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Investigation of Strain-Rate Effects in Ni/PU Hybrid Foams

under Low-Impact Velocities

Markus Felten, Michael Fries, Andy Pullen, William G. Proud, and Anne Jung*

Metal foams are often used as energy absorbers and lightweight materials.
Inspired by a natural blueprint, open-cell metal foams can significantly reduce the
mass of a structure. The innovative manufacturing process of electrodeposition
provides the possibility to customize the coating layer thickness of nickel (Ni) on
a polyurethane (PU) precursor foam. Consequently, the mechanical properties
can be adjusted according to the requirements of the expected application.
Herein, quasistatic compression tests and low-velocity impact tests are con-
ducted on open-cell Ni/PU hybrid foams to investigate the strain-rate effects for
strain rates in the range of 10 > to 550 s~ '. Furthermore, digital image correlation
is performed with the intention of comparing the micromechanical deformation
mechanisms under quasistatic loading with those under dynamic loading. For
the first time, the heat evolution at different impact velocities of metal foams has

been investigated with an infrared camera.

1. Introduction

Although the origin of metal foams dates back to the 1950s, this
class of material has gained considerable attention during
the last few decades.! A range of different materials, new
manufacturing processes, and optimized pore structures have
been developed recently.”™®! Metal foams are cellular materials
mimicking the structure of femur bone or wood.”! This cellular
design concept combines lightweight construction through
material savings with a high specific stiffness. This inherent
material property leads to their application as a lightweight
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structural material.” Furthermore, metal
foams exhibit the capability to absorb high
amounts of kinetic energy at an almost
constant stress level in compression.
Consequently, metal foams can be used as
energy absorbers for crash elements in dif-
ferent industrial sectors such as aerospace,
packaging, and the defense industry.[®”!

To phenomenologically describe the
material properties, it is beneficial to distin-
guish three different hierarchical scales.
The length of the macroscale comprises
the whole size of the specimen. The meso-
scale covers the length of several pores and
the microscale includes the length of single
struts. The stress—strain curve in compres-
sion can be divided into three phases.
Within the first phase, which is called pseu-
doelastic, the struts deform under bending
almost elastically. Nevertheless, yielding emerges in a few struts
so that the material behavior is not exclusively elastic.'”? When
the compressive strength, which is termed the plastic collapse
stress (PCS), is reached, a whole pore layer collapses and the
stress—strain curve achieves the second phase with a distinct plas-
tic stress plateau. As a result of the successive collapse of further
pore layers on the mesoscale, the stress plateau emerges over a
wide range of strain with a more or less pronounced increase in
stress. Localized deformation bands are generated."" The third
phase arises after all the pore layers have been collapsed and the
stress increases due to rising densification and contact between
the struts.!! As a result of the only slightly increasing plateau
stress and hence the energy absorption on a nearly constant
stress level, metal foams are highly suitable for energy absorption
applications. They are used in crumble zones for cars, trains, and
in the packaging industry. Further potential applications for mili-
tary and civil structures in terms of protection against ballistic
impacts found in the literature are space debris shields, claddings,
armor systems, and helmets ">~

Metal foams consist of a variety of materials. Aside from uni-
form materials such as Al, Ni, Ti, Cu, Mg, or steel, there are inno-
vative approaches such as metal matrix composites (MMC),
which show the transformation-induced plasticity (TRIP) effect
or metal matrices strengthened with ceramic cenospheres.!**%*”!
To improve the mechanical properties of uniform material foams
such as Al, open-cell metal foams have been coated with Ni via
electrodeposition."®*?! Coating polyurethane (PU) precursor
foams with Ni offers another approach to produce hybrid
metal foams.”” The main advantage of these foams is the lower
production cost. The mechanical properties can be adjusted
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precisely by varying the thickness of the coating, depending on
the intended application.

