

The loading is applied in two different loading speeds:
a moderate loading rate of 1m/s and a faster one of
10m/s are used. For a numerical specimen size of 14 mm,
these loading rates correspond to strain rates of 71 and
714 1/s resp. The objective of the virtual experiment is

Figure 3. Voxel model of the foam. Each voxel was directly
converted to a linear hexahedral element.

to obtain the macro stress-strain relation of a particular
experiment. The strain can be calculated by dividing the
actual displacement of the plates by the initial distance
of the plates. The contact forces between the plate and
the sample (aluminium hexahedrons) divided by the initial
cross section of the sample provide the current stress.

3. Results and discussions

3.1. Evaluation of the microstructure by means
of micro-focus computer tomography

For the development of the microstructural FE models,
the radiograms were reconstructed with a cone-beam
backprojection  algorithm using Volex  software
(Fraunhofer-Allianz Vision, Germany). The resolution
of the reconstructed three dimensional images was
approximately 11.85mm?®. The reconstructed data were
then used to develop the FE model for the simulation
of the dynamic compression tests. The resolution of the
original images 1445 x 1459 x 1330 px was progressively
reduced to 401 x 401 x 343 px, 200 x 200 x 171 px and
101 x 101 x 85px to lower the complexity of the FE
model for the simulations. The resampled image data
were used to develop microstructural voxel models using
an in-house open source software tool [10] by directly
converting every voxel (spatial pixel) into a linear
hexahedral element (see Fig. 3).

3.2. Experimental investigation of strain-rate
dependency

Figure 4 shows a comparison of the stress-strain diagrams
obtained from the quasi-static and dynamic compression
tests. For both strain-rates, there is a clearly visible
increase in the plastic collapse stress (PCS), corresponding
to the strength of the foams, and of the plateau stress
with increasing coating thickness. Comparing one sample
type/coating thickness at different strain-rates outlines that
there is a pronounced strain-rate sensitivity for the coated
foams, which becomes visible by increasing PCS and
plateau stress and even by a change in the deformation
mechanism. The change in the deformation mechanism
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Figure 4. Comparison of the stress-strain diagrams for quasi-
static and dynamic compression tests (dashed lines: quasi-static
5 x 1073571, compact lines: dynamic 5000s~1).
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Figure 5. Specific energy absorption capacities up to the
densification point as function of the Ni coating thickness,
expressed per volume (lower curves) and per density (upper
curves).

from quasi-static to dynamic mode is expressed by the
pronounced plastic collapse peak in the dynamic curves.
This comes from a time-delayed collapse of the pores,
because, for high strain rates, the struts will first be
stretched before they fail by buckling. The plateau stress
is less strain-rate sensitive for small coating thicknesses.
At higher coating thicknesses, rate effects occur. This
rate dependency is also reflected in the energy absorption
capacity, outlined in Fig. 5. For both strain rates, a linear
increase of the energy absorption capacity per volume
with increasing coating thickness can be observed. The
rate dependency is pronounced by the higher energy
absorption capacity under higher strain-rates. The pure
aluminium foams show no strain-rate sensitivity, whereas
the strain-rate sensitivity of the Ni/Al hybrid foams
increases with increasing coating thickness. For open-cell
metal foams, strain rate dependency can only arise by
micro-inertia effects and strain-rate sensitive strut material.
In contrast to aluminium, nickel is strain-rate sensitive
and hence, increasing the amount of nickel leads to a
pronounced strain-rate dependency of the Ni/Al hybrid
foams. The change in the deformation mechanism for the
hybrid foams, expressed by the higher stiffness and the
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Figure 6. Influence of strain rate on stress-strain curve for coarse
mesh (170 pum) — detail for small strains.
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Figure 7. Influence of strain rate on stress-strain curve for coarse
mesh (170 pm).

appearance of a plastic collapse stress peak under dynamic
load conditions, indicates that micro-inertia effects become
important for the Ni/Al hybrid foams, but not for the pure
aluminium foams.

3.3. Numerical investigation of strain-rate
dependency

The first calculation with the smaller strain rate is run up
to a displacement of about 2 mm corresponding to a strain
of about 0.15 is reached. The classical foam behaviour
can be observed (Fig. 6). After a linear increase of the
stress, a plateau in the stress-strain curve can be observed.
The calculation is not done long enough to also see the
steepening up of the curve. The calculation was performed
on 6 processors of a very powerful desktop PC and took
about 12 days.

The calculation with a strain rate of about 714 1/s
was done until a much higher strain was reached. It can
be observed (see Figs. 6 and 7) that the stress increases
much faster at the beginning of the stress-strain relation.
In addition, the curve is much more scattered due to the
oscillations of the loading wave. Figure 7 shows also that
the model can represent quite well the steepening up of the
stress-strain curve after a certain point.

Figure 8 shows the displacement history of the virtual
experiment. It can be observed that, after the first 0.25 ms,
some of the struts have failed and the first strut layers are
compacted. This mechanism proceeds unit about 1 ms. At
that time, the sample has somehow reached the point at
which the stiffness is increasing again. At 1.25ms, the
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Figure 8. Displacement history for strain-rate of about 714 1/s:
0.25ms, 0.5ms, 0.75ms, 1.0ms, 1.25 ms.

sample is strongly compacted. The stiffness of the material
should not be higher than the one from pure aluminium,
which is still the case. Further calculation is very time
consuming due to the large number of contacts between
all elements.

4. Conclusion

In this contribution, the strain-rate dependence of pure
aluminium and Ni/Al hybrid metal foams was studied by
experimental und numerical dynamic compression tests.
The SHPB tests outline a significant strain-rate sensitivity
for the hybrid foams, which increases with the coating
thickness, but not for the aluminium foams. For the
evaluation of a micro model as virtual testing laboratory,
uCT measurements were performed to determine the
microstructure of the foams, since micro-inertia effects
comming from the microstructure are crucial for strain-
rate dependence. The numerical simulations show a strain-
rate sensitivity for the alumminium foams, too. Hence, the
strain-rate dependence of the Ni/Al hybrid foams results

on the one hand from micro-inertia effects and mainly on
the other hand from the strain-rate sensitivity of the coating
metal nickel.
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