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A B S T R A C T

Open-cell metal foams are biomimetic open-porous materials mimicking the construction elements of
bones. Based on their special porous microstructure, they are used as lightweight construction elements
and for crash energy absorbers. Ni/Al hybrid foams are aluminium (Al) foams electrochemically coated with
nanocrystalline nickel (Ni) leading to enhanced strength and energy absorption capacity. A robust under-
standing and knowledge of the deformation behaviour under different strain rates are essential to design
crash absorbers made of foams. The present contribution is focused on the investigation of strain rate effects
and is furthermore a pioneering work dealing with a full thermomechanical characterisation of the defor-
mation behaviour in Al foams and Ni/Al hybrid foams by a combination of digital image correlation for
measuring local strain fields and infrared thermography for measuring local temperature fields during the
deformation process.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Open-cell foams are an interesting, novel class of bio-inspired
porous materials, which mimic natural lightweight materials such as
femur bones [1]. Foams offer a 3D porous network of stochastically
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distributed interconnected pores and show a great potential for
application as lightweight construction elements and crash energy
absorbers [2,3].

Ni/Al hybrid foams are a special class of composite foams
consisting of aluminium foams electrochemically coated with a
nanocrystalline layer of nickel [4-8]. Such hybrid foams offer supe-
rior mechanical properties such as high strength and large energy
absorption capacity compared to conventional open-cell metal
foams. Further hybrid foams are based on Cu/Al hybrid foams [9-11]
and Ni/polyurethane hybrid foams [12].
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The development of new materials and structures for struc-
tural design, energy absorption and seismic applications requires
a comprehensive characterisation of there properties. In experi-
mental mechanics, material properties are characterised at differ-
ent mechanical load cases like tension, compression, torsion and
shear. Within these experiments, measurement values like stress
and strain are acquired to identify the material properties. Based
on these measurements material models can be developed to pre-
dict the mechanical behaviour of complex structures at different
load cases. Extensometers, laser tracing, edge detection and strain
gauges are typically used to determine global deformations, whereas
digital image correlation (DIC) is applied to describe local strain
fields. All of these methods are associated with the measurement
of dimensional changes between two points on the specimen or
smaller regions on the specimen [13]. The above-mentioned mea-
surement methods are suitable for a comprehensive description of
the quasi-static mechanical behaviour of materials. However, elastic
and plastic deformations are accompanied by heat energy dissipa-
tion, which can only be captured by thermal measurement methods.
Plastic deformations at high strain rates lead to a significant tem-
perature change in the specimen, in some materials also affecting
their mechanical behaviour. The visualisation of the heat evolution
during deformation enables the observation of plastification in mate-
rials. A suitable method to capture temperature distributions in high
dynamic processes is infrared (IR) thermography. This technology is
established in failure and deformation process analysis inside and
on the surface of components and structures [14]. A further field
of application is the characterisation of smart materials like shape
memory alloys [15-18].

All types of deformations in a material cause heat dissipation but
the heat production for plastic deformations is about one order of
magnitude larger than that for elastic deformations [13]. The observ-
able temperature change depends largely on the thermal conductiv-
ity k of the investigated material and on the applied deformation
rate.

Also Ni/Al hybrid foams show excellent energy absorption char-
acteristics as well as a rate dependent temperature development. In
these materials deformation processes under high strain rates result
in an adiabatic heating. Consequently, dynamic deformations cause
very large temperature increases, since there is not enough time for
heat conduction [13]. The temperature change DT during an elasto-
plastic deformation of a material subjected to uniaxial stress s is
given by [19,20],

DT (ep) =
g

q cv

ep∫

0

s (ep, ė, T) dep, (1)

where ep belongs to the plastic strain, and g is the fraction of plastic
work converted into heat. In the case of metals, g is usually supposed
to be a constant parameter of 0.9. cv is the heat capacity at constant
volume, since plastic flow is isochoric. ė denotes to the strain rate, q
is the density of the material and T describes the actual temperature.
On the one hand, the lower the strain rate, the lower is the heat evo-
lution. On the other hand, the higher the thermal conductivity of the
investigated material the more difficult it is to use IR thermography
due to temperature changes based on heat conduction. With respect
to the investigation of Al foams and Ni/Al hybrid foams, the thermal
conductivity for AlSi7Mg0.3 is about kAl = 150 − 180 W m−1 K−1