This class of open-cell metal foams consists of 3D connected
and stochastically distributed pores. Such a cellular construction
reduces the weight to a minimum and allows liquids to flow
through the foam. This capability expands the range of potential
applications. Open-cell metal foams are used as heat exchangers,
filters, silencers, and vibration dampers.”** The foam must be
able to withstand partially static as well as dynamic loads in the
different applications.

According to Deshpande and Fleck™™ and Zhao et al.,"*! there
are four reasons that cause strain-rate effects in cellular materials.
The first reason affects closed-cell foams or fluid-filled open-cell
foams. The pressure within the pores rises caused by the retarded
movement of the fluid compared with the deformation of the
framework. The second reason for strain-rate sensitivity correlates
with a shock wave propagation and enhancement at velocities of
above 50ms~'. This effect can be neglected for low velocity
impacts. In accordance with the mechanistic model developed
by Gibson and Ashby,*® the material properties of cellular mate-
rials can be expressed by the correlated properties of the strut
material. Thus, the third reason for strain-rate sensitivity in
cellular materials is connected to strain-rate effects in the strut
material. The fourth reason is induced by the structural response
of the mesostructural framework. These microinertia effects lead
to a change in the deformation mode.””2"! However, there is a
bending-dominated deformation mechanism under quasistatic
loads the mode changes to a distinct stretching as a result of
delayed buckling of the struts under dynamic loads.?”>"!

The mechanical behavior under quasistatic loads has been the
primary focus in the literature despite the significant relevance of
strain-rate sensitivity. Most of the dynamic testing on cellular
materials has been conducted with a split Hopkinson pressure
bar (SHPB).'**%*!! This technique comprises high strain rates
from 10° to 10*s™'. There are only a few investigations of
moderate strain rates between 10" to 10°s™" as they occur in the
automotive sector. The most widespread methods to investigate
moderate strain rates on metal foams are the dynamic applica-
tion of a universal testing machine, the pendulum impact
method, a gas gun, or the drop-weight tower.***#! Drop-weight
tests are either conducted with a hemispherical tip as an inden-
tation test or with a flat tip for compression tests.!**3*39=47]
Drop-weight tests have several advantages. The method exhibits
good repeatability and simple implementation as well as easy
control. A drop weight of mass m is lifted to a predetermined
height h above the specimen. Under the acceleration of gravity
g, the drop weight has the potential energy E,. = mgh. When the
drop weight is released, potential energy becomes kinetic energy
Eyqn = 0.5m1°. At the moment of impact, the kinetic energy is
equal to the predetermined potential energy. As a result, the
impact velocity v, is expressed by

vy = +/2gh 1)

Therefore, the impact velocity and the initial strain rate are
independent of the mass. The latter decreases during the impact
due to the energy absorbed by the specimen, the force required
for this decelerates the mass. In contrast to this, the strain rate
during a quasistatic compression test is typically almost constant.
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For experiments in which specimens are directly impacted,
and where the impact force is measured by the test rig, the
stress—strain curve can be derived from the force-time history
recorded during the experiment. First, the acceleration-time
history a(t) is calculated according to

a(t) = %

)
In the next step, the displacement-time history u(t) is
calculated via a double integration

u(t) = /(vo - /a(t)dt)dt (3)
The absorbed energy E(t) is finally determined by
E(t) = /F(u)du “4)

Two assumptions were connected with this calculation.
1) The tip of the drop weight and the framework underneath
the specimen are considered as ideal rigid, so that the whole
energy is absorbed by the specimen. 2) A perfect contact between
the head of the drop weight and the specimen is assumed.
Therefore, any range of surface roughness is neglected.

