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Abstract
Cellular materials such as metal foams or auxetic metamaterials are interest-
ing microheterogeneous materials used for lightweight construction and as
energy absorbers. Their macroscopic behavior is related to their specific meso-
scopic deformation by a strong structure-property-relationship. Digital image
correlation and infrared thermography are two methods to visualize and study
the local deformation behavior in materials. The present study deals with the
full-field thermomechanical analysis of the mesomechanical deformation in
Ni/PU hybrid foams and Ni/polymer hybrid auxetic structures performing a
correlative digital image correlation and infrared thermography. Instead of com-
paring and correlating only the primary output variables of both methods, strain
and temperature, also strain rates and temperature rates occurring during defor-
mation were compared. These allow for a better correlation and more conclusive
results than obtained using only the primary output variables.
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1 INTRODUCTION

Today’s engineering work requires an increased amount of lightweight constructions and material efficiency. Cellular
materials such as foams or three dimensional (3D) auxetics are bioinspired materials mimicking the blueprints of nature
[67]. They combine high stiffness with a low density in addition to a plateau stress over a large deformation regime,
making them ideal for applications in lightweight constructions or as crash absorbers [28]. There exists a broad spectrum
of open cell and closed cell foams producible from for example, polymers or metals. Open cell foams consist of a base
material with a stochastic distribution of interconnected pores [24]. Hybrid foams are created by applying a coating,
for instance via electrochemistry, offering enhanced mechanical properties, compared to a conventional metal foam.
Those hybrid foams were studied by different research groups in recent years. Boonyongmaneerat et al. [8] produced a
NiW/Al hybrid foam and studied the mechanical properties under uniaxial compression. Bouwhuis et al. [9] and Jung
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et al. [37] produced and investigated the energy absorption capacity properties of Ni/Al hybrid foams. Jung et al. [38-40]
and Jung and Diebels [34,35] further studied the mechanical behavior from the macro down to the atomic scale for
Ni/Al hybrid foams for uni- and multiaxial loading. Sun et al. [72] investigated Al/Cu foams both in finite element (FE)
simulations as well as experimentally. Numerical simulations on single struts revealed that the main contribution to the
mechanical properties results from the coating [33]. Hence, a new economic process was developed by Jung and Diebels
[33] to synthesize a Ni/PU hybrid foam with a light and cheap polyurethane (PU) substrate foam. Bronder et al. [13]
adopted this procedure to coat an auxetic polymer structure with nickel and subjected those specimens to quasi-static
and dynamic experiments. Furthermore, they removed the PU core via pyrolysis to create even lighter and more ductile
hollow structures.

3D auxetics with their superior impact and indentation resistance [2] and fracture toughness [48] are suitable for
applications in ballistic and blast protection [26,57,58] or crash absorbers [7,66]. They derive their main property, the
negative Poisson’s ratio, from their microstructure and were first artificially produced and experimentally investigated by
Lakes et al. [47]. Hence, the specific mesomechanical deformation is the key for the negative Poisson’s ratio. Due to the
application in dynamic scenarios, many investigations concerning the dynamic loading case were done in recent years
[30,53,59]. For more information on auxetic materials the reader is referred to the literature [49,50].