[21], while it is kNi ≈ 95 W m−1 K−1 for nickel [22,23]. Nickel should
provide larger temperature increase under plastic deformation
than aluminium because of the twice as large thermal conductiv-
ity of aluminium. The density of nickel is about three times larger
than that of aluminium (qNi = 8.91 g cm−3,qAl = 2.66 g cm−3),

while the heat capacity is about half as large as that of aluminium
(cv,Ni = 0.444 J kg−1 K−1, cv,Al = 0.896 J kg−1 K−1). Hence, result-
ing from Eq. (1), aluminium should provide a 1.66 times larger
temperature increase than nickel.

Thermographic investigations of homogeneous specimens made
of pure aluminium and AlSi7Mg alloys, respectively, were performed
by Krstulović-Opara et al. [13] and Wagner et al. [24]. Wagner et
al. [24] studied the fatigue crack initiation detection by an infrared
thermography method and concluded from their results that IR ther-
mography is suitable for the indirect visualisation of irreversible
deformation and plastification in aluminium alloys and for the inves-
tigation of failure evolution and crack propagation when applying a
mechanical load. Krstulović-Opara et al. [13] were the first to com-
pare IR thermography and DIC. Both methods can be used to study
plastic deformation processes but they are based on the measure-
ment of different physical properties, temperature versus strain. In
general, DIC is limited by the necessary illumination under high
strain rates and the high frame rates, which must be supported by
the used camera. IR thermography is limited by the heat conduc-
tion under lower strain rates [13]. Although DIC is successfully used
in recent studies for the mechanical characterisation of material in
general and even foams under high impact loading (e.g. [25-27]),
based on the requirements, DIC is superior for mechanical char-
acterisation using low strain rates, whereas IR thermography has
advantages for investigations under dynamic loading. Both meth-
ods have their limitations. However these can be overcome by a
combination of the methods using the advantages of each method.
Especially a combination of DIC and IR thermography is a power-
ful method for comprehensive characterisation of complex material
behaviour and is required for the development of thermomechan-
ically coupled material models [28,29]. Further, Krstulović-Opara
et al. [13] stated that the heat generated during the deformation
process represents the plastic strain in the material.

A common application of IR thermography related to foams is
the monitoring of the exothermic foaming process of closed-cell
foams [30]. However, IR thermography has also already been used
in a handful of publications on the investigation of the deformation
mechanisms in foams. First, Clarke et al. [31] used thermographic
images for void detection in polyurethane foams. In 2010, Crupi et al.
[32] applied IR thermography for the investigation of failure modes
and damage evolution in PVC and Al sandwich panels under drop
weight loading and compared the results with 3D CT measurements.
Wang et al. [33] studied the deformation in PVC foam sandwich
panels under three-point bending. Most other work subjected to IR
thermography and foams was conducted by Vesenjak et al. [34,35].
They studied the deformation process of aluminium foams with
and without silicone filling under quasi-static and dynamic loading
[34] and conducted an experimental as well as a numerical study
to gain insight into the deformation behaviour of aluminium foams
under dynamic compression [35]. Further work on the static and
dynamic behaviour of foam-filled tubes can be found by Duarte et
al. [36-38]. A detailed overview of the use of IR thermography as a
method for energy absorption evaluation of metal foams is given by
Krstulović-Opara et al. [39].

The present contribution deals with the investigation of the appli-
cability and limitations of a combination of DIC and IR thermography
to study the deformation and failure behaviour of conventional
open-cell Al foams and new Ni/Al hybrid foams. Strain rate effects
on the mechanical properties and on the heat evolution during plas-
tic deformation as well as the effect of the coating thickness in the
Ni/Al hybrid foams is studied. The present study is the pioneering
work dealing with a full thermomechanical characterisation of the
deformation behaviour in foams and hybrid foams by a coupling of
DIC for measuring local strain fields and IR thermography for mea-
suring local temperature fields to gain deeper insight on the plastic
deformation mechanism.
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2. Materials and methods

2.1. Aluminium alloy foams and hybrid foams

Cubic aluminium (Al) alloy foams (AlSi7Mg0.3, 20×20×20 mm3)
with a pore size of 20 ppi were purchased from Celltec Materi-
als GmbH, Dresden, Germany. Ni/Al hybrid foams were produced
from the Al foams by coating these Al foams with various coating
thicknesses of 40 lm and 120 lm of hard facing nickel (Ni) using
electrodeposition [6,8].

2.2. Experimental setup

Al foams and Ni/Al hybrid foams were analysed in uniaxial com-
pression tests under displacement control using an ElectroPulsTM

E10000 universal testing machine of Ltd. Instron, Pfungstadt,
Germany equipped with a ±10 kN and ±100 Nm Dynacell load sen-
sor. Initial strain rates ranging from 0.025 s−1 to 0.250 s−1 were
applied to check for strain rate effects. The specific tests were per-
formed three times for each specimen type and strain rate for better
statistics. A coupling between DIC for measuring local strains and IR
thermography for measuring local temperatures was needed for the
performance of a full thermomechanical characterisation. Thus, the
experiments were simultaneously monitored by a CCD camera (Mar-
lin F-131C, Ltd. Allied Vision Technologies, Stadtroda, Germany) for
DIC and a cooled high-performance middle-wave IR thermal camera.
A high resolution IR camera system (ImageIR9360, Infratec GmbH,
Dresden, Germany) with a detector size of 1280×1024 pixels was
used for temperature distribution measurements of the Al foams and
the Ni/Al hybrid forms. The InSb detector operates at a spectral range
between 3 and 5 lm. The system has a frame rate of up to 3.2 kHz in
sub-frame mode and 100 Hz in full frame mode. When using a 50 mm
objective with close-up lens a pixel size of the 60 lm can be achieved,
whereas small scale effects can be investigated with a microscope
lens which provides a minimum pixel size of 15 lm. The tests were
performed with a thermal resolution of 0.02 ◦C. The IR camera was
synchronised with the DIC camera by an external trigger signal from
the universal testing machine. The setup is shown in Fig. 1.

Fig. 1. Experimental setup for the full thermomechanical analysis simultaneously
using DIC and IR thermography.

Both investigation methods need special requirements for con-
clusive measurement data. The DIC needs proper illumination of
the specimen and a random speckle pattern, while IR thermography
needs dull and dark surfaces for proper calibration of the thermal
camera and the prevention of errors due to light reflections. Hence,
the foam specimens were surrounded by a box, which was painted
inside with black camera varnish having a thermal emissivity coef-
ficient of 0.97 (no. 105202, TETENAL Europe GmbH, Norderstedt,
Germany). The box had two facing open windows for the observa-
tion with the CCD and the IR thermal camera. Further, also the foams
were painted on the side facing the IR thermal camera with a thin
layer of the black camera varnish to guarantee conclusive results of
the thermographic measurements. Whereas light can cause errors in
IR thermography, it is indispensable for DIC. Since the motivation of
the work is to study macroscopic deformation behaviour, the nat-
ural mesostructure of the foams was used as speckle pattern. This
offers the possibility to investigate features in the deformation pro-
cess, which are at least of equal size as a pore. Local deformation
processes on the mesoscale such as strut buckling (see e.g. [40,41])
cannot be detected by using the mesostructure of the foams as nat-
ural speckle pattern. In order to guarantee sufficient light for good
quality image correlation, the foams were not centred in the black
box, but placed near the open window facing to the CCD camera. A
cold-light source emitting light with a significantly reduced fraction
of IR radiation provided a good illumination from the side of the CCD
camera.

The images from the CCD camera were analysed by DIC using
the commercial software Vic2D® from Ltd. Correlated Solutions,
Columbia, USA for the pattern matching and the calculation of the
strains in loading direction eyy. In contrast to Vic3D®, Vic2D® only
allows for in-plane surface measurements and not for out-of-plane
analysis. Since in highly porous structures, the magnitude of out-
of-plane displacement is negligible, a 2D analysis using only a one
camera setup is sufficient for the evaluation of the experiments. The
thermographic images were analysed by the commercial software
IRBIS®3 from Infratec GmbH, Dresden, Germany. Since the CCD cam-
era and the IR thermal camera were face to face, the DIC images
were mirrored vertically to obtain corresponding 2D full-field maps
of local temperature and local strain of the specimens.

Fig. 2. Engineering stress-strain curves of Al foams and Ni/Al foams for different strain
rates. (For reasons of clarity, only one representative curve per test and specimen type
is shown.)
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3. Results and discussion

3.1. Thermographic analysis of strain rate effects

Fig. 2 presents the stress-strain behaviour of Al foams and Ni/Al
hybrid foams for strain rates ranging from 0.050 s−1 to 0.250 s−1.
Unfortunately, due to the different stiffnesses, with the used all-
electric Instron ElectroPlusTM E10000 universal testing machine it
was not possible to perform the uniaxial compression tests on
all specimens with all four strain rates. Nevertheless, as already
expected from previous work [25], for the investigated Al foams and
Ni/Al hybrid foams there is no strain rate-dependent behaviour in
this strain rate regime visible in the stress-strain response. The slight
variations for the individual types are caused by variations in the
density and the mesostructure. The Ni/Al hybrid foams with a coat-
ing thickness of 40 lm nickel provide about five times higher plastic
collapse stress (PCS) and plateau stress than the pure Al alloy foams
as a result of the strengthening by the nickel coating. A coating thick-
ness of 120 lm nickel leads to an increase of PCS by a factor of about
15 along with a reduction in the densification strain.

Fig. 3 depicts thermographic images of the compressive load-
ing sequence of Al foams for the four investigated strain rates. The
thermograms for e = 0 show that there is no initial heat flow in
the specimens coming from the loading plates. The high tempera-
ture in the background of the foams (pink colour) represents the
surface temperature of the lens of the CCD camera used for DIC.
Although there is no strain rate effect represented in the stress-strain
behaviour, as expected from Eq. (1), the temperature increases with
increasing strain rate, leading to the highest temperatures for the
foams tested at a strain rate of 0.250 s−1. The temperature increase
in the thermographic images can be ascribed to high levels of plastic
strain [35] similar to the deformation bands visualised in DIC. Due to
the large thermal conductivity of the aluminium struts and the good
thermal convection in the foams, there is no heat evolution visible
for the foam investigated at the low strain rate of 0.025 s−1. Hence,
due to the fast heat transfer and convection, IR thermography is not
suitable to study the deformation behaviour in Al foams under low

strain rates, nevertheless, Fig. 3 gives the proof that IR thermogra-
phy can be used for larger strain rates to track the propagation of the
plastic deformation in foams. Similar to the previous results from DIC
[12,25,42,43], there is a layer-wise propagation of the plastic defor-
mation in form of a pronounced deformation band. In contrast to
DIC, which provides only information from the specimen’s surface, IR
thermography outlines the heat evolution due to plastic deformation
in the entire volume of the specimen.

The Ni/Al hybrid foams are characterised by a much larger heat
evolution for equal strains and equal strain rates than the aluminium
foams (see Fig. 4). The much larger heat evolution results from the
higher energy absorption capacity of Ni/Al hybrid foams during plas-
tic deformation of the Ni/Al hybrid foams compared to Al foams,
which is expressed by the much larger area underneath the stress-
strain curves. In addition, the larger energy absorption capacity is an
effect of the local strengthening of each from strut by the nickel coat-
ing causing higher PCS and plateau stress. The maximal temperature
of a foam before the experiment and during compression was deter-
mined for each foam and used to calculate the temperature changes
Dh as difference between the temperature in the foam for a specific
strain state compared to the undeformed foam just before the exper-
iment. Fig. 5 depicts the temperature changes Dh expressed in degree
Celsius for the Al and Ni/Al hybrid foams as function of strain rate and
strain in order to gain a deeper understanding of the strain rate effect
on the heat evolution during the compressive loading sequence and
the effect of the nickel coating. The temperature in the Al foams
increases with increasing plastic deformation (see Fig. 5 (a)), except
for the lowest strain rate, which is affected by the large heat conduc-
tion. Further, there is a pronounced increase with increasing strain
rate. For strains of e = 0.8, the Al foam tested at a strain rate of
0.250 s−1 provides a 2.5 times larger temperature change than the
foam tested at an applied strain rate of 0.050 s−1. Fig. 5 (c) and (d)
represents an increasing temperature change with increasing nickel
coating thickness. For a strain rate of 0.150 s−1 and a deformation
state corresponding to e ≈ 0.35, the temperature change increases
by a factor of 2.5 from the Al foam to the Ni/Al hybrid foam with a
coating thickness of 40 lm nickel and by a factor of about four for

Fig. 3. Thermograms of the compressive loading sequence of Al foams for different strain rates.
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Fig. 4. Thermograms of the compressive loading sequence of Ni/Al hybrid foams (40 lm Ni) for different strain rates.

a coating thickness of 120 lm nickel. The increasing coating thick-
ness results in an increasing strengthening effect and hence a larger
energy absorption capacity of the corresponding Ni/Al hybrid foams,
which is the reason for the larger heat evolution in the foams during
compression. Furthermore, a comparison of Fig. 5 (b), (c) and (d) out-
lines an increase in the temperature change with increasing strain
rate for the Ni/Al hybrid foams with a coating thickness of 120 lm
similar to the Al foams.

3.2. Deformation analysis by thermography and DIC

In order to gain a deeper understanding of the plastic deformation
in Al foams and Ni/Al hybrid foams a full thermomechanical analysis
using a combination of DIC and IR thermography providing full-field
strain and temperature information for the foams was performed.
Since Crump et al. [44] only described the advantages of such a com-
bination but did not realise it, the following results present such a

Fig. 5. Temperature change for Al foams and Ni/Al hybrid foams as function of global strain and strain rate: Al foams (a), 0.025 s−1 (b), 0.050 s−1 (c), 0.150 s−1 (d). (For a better
comparison of the strain rate effect for the Al foams, there is a different vertical scale in Fig. 5(a) compared to Fig. 5(b)–(d)).
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combination of DIC and IR thermography for metal foams, especially
for Ni/Al hybrid foams for the first time.

Vesenjak et al. [34] revealed that IR thermography can be used
to visualise plastification processes since plastic yielding is accom-
panied by heat dissipation. The larger the heat dissipation the more
reliable are the results deduced from the thermograms. It was shown
in the previous section that the Ni/Al hybrid foams with a coat-
ing thickness of 120 lm nickel provided the largest heat dissipation.
Hence, these foams were used in the full thermomechanical analysis
of the deformation behaviour. Fig. 6 compares directly the thermo-
grams and the DIC images for a successive compressive deformation
in Ni/Al hybrid foams with a coating thickness of 120 lm nickel. Since
the DIC images and the thermograms were recorded from opposite
sides of the foam, the DIC images were mirrored vertically for better
comparison of the position and orientation of the localisation zones.

Fig. 6 depicts large deviations between the local temperature field
and the local strain field. This is a consequence of the different phys-
ical measures. The temperature field obtained from IR thermography
results from the heat energy dissipation in the entire volume of the
foam specimens and is further affected by the thermal conductiv-
ity and the heat convection in the foam. In contrast, DIC measures
strain only from the deformation of one surface of the foam. Defor-
mation bands arising inside the foam or on the opposite side cannot
be detected using only a single camera setup. Due to the neces-
sary lighting for DIC, it is not possible to use 3D DIC with several
cameras around the foam specimen in combination with IR ther-
mography, since the lighting interferes with the acquisition of the
temperature field by IR thermography. Also by using 3D DIC it is
not possible to capture deformation inside the foams only on the
entire outer surface. However, the strength of IR thermography is not
quantifying strain, but providing a better understanding of the plas-
tic yielding process in the entire specimen volume and tracing the
plastification front [13]. Nevertheless, the main deformation area in
both DIC images and IR thermograms comprises the same part of the
specimen presenting a good qualitative correlation. The DIC images
represent the total strain field including strains, which date back
much longer than from the actual global strain. The thermographic
images provide the actual areas of most plastic deformation activ-
ity. Deformation bands, which arise from lower global strain states
provide lower temperatures than the actual deformation zone. How-
ever, both investigation methods exhibit a pore layer-wise collapse
and deformation of the foams. Fig. 6 shows that for global strains of
e = 0.260 − 0.375, the highest temperatures arise on the right side

of the specimen in mid-height. Since there is no deformation band in
the strain field of the DIC images visible, the main plastic deforma-
tion for this global strain region does not take place on the specimen
surface facing the CCD camera but somewhere else in the volume.

Fig. 7 traces the temperature and the local strain eyy in the ver-
tical centre line across the foam of Fig. 6 for successive compression
loading showing a good qualitative correlation. The maximal tem-
perature increases with increasing global strain and the width of the
plastification zone, which is characterised by heat energy dissipation
increases as well. A similar behaviour can be seen for the distribution
of local strains. They increase with increasing global strain and the
width of the deformation zone becomes larger.

However, due to the different physical measures, there is no
direct correlation between DIC and IR thermography. The thermo-
grams present only one deformation zone, while the DIC images as
well as Fig. 7 show two distinct deformation bands. This deviation
results from heat conductivity making it impossible to distinguish
several adjacent deformation bands by IR thermography, at least in
this low strain rate regime.

4. Conclusion

The present contribution dealt with a full thermomechanical
analysis including strain rate effects of Al foams and Ni/Al hybrid
foams by a combination of DIC and IR thermography. The con-
tribution goes beyond the state-of-the-art since for the first time,
such a full-field thermomechanical deformation analysis providing
full-field strain and temperature information for an indirect visuali-
sation of irreversible deformation and plastification was performed
for metal foams. There were no strain rate effects on the stress-
strain response in the investigated low strain rate regime. However,
there were pronounced strain rate effects regarding the heat energy
dissipation during plastic deformation. Increasing strain rates lead
to increasing temperatures in the specimens. The heat evolution in
Ni/Al hybrid foams is larger than in Al foams as a result of lower con-
ductivity and higher plastic dissipation. The maximal temperature
increase is up to 31 ◦C for Ni/Al hybrid foams with a coating thickness
of 120 lm. Due to the low heat evolution in the Al foams under lower
strain rates, IR thermography is only conditionally applicable to Al
foams in this strain rate regime. However, based on the much larger
plastic dissipation, IR thermography even in combination with DIC
can be advantageously used for Ni/Al hybrid foams especially with
increasing coating thickness.

Fig. 6. Comparison of IR thermography and DIC for observation of the successive deformation of a Ni/Al hybrid foam with 120 lm Ni at a strain rate of 0.050 s−1.
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Fig. 7. Evolution of the deformation bands described by the temperature obtained from the thermograms (a) and by the local strains from the DIC images (b) for a vertical centre
line of the foam in Fig. 6.

The direct comparison of the results from DIC and IR thermog-
raphy depicts deviations between temperature and strain field as
consequence of the different physical measures. The temperature
field results from the heat energy dissipation due to plastic deforma-
tion in the entire volume of the foam and is influenced by the thermal
conductivity and the heat convection in the foam. In contrast, the
local strain field from DIC only describes the deformation of the
foam’s surface. Krstulović-Opara et al. [13] stated that the strength
of IR thermography is not a quantifying strain, but providing a better
understanding of the plastic yielding process in the entire specimen
volume and tracing the plastification front. DIC and IR thermography
differ in the time scale on which information about the plastic defor-
mation process is given. While DIC images present the total strain
history, the IR thermograms provide the actual areas of most plas-
tic deformation in the entire volume of the specimens. The heat of
previous deformations cools down due to heat convection and con-
duction. Hence, the hottest area represents the actual deformation
zones.