Sandwich materials including aluminum honeycomb foam
structures were investigated by Chen et al.*”) with a flat tip of
a drop-weight test. Mines et al.*®! compared the mechanical
behavior of microlattices made of a titanium alloy and stainless
steel manufactured by selective laser melting with conventional
aluminum honeycombs under drop-weight tests. A series of
different syntactic foams varying in proportion and size of the
ceramic particles were tested by Altenaiji et al.*®*®! at several
moderate strain rates. The experimental investigation of the
mechanical behavior of metal foams under drop-weight impact
tests focused predominantly on closed-cell aluminum foams.[**~*!
Jung et al.™ investigated the effect of strain rate on the compres-
sion of open-cell aluminum foams and Ni/Al hybrid composite
foams from quasistatic to low-velocity impact loading. Only a few
of these mechanical investigations were extended by a digital
image correlation (DIC) using a high-speed camera or the analy-
sis of impact damage areas using thermographic images.[''*%*"!

In this study, the effect of strain rate on the compressive
stress/strain behavior of open-cell Ni/PU hybrid composite
metal foams was investigated. Strain rates ranged from quasi-
static (10%s™?) by servohydraulic loading to low-velocity impact
(550 s™") using a drop-weight impact rig. The micromechanical
deformation mechanism was further analyzed using DIC.
Several tests were recorded with an infrared (IR) camera to
observe the heat evolution at different impact velocities.

2. Experimental Section

2.1. Specimen Preparation

The template structure for the Ni/PU hybrid foams is a PU foam
(Schaumstoft Direkt Ruidiger Nolte, Enger, Germany) with an
approximate pore size of 20 ppi (pores per inch) and an average
density of 0.022 g cm™>. The specimens were cut to a cylindrical
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shape of either 30 or 50 mm diameter and a height of 20 mm
by means of hot-wire cutting. To gain electric conductivity for
the PU foams, the specimens were coated with Graphit 33,
a conductive varnish by CRC Kontakt Chemie, Iffezheim,
Germany. The conductive layer was applied by a dip coating
process (Figure 1d). The carbon-coated PU foam was penetrated
by a copper wire at four different points to connect the specimens
to the power supply. In the process of electrodeposition, the
carbon-coated foam was the cathode and was placed in the center
of a double-walled hollow cube.*'® The walls of the cube consist
of expanded titanium metal and are filled with S-depolarized
nickel balls by AM.P.ER.E. GmbH, Dietzenbach, Germany,
which will be dissolved as a sacrificial anode during the elec-
trochemical deposition process. This special setup was required
because of the complex 3D pore geometry of the foam.
A commercial nickel sulfamate electrolyte (Enthone GmbH,

(b) hot-wire cutting

(a) PU foam

(d) dip-coating with graphite varnish 1

(C) cylindrical specimen

l

(e) Electrodeposition

(f) Ni/PU hybrid foam

Figure 1. Preparation process of a Ni/PU foam: a) foam sheet as deliv-
ered, b) hot wire cutting process, c) cylindrical specimen, d) dip-coating
process with conductive graphite varnish, e) electrodeposition: specimen
placed in the center of a double walled hollow cube surrounded by
Ni pellets and connected to a DC power supply (section without
front wall), f) Ni/PU hybrid foam.

Adv. Eng. Mater. 2020, 22, 1901589 1901589 (3 of 9)

www.aem-]ournal.com

Table 1. Mean density, quantity, and standard deviation per specimen
size.

@ specimen [mm] Quantity Density [gcm ]
30 21 1.191 £0.222
50 14 0.943 £0.101

Langenfeld, Germany) with 110 g L™" nickel was used at 50 °C
and a pH of 3.5. The deposition was conducted at an average
current density of ~1.4mAcm™? to realize a nanocrystalline
average grain size of the nickel coating. The determined average
thickness of the nickel coating was 150 pm. The whole prepara-
tion method is shown in Figure 1. As foams generally do not have
a perfectly homogeneous microstructure, the surface area in
commercial PU foams varied by 10-15%. Because computer
tomography cannot be performed for every individual specimen
to be coated to adjust the exact surface for every specimen, the
current density varied slightly for the same applied current
leading to some variations in the density of the hybrid foam
specimens. The average density of all produced Ni/PU hybrid
foams is shown in Table 1.

2.2. Quasistatic Compression Tests

The quasistatic compression tests were conducted with a
Shimadzu servohydraulic testing machine with a maximum load
of S0KkN. All specimens were studied at a strain rate of 10> s~ !
under displacement control.

2.3. Drop-Weight Tests

The drop-weight tests were performed with an Instron Dynatup
9250HV drop-weight tower (see schematic representation in
Figure 2a). The maximum drop height of 1250 mm indicates
an impact velocity of 5 m s~ '. The drop tower was equipped with
an acceleration spring system, which provided an additional 600 |
and enables impact velocities up to 20 m s~ for low drop-weight
masses. The system allowed an ultimate simulated drop height
of 20m and a maximum impact energy of 1603]. The drop
weight consists of a flat impact head, an integrated load cell,
which is recorded by a 12 bit analog-to-digital converter at up
to 1.17 Hz for 7 ms, above the tip and a variable impact mass.
The specimens were placed directly underneath the drop weight
on a rigid support block. The impact buffers decelerated the drop
weight after deforming the specimens to a certain strain and
prevented the drop weight from hitting the specimens more than
once. The impact velocities were measured with light gates just
before the drop weight hits the specimen.

The impact mass was varied between 6.8 and 84.5 kg at differ-
ent drop heights to achieve nearly constant impact energies of
1000] while executing different impact velocities. The impact
force was measured with a load cell integrated into the drop
weight, just above the impact head. This load cell records the
force history decelerating the mass above its sensing element,
rather than that acting on the entire drop-weight mass, so it
was necessary to apply a correction to obtain the force history

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

(a) ()

springs

drop weight

load cell

impact head

light gates

impact buffer

specimen —

support block

Wiz

www.aem-journal.com

infrared camera

infrared light

infrared mirror

high-speed
camera

iz

Figure 2. Schematic representation of the experimental arrangement: a) entire drop-weight tower, b) setup for the IR camera, and c) the high-speed

camera.

at the impact interface. The complete drop-weight mass mpy con-
sists of the mass above the sensing element m,, plus the mass of
the impact head m, between the sensing element and the impact
interface, mpw = m; + m,. The measured force-time history F; (t)
was corrected to obtain the force-time history F, (t) applied on the
specimen by considering the entire drop weight as a rigid body,
experiencing the same acceleration according to

Fy F

=—* >SF
my my+my

Mpw

2(t) = Fi(t) (%)

Mpw — My

A double integration of the corrected force-time history
(see Equation (3) and (5)) was conducted to obtain the stress—strain
diagrams of the drop-weight tests.

The experiments were recorded with a Vision Research
Phantom V611 high-speed camera (Figure 2c). The V611 achieves
a maximum frame rate of 6242 frames per second (fps) at a
full resolution of 1280 x 800. The frame rate can be increased
up to 1000000 fps by reducing the resolution. A frame rate of
17 000 fps with a resolution of 800 x 400 was used in this study.

Several experiments were observed with a Flir A60O Series IR
camera. The plexiglass safety enclosure of the impact rig is trans-
parent to visible light but opaque to infrared, so the IR camera
had to be placed within the impact chamber. The IR camera was
positioned vertically due to a lack of space within the impact
chamber (Figure 2b). A 50 mm diameter broadband IR laser mir-
ror from Edmund Optics Ltd was arranged at an angle of 45°, to
appropriately reflect the image of the specimen to the camera
(Figure 2b).

3. Results and Discussion
3.1. Stress—Strain Behavior and Energy Absorption Capacity
Figure 3 shows representative stress—strain curves of Ni/PU

hybrid foams under quasistatic (blue) and dynamic (black) load-
ing. After PCS, the quasistatic stress rises and falls due to the
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Figure 3. Comparison of representative stress—strain curves for Ni/PU
hybrid foams under quasistatic and dynamic loading. The right y-axis
indicates the reduction in strain rate during the dynamic impact test.

successive collapse of pore layers on the mesoscale. The dynamic
stress—strain data indicate a superimposed oscillation which orig-
inates from vibrations of the test rig. According to Juntikka and
Hallstrom,®” these vibrations are correlated with the eigenfre-
quency of the load cell. The eigenfrequency varies with the mod-
ification of the drop weight and subsequently the amplitude of
the oscillations. Furthermore, Figure 3 shows a reduction in
strain rate during the impact test (red). The kinetic energy of
the free falling mass is progressively absorbed by the specimen,
reducing its velocity and therefore the strain rate. Consequently,
the experiments represent the boundary conditions of a real
impact, where the strain rate is also reduced. Both the dynamic
and the quasistatic stress—strain diagrams exhibit a pronounced
hardening in the plateau phase. Such macroscopic strain hard-
ening in foams is influenced on the one hand by strain harden-
ing of the strut material on the microscale and on the other hand

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by geometric strain hardening based on a strut reorientation of
the mesoscale.”"! Kolluri et al.*? indicated a correlation between
an increase in density and an enhanced strain hardening. Jung
etal."Y noted that the deviation from an ideal plastic deformation
might be also related to an inhomogeneity in the coating thick-
ness. Due to shielding effects and limited mass flow during the
deposition process, a homogenous Ni layer thickness cannot be
achieved over the entire specimen. According to Jung et al.,*
the coating thickness in the top and bottom zones of the speci-
mens is larger than that in the middle part. When the compres-
sive strength is reached, the weakest pore layer in the middle of
the Ni/PU foam collapses. As an effect of the mass transport lim-
itation, the coating thickness increases subsequently from pore
layers in the middle of the foam to the outer parts resulting in the
observed geometric hardening in the macroscopic stress—strain
curves.['% The PCS and the energy absorption capacity up to
0.6 strain will be the considered benchmarks to evaluate the
strain-rate sensitivity of Ni/PU hybrid foams. The PCS is an
essential benchmark as it indicates the transfer from a pseudoe-
lastic to a plastic material behavior. A variation of the PCS as a
function of strain rate would affect the design of a lightweight
component. Moreover, in terms of an application as an energy
absorber, the absorbed energy outlines a useful reference point.
An altered capability of energy absorption could change the effec-
tiveness of the material and would certainly complicate the
design of a component, at the same time. The Ni/PU foams show
a pronounced scattering in density. Therefore, it is necessary to
examine the dependence of density more closely, to distinguish
effects caused by the influence of scattering in density from
potential strain-rate effects. The PCS was determined as the first
stress peak in the stress—strain curves. Figure 4a shows the PCS
as a function of density. The PCS for both specimen diameters
approximately linearly increases with density. This is the case for
the quasistatic and the dynamic experiments. There seems to be
no effect of the specimen diameter on the PCS; however, the PCS
determined from the dynamic tests is about 5 MPa higher than
for the quasistatic loadings. Due to the superposition of the mate-
rial-related stress—strain curve with the oscillations caused by the

(a) 60 — T T T T T~ T T T T T T T T T T
® () =30 mm drop weight u
= @ =30 mm quasi-static
501 A @=50mm drop weight T
A @ =50 mm quasi-static . "
40 - 4
« A
5
N 301 A Am 7
A [
£ -
"
204 a md -
A U | n
AA:‘ =
10 4 o .
0 T

T T T T T T T T T
06 07 08 09 10 11 12 13 14 15 16
density / g cm

1.7

Figure 4. a) PCS and b) energy absorption capacity as a function
dynamic compression.
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eigenfrequency of the test rig, errors can occur while using the
first stress peak as a PCS. However, up to a strain rate of 250 s ",
additional oscillations caused by the eigenfrequency of the uti-
lized test rig can be completely excluded during evaluation.
Thus, the increase in PCS for strain rates up to 250 s~ is purely
a material- or structure-related strain rate effect. With increasing
drop weight and thus increasing strain rate, the oscillations due
to test rig vibration increase. However, as the real PCS some-
times coincides with a wave crest and sometimes with a wave
trough from the eigenfrequency-induced oscillations, averaging
leads to reliable results.

Figure 4b shows the energy absorption capacity also called
strain energy density, which is equal to the area underneath
the stress—strain curves as function of density. Similar to the
PCS, the energy absorption capacity increases linearly with den-
sity. In contrast to the PCS, there is no pronounced difference
between quasistatic and dynamic experiments. Due to the linear
dependency of both benchmarks, PCS and energy absorption
capacity, for the purposes of comparative analysis, it is useful
to consider the PCS and energy absorption capacity per unit
density.

Figure 5a shows the PCS values normalized with respect to
density against strain rate for both specimen types. The normal-
ized quasistatic PCS is around 15 MPacm g~ for both specimen
types considering the error bars in Figure 5a. The normalized
dynamic PCS is around 25 MPacm g~ " for both specimen types
independently of the strain rate. Nevertheless, the dynamically
determined PCS is two-thirds higher than the quasistatically
determined PCS and thus shows a clear strain-rate dependency
for the PCS. Figure 5b shows the energy absorption capacity with
respect to density up to 0.6 strain for both specimen types under
quasistatic and dynamic loading as function of strain rate.
Considering the error bars, there is no strain-rate effect for the
energy absorption capacity regardless of the specimen size.
Independently of specimen size and strain rate, the energy
absorption capacity per density is about 10 MPacm® g™ .

The pronounced strain-rate effect of the PCS for both
specimen diameters is a result of microinertia effects arising

(b) 25 T T T T T T T T T T
® @ =30 mm drop weight
= @ =30 mm quasi-static L]
20 A ©=50mm drop weight " i
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E -
& o n
g -
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E‘ § A EA -
2@ . - .
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>
& S Ak
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15} A
54 4
0
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of density for the 30 and 50 mm Ni/PU hybrid foams under quasistatic and
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Figure 5. a) PCS and b) energy absorption capacity up to 0.6 strain normalized with respect to density as a function of strain rate for the 30 and 50 mm

Ni/PU hybrid foams under quasistatic and dynamic compression.

during the deformation according to Calladine and English®”!
leading to a change in the mesoscopic deformation mechanism
under quasistatic and dynamic loading. Because there is no effect
on the energy absorption capacity, the strain-rate sensitivity
of nickel can be neglected for the entire foam. Therefore, the
nickel coating has no significant influence on the homogenized
strain-rate-dependent material behavior of the Ni/PU hybrid
foams. The negligible effect of specimen diameter at constant
specimen height and hence equal number of pores in loading
direction on the energy absorption capacity shows that the
changes in the lateral dimensions have no effect on the energy
absorption capacity.

3.2. Influence of Evolving Specimen Temperature during Impact
on the Mechanical Behavior

Impact experiments typically have a duration of just a few
milliseconds and significant transfer of thermal energy to the
surrounding environment is not possible, so such tests can often
be considered adiabatic. In contrast, very low-rate experiments
can be considered as isothermal and temperature rises due to
plastic straining rapidly dissipate to the environment. Con-
sequently, an investigation of the temperature evolution within
the specimen during impact is indicated, as thermal softening
(strength reduction at elevated temperature) may obscure poten-
tial strain-rate hardening (strength increase). Figure 6 shows a
representative sequence of images from an impact test on a
30 mm specimen, observed with an IR camera. Figure 6a shows
the thermal state before the impact. The specimen is

@

229

[°C] 224

317 224

approximately in thermal equilibrium, both internally and with
respect to its surroundings, so the Ni/PU hybrid foam cannot be
clearly distinguished from the environment at this stage. The
temperature of the specimen increases during the impact
(Figure 6b,c) and the temperature difference to the environment
rises, so that the shape of the specimen becomes distinctly visi-
ble. Figure 6d shows the condition immediately after the impact.
At this stage, the IR camera is indicating the maximum temper-
ature of the specimen. The images show that the specimen does
not heat up uniformly over the entire observed IR image. The
maximum temperatures were recorded inside the specimen,
whereas individual struts at the edge have a significantly lower
temperature. In general, the drop-weight tests are quasiadiabatic
tests. The deformation of the individual struts causes a tempera-
ture increase in the foam. The struts at the edge of the specimen
have fewer connections than struts inside the foam. Because the
edge struts only have one connection to the rest of the foam struc-
ture, the deformation of the struts in the edge area and thus tem-
perature increases are much lower than in the inner foam.
Despite the fact that the test is quasiadiabatic in global terms,
dissipation effects occur at the edges as a kind of size effect simi-
lar to the mechanical size effect in foams. The smaller cross-sec-
tion of individual struts and very thin nature of the Ni coating will
have allowed thermal energy to dissipate relatively quickly to the
surroundings. Thermal energy transport from within the speci-
men has a longer path, so is slower. In general, local temperature
fields received from IR thermography measurements can be
compared with fields deduced from DIC analysis to get a deeper
insight in the mesomechanical deformation mechanism.**3%4°)

(d)

27.4 453 223

Figure 6. IR images of the heat evolution during a drop-weight test conducted at a strain rate of 150s™" on a 30 mm Ni/PU hybrid foam.
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However, this analysis has been restricted by the relatively low
frame rate of the used IR camera, which allowed only two to three
images during the drop-weight experiments. As a result, a direct
correlation of local temperature fields and strain fields was not
possible in this study. Using a high-speed IR camera, it would be
possible to study the evolution of the deformation bands and
compare the temperatures with the local strains determined
by DIC.

In Figure 6, the maximum temperature of the specimen is
in a range of 30 to 56 °C after the impact, across the entire speci-
men. Figure 7 shows the maximum observed temperature
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Figure 7. Determined maximum temperature recorded with an IR camera
for the 30 and 50 mm Ni/PU hybrid foams under dynamic loading as
function of strain rate.
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against strain rate. The diagram shows a constant maximum
temperature of about 60°C for the examined Ni/PU hybrid
foams with a diameter of 30 mm. However, the temperature
increases with higher strain rates for the 50 mm Ni/PU hybrid
foams, from an average temperature of 50 up to 70°C with a
strain rate of 400 and 550s™', respectively. The variation in
the temperature development for the same material is the con-
sequence of different specimen geometries. The heat situation
of the specimen during the drop-weight tests must not only
be considered 1D, but the lateral heat transport to the free edges
must also be considered. The larger volume in the specimens
with 50 mm diameter generates more heat than in the specimens
with 30 mm diameter. A possible heat transport in longitudinal
direction from the metallic support block via the specimen to the
impact head does not result in differences for the two specimen
sets. Due to the lower heat generation during deformation in the
edge areas of the specimen, the edges are cooler than the rest of
the specimen so that a lateral heat transport from the ridges
inside the specimen to the edge ridges occurs. In the specimens
with a diameter of 50 mm the edge area is further away from the
hot center of the foam than in the specimens with a diameter of
30mm. Therefore, the temperature in the 50 mm specimens
is higher than in the 30 mm specimens. The heat transport
during the quasistatic tests was relatively fast, compared with the
deformation, so that the specimens remained approximately
in equilibrium with the environment and can be considered
to have been constant temperature. For this reason, these results
are not shown in Figure 7. Because the evolving temperature
of the 30 mm in diameter specimens is constant over the entire
strain-rate range, the temperature influence on the mechanical
material behavior also remains the same. According to this,
strain-rate-dependent behavior would be equally weakened, but

500 s!
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0[]
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Figure 8. Local strain distribution at various global strain states for Ni/PU hybrid foams under quasistatic and dynamic loading.
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still pronounced in the considered benchmarks. Therefore, the
results of the IR camera confirm that there is no strain-rate-
dependent material behavior under dynamic loads (Figure 5b).
Considering the melting point T,,n; of Ni with 1455°C
leads to a low maximum homologous temperature T, of
Thom=T/Tmni =0.052. As a result, the temperature rise
observed during the impact tests has a negligible effect on the
mechanical material behavior.

3.3. Micromechanical Deformation Mechanism under
Quasistatic and Dynamic Loading

The micromechanical deformation mechanism of Ni/PU hybrid
foams under quasistatic and moderate dynamic loading was
investigated using a high-speed camera and DIC. Figure 8
shows the local principal strain of three 50 mm diameter speci-
mens under different strain rates at various global strain states.
The first localized deformation band emerges after the PCS. It is
visible at a global strain state of ¢=0.1 under all considered
strain rates. The deformation band extends over the entire
cross-section and is mainly located in the middle of the speci-
men. This initial deformation band corresponds to the collapse
of the first pore layer. Due to the inhomogeneous coating
thickness, this pore layer is the weakest. With respect to the
specimen geometry, a global strain state of ¢ = 0.1 is equivalent
to a displacement of about 2mm. Considering a mean pore
length of 1.3 mm, most of the global deformation is caused by
the deformation of this pore layer.

The DIC images of all the considered specimens indicate
a low-level strain distribution in the areas above and below
the first deformation band. However, indications of further
deformation bands are already emerging. For the quasistatic
DIC image, there is one further deformation band developing,
whereas under dynamic loading there are several further more
or less completely pronounced deformation bands activated and
distributed over the entire specimen. This suggests that during
the PCS under dynamic loading, significant straining is
occurring in multiple deformation bands giving a proof for
the aforementioned change in the deformation mechanism
under dynamic loading. It follows that the PCS is higher under
dynamic loading than under quasistatic loading, which confirms
the results from Figure 4a. At a global strain state of £ =0.2,
which corresponds to a displacement of about two times the
average pore size, the first deformation band is much more
pronounced. One of the subsequent deformation bands is pre-
dominant for all considered specimens. This effect is further
driven by microinertia effects due to local masses oscillating
after the impact between the different pore layers.

In summary, more deformation bands are activated
under dynamic loads at the moment of impact, resulting
in an increased material resistance. However, these bands
simply enlarge in the further progress of global strain. There-
fore, the deformation mechanism of the dynamically formed
deformation bands after the impact is similar to the quasistatic
experiments. Therefore, the energy absorption capacity over the
entire deformation range is not enhanced for the dynamic
experiments.
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4, Conclusion

The mechanical properties under quasistatic (107> s ™) up to low-
velocity impact (550 s ') strain rates of open-cell Ni/PU hybrid
foams have been investigated. Quasistatic and drop-weight tests
were conducted and recorded with a high-speed camera and an
IR camera, on the one hand to gain a deeper insight in the micro-
mechanical deformation mechanisms and on the other hand to
evaluate the evolving specimen temperature during impact.

Regardless the specimen size, all specimens exhibit a 66%
higher density-specific PCS under dynamic loads compared with
quasistatic loads. However, the dynamically determined PCS
shows no further strain-rate sensitivity in the observed strain-rate
range under consideration. Although there is a pronounced
strain-rate sensitivity for the PCS, there is no dependency of
the energy absorption capacity from the strain rate for both speci-
men sizes.

An investigation of the temperature development during
impact outlined that the evolving thermal energy leads to a
low homologous temperature of the specimens. Thus, there is
no significant influence on the mechanical behavior. A potential
strain-rate sensitivity is not hidden behind a softening of the
material.

The DIC analysis of the experiments under quasistatic and
dynamic loading indicated a difference in the specific microme-
chanical deformation mechanism. The deformation bands are
gradually activated under quasistatic loads, whereas several
deformation bands are already activated after the PCS under
dynamic loads leading combined with microinertia effects to a
higher PCS under dynamic loads. However, neither the quantity
nor the characteristics of the deformation bands change under
progressing strain.
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