For a better understanding of the deformation process, an investigation with digital image correlation (DIC) is often
beneficial. Therefore, Adorna et al. [1] compared different DIC tools. DIC in general visualizes local strain fields and
thereby helps to understand the mesomechanical deformation with a sub-pixel accuracy for example, in a failure inves-
tigation on the surface of a specimen [61]. The basic principal of DIC is taking pictures during loading of the specimen
and tracking the motion of image points through an unique gray-scale pattern. Then, the pattern before and after the
loading step is compared, resulting in a local displacement and rotation field. More detailed information on the DIC pro-
cess can be found in [18,19,61,73,76]. The deformation behavior of foams on the mesoscale was mainly studied by strain
mapping on the foam surface using DIC [4,5,80,81] and by X-ray computed tomography [3,27,32]. Most of the investi-
gations in the past haven been performed on closed cell metal foams. Thornton and Magree [74] were, in 1975, among
the first to investigate the deformation behavior of closed cell aluminum foams under uniaxial compression. By taking
pictures of the surface during the deformation, they concluded the main deformation mechanism to be the buckling of
the cell walls throughout the entire loading. In contrast to all later investigations, Thornton and Magree stated the buck-
ling was uniformly distributed over the entire specimen. Bart-Smith et al. [3] were the first ones to use DIC on the entire
foam surface to study the deformation behavior on the mesoscale. Hereby, the foam structure is directly usable as speckle
pattern, since it is a stochastic structure. Bart-Smith et al. [3] found that the foams deformed heterogeneously, even well
before reaching the plastic collapse stress (PCS), by forming deformation bands with the size of approximately one cell
diameter. The initiation and propagation of new deformation bands succeeds in the overall deformation of the sample.
X-ray tomography further revealed a strong influence of the mechanical properties by morphological defects or inho-
mogeneous density distribution. In their investigation of open cell foams, Bart-Smith et al. [3] found a homogeneous
deformation, which was only related to the PCS peak. In addition, they concluded the pore shape to be of much more
importance to the deformation during the PCS and plateau phase than the pore size. Bastawros et al. [4-6] used surface
strain mapping to investigate the deformation mechanism on cell- or pore-level of closed cell and open cell aluminum
foams, proposing three stages of deformation up to the valley stress after the PCS peak. Zhou et al. [80,81] adopted these
stages and expanded the strain range up to 0.3, hereby identifying plastic bending as the dominating deformation and
failure mechanism under compression loading.

However, DIC is only capable of mapping the local surface motion and X-ray tomography with high spatial resolution
is impractical for large specimens [19]. During the deformation process, elastic and plastic deformation causes energy dis-
sipation in the material resulting in a temperature distribution in the specimen’s volume and hence a change in surface
temperature [64]. To gain more understanding of the processes in the specimen’s volume infrared thermography (IRT)
is a suitable method as shown in [41]. Generally, IRT enables contactless determination of an entire two-dimensional
surface, exploiting that a body above 0 K emits infrared radiation. As a boundary technique, IRT is not only capable of
detecting temperatures on the surface, but also in a limited depth inside a semi-transparent specimen [51]. In experi-
ments without vacuum the convective heat transfer to the surrounding fluid in for example, air has to be considered. This
behavior can also be used to characterize the material parameters like heat transfer coefficient, heat conductivity and
latent heats, as shown in [55,56,79]. Additional applications in material science are the characterization of shape mem-
ory alloys [20,43,65,68], the failure analysis of components and structures [10] or the plastic deformation detection [62].
Starting from the 90’s [70], in the last few years IRT became of rising interest also in industrial applications [60], especially
because of its non-destructive and non-invasive testing qualities for example, damage detection in composites [16,51,54].
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Further applications are in pollution monitoring or medicine [54]. More detailed information on the theory of IRT can
be found in [52,78].

The main applications of IRT related to foams nowadays are the monitoring of the exothermic foaming process of
closed cell foams [71] and the exothermic reaction in open cell foam catalysts [29]. On the topic of cellular metals,
recently Duarte et al. [25] gave an overview of the characterization techniques. As mentioned above, in the last few
years the interest on foams has increased which is also visible by the amount of different scientific investigations using
IRT in for example, specific applications like energy absorption [46] and crush performance [23] or mechanical analysis
[14,22,63,77]. Recently, also fatigue life investigations are supported by IRT [75].