The larger the heat dissipation the more reliable are the results
deduced from IR thermography. Hence, IR thermography is very suit-
able for the investigation of the deformation phenomena of metal
foams under large strain rates. Based on the much larger heat evo-
lution, IR thermography is more suitable for the investigation of
Ni/Al hybrid foams than for Al foams, even under low strain rates.
The strain rate dependent material behaviour can be investigated by
synchronised measurement of strain fields via DIC and temperature
distributions via IR thermography. Hence, summing up the advan-
tages of both methods, DIC and IR thermography, the coupling of DIC
with IR thermography is a very powerful method for the analysis of
cellular materials used as crash absorbers especially in high impact
testing. Furthermore, based on the investigations in this work a ther-
momechanically coupled material model of Ni/Al hybrid forms can
be developed to predict energy absorption characteristics and plastic
deformation behaviour of these structures in the future.
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[20] Z. Tonković, J. Sorić, W.B. Krätzig, On nonisothermal elastoplastic analysis of
shell components employing realistic hardening responses, Int. J. Solids Struct.
38 (28) (2001) 5019–5039.

[21] A. Veteleanu, Research concerning the influence of the artificial aging
treatment over the mechanical characteristics of composite materials with a
metallic matrix, Metalurgia 63 (6) (2011) 45–50.

[22] T. Farrell, D. Greig, The thermal conductivity of nickel and its alloys, J. Phys. C
Solid State Phys. 2 (8) (1969) 1465.

[23] R. Powell, R. Tye, M. Hickman, The thermal conductivity of nickel, Int. J. Heat
Mass Transf. 8 (5) (1965) 679–688.

[24] D. Wagner, N. Ranc, C. Bathias, P. Paris, Fatigue crack initiation detection by an
infrared thermography method, Fatigue Fract. Eng. Mater. Struct. 33 (1) (2010)
12–21.

[25] A. Jung, A.D. Pullen, W.G. Proud, Strain-rate effects in Ni/Al composite metal
foams from quasi-static to low-velocity impact behaviour, Compos. A: Appl. Sci.
Manuf. 85 (2016) 1–11.

[26] B. Koohbor, A. Kidane, W.-Y. Lu, Characterizing the constitutive
response and energy absorption of rigid polymeric foams subjected to
intermediate-velocity impact, Polym. Test. 54 (2016) 48–58. http://www.
sciencedirect.com/science/article/pii/S0142941816304755. https://doi.org/10.
1016/j.polymertesting.2016.06.023.

[27] S. Ravindran, B. Koohbor, P. Malchow, A. Kidane, Experimental characteriza-
tion of compaction wave propagation in cellular polymers, Int. J. Solids Struct.
139-140 (2018) 270–282. http://www.sciencedirect.com/science/article/pii/
S0020768318300507. https://doi.org/10.1016/j.ijsolstr.2018.02.003.

[28] B.-C. Chang, J.A. Shaw, M.A. Iadicola, Thermodynamics of shape memory alloy
wire: modeling, experiments, and application, Contin. Mech. Thermodyn. 18
(1-2) (2006) 83–118.

[29] F. Welsch, J. Ullrich, H. Ossmer, M. Schmidt, M. Kohl, C. Chluba, E. Quandt,
A. Schütze, S. Seelecke, Numerical simulation and experimental investigation
of the elastocaloric cooling effect in sputter-deposited TiNiCuCo thin films,
Contin. Mech. Thermodyn. (2017) 1–16.

[30] E. Solórzano, F. Garcia-Moreno, N. Babcsán, J. Banhart, Thermographic
monitoring of aluminium foaming process, J. Nondestruct. Eval. 28 (3-4) (2009)
141–148.

[31] W. Clarke, R. Mack, Void detection in polyurethane foam using thermographic
imaging, J. Cell. Plast. 22 (5) (1986) 404–414.

[32] V. Crupi, G. Epasto, E. Guglielmino, Low-velocity impact strength of sandwich
materials, J. Sandw. Struct. Mater. 13 (4) (2011) 409–426.

[33] W. Wang, J. Dulieu-Barton, O. Thomsen, A methodology for characterizing the
interfacial fracture toughness of sandwich structures using high speed infrared
thermography, Exp. Mech. 56 (2016) 121–132.
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