DIC and IRT are both capable of studying the local surface behavior by full-field measurement of different physical
properties [45,69]. Since the 90’s the combined determination of mechanical and thermal parameters has been estab-
lished in science [25,65,69], also in foams [42]. Nevertheless, both methods have advantages and disadvantages, resulting
from their different measurement principles [54,61]. For simple 2D-DIC, only an inexpensive optical camera and the
application of a random speckle pattern [21] on the specimen surface are necessary. If there is already an intrinsic pat-
tern due to the specimen structure, this pattern can be used and no additional specimen preparation is needed. Hence,
the natural microstructure of foams can be used directly as speckle pattern, but the resolution of observable features in
DIC are than restricted to the pore size. If a better resolution is needed, there should also be the application of an addi-
tional speckle pattern onto the foam structure. Because DIC accuracy is strongly linked to the strain per frame, the image
resolution is of high importance and a good specimen illumination is necessary. Therefore, it is superior for quasi-static
experiments and will need a more expensive equipment when going to dynamic deformation velocities [45]. In compar-
ison, the camera system for IRT is more expensive due to the required high spatial, temporal, and thermal resolution. To
gain a thermal resolution in the single digit mK range, semiconductor sensors (InSb) exploiting the inner photo effect
are used and cooled below 80 K, resulting in a more complex system. Additionally, the specimen’s surface emissivity has
to be known. Therefore, the surface is usually coated with special IRT lacquer. To suppress infrared reflections from sur-
rounding objects an emissivity of the surface near one is ideal. The IRT system captures, comparable to optical cameras,
the intensity of the incoming infrared light which is a measure for the specimen surface temperature. High recording
rates enable precise local detection of the smallest heat sources or sinks due to the negligible diffusion effects by thermal
conductivity. In contrast to DIC, the IRT reflects directly, without correlation of two images, the surface temperature of
the specimen, hence IRT exhibits no fundamental upper limitation on the strain rate. Since the infrared radiation of the
specimen is measured, no external illumination is necessary even under dynamic loading [54].

In combining DIC and IRT it becomes possible to overcome the disadvantages of both methods and gain more infor-
mation on the deformation and failure process. The first comparison of DIC and IRT was done by Chrysochoose et al.
[17] on quasi-static tensile experiments with IR camera and CCD camera on opposing sides. They were able to derive
the local energy balance and show the influence of dissipated and thermomechanical coupling mechanisms on the
stress/strain behavior through a thermodynamic analysis. Later, a more detailed comparison of both methods was done
by Krstulović-Opara et al. [45] on aluminum specimens from dynamic down to quasi-static loading. Their conclusion was
that the heat generated by plastic deformation processes is comparable to the plastic strain and hence, IRT and DIC are
both suitable investigation methods. In 2016 Cholewa et al. [15] calibrated a system for 3D-DIC, coupled with IR imaging,
to compensate for differences in camera resolution. They evaluated different lacquers and investigated E-glass/vinyl and
ester/balsa sandwich composites from one side under compression loading and simultaneous heating. Jung et al. [41]
were the first to investigate metal foams with a full-field thermography. The study was done on open cell aluminum and
Ni/Al hybrid foams at different strain rates in the quasi-static regime, resulting in deviations between temperature field
and strain field. The largest strains in DIC did not always correspond to the hottest areas measured by IRT. This is a result
of cooling and heat transfer of the specimens. While DIC offers the entire strain history, IRT shows only the current defor-
mation as heat increase, which vanishes due to heat transfer to the pistons of the test rig and cooling in air. This effect is
more pronounced with reduced strain rates. Those results were in contradiction to the results of Krstulović-Opara et al.
[45]. However, Jung et al. [41] found IRT images to present the places of concentrated plastic deformation, while DIC
images give the complete strain history. Due to cooling caused by heat convection and conduction, the hottest areas only
present the current plastic deformation zones. Jung et al. [42] further directly compared IRT with DIC images, allowing
a direct coupling of local strain fields with local temperature fields. Through that, the evolution of the energy absorption
capacity can be expressed as a function of the strain rate. They further concluded Ni hollow strut foams to be better energy
absorbers than Ni/PU or CuNi/PU hybrid foams.

The present contribution focuses on the full-field thermomechanical analysis of the local mesoscale deformation on
Ni/PU hybrid foams of different porosity and modified Ni/polymer hybrid auxetics using coupled DIC and IRT. Different
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material compositions and geometries are compared regarding their crush and thermal behavior during deformation. In
contrast to the state of the art, this contribution compares not only the local strain field from DIC with the local tem-
perature field from IRT but also the corresponding local strain rates and local temperature rates to gain an enhanced
understanding of underlying deformation mechanisms. To ease the correlation of both methods, a fully automated soft-
ware tool was developed which compares the results of DIC and IRT at same deformation state. The tool calculates the
strain rates and temperature rates, as well as the temperature increase for the specimens as function of the global strain.
The computationally efficient software tool allows a quick analysis of large data sets to support the evaluation of numerous
experiments and hence to gain a deeper understanding of the local deformation in cellular materials.

2 MATERIALS AND METHODS

2.1 Ni/PU hybrid foams and hybrid auxetics

Hybrid auxetic structures and Ni/PU hybrid foams were investigated in this study. The modified auxetic structures used
in the experiments are similar to the ones investigated by Bronder et al. [12]. In accordance to their full factorial testing
plan, the specimen with all geometry parameters at minimum level (strut thickness 0.5 mm, waist 0.5 mm, size 7 mm) was
chosen for manufacturing to achieve good coating results. The unit cell is supplemented with an additional half strut in
the middle (Figure 1A) to increase stability after an initial deformation [11]. The template structure of the modified auxetic
geometry was 3D printed using the stereolithographic (SLA) system (Phrozen mini 4K, Phrozen, Taiwan). The auxetic
structures were layer-wise build by exposing a photosensitive resin (Phrozen Aqua-Gray 4K resin, Phrozen, Taiwan) to a
high-resoluted, monochrome 4k LED screen. The achievable resolution is approximately 35 μm. After the basic structure
was produced, it was rinsed with isopropanol and irradiated for 300 s from all sides in a UV chamber with a rotating base
plate. Thereby, the resin was fully cured and the structure was stable enough for the subsequent treatment.

The commercial precursors for the two different hybrid foams (Schaumstoff Direkt Rüdiger Nolte, Enger, Germany)
had a pore size of approximately 10 ppi and 20 ppi (pores per inch), respectively and were cut into a cylindrical form with
a diameter of 210 mm and a thickness of 40 mm by hot wire cutting.

The electrodeposition of a nickel coating on the two different polymeric template structures (foams or auxetic struc-
ture) made an electrically conductive surface necessary. Therefore, the templates were pre-coated with a thin layer of
carbon lacquer (Graphit 33, CRC Kontakt Chemie, Iffezheim, Germany) in a dip-coating process for two times and
dried with pressured air for 10 min. For the coating process, a commercial nickelsulfamate electrolyte (Enthone GmbH,
Langenfeld, Germany) with a nickel concentration of 110 g L−1 was used. The reaction was performed at a temperature
of 50◦C and a pH of 3.8. The specimens were coated with an average coating thickness of 120 μm using a direct current
of 1.3 mA cm−2.

The 3D-printed geometries were coated in a special anode-cathode configuration developed by Jung et al. [36] due to
their small geometry of 24.2 mm× 24.2 mm× 34.2 mm. The anode consists of a double-walled hollow cube, built with tita-
nium expanded metal that is filled with nickel pellets (A.M.P.E.R.E. GmbH, Dietzenbach, Germany). The geometry was

F I G U R E 1 (A) Modified auxetic unit cell with added half strut; (B) coated auxetic specimen for compression experiments with UV
fluorescent speckle pattern (left) and low emission lacquer (right)
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T A B L E 1 Densities of the different specimen types

Specimen type Density (g/cm3)

10 ppi hybrid foams 0.321± 0.021

20 ppi hybrid foams 0.399± 0.019

Modified hybrid auxetics 0.466± 0.060

placed in the center of the cage-like anode to ensure a maximum concentration of nickel ions produced by the sacrificial
anode.

The Ni/PU hybrid foam was produced in a flow-controlled electrodeposition cell with two anodes, one above and
one below the cathode [31]. The disc-like foam specimen had a diameter of 210 mm and a height of 40 mm. During the
deposition process, the ion concentration was kept at a maximum level by dissolving the two sacrificial anodes. A constant
circulated flow of filtered and temperated electrolyte through the foam ensures an exchange and the removal of impurities.

After the deposition, both hybrid structures were rinsed in water and dried. The Ni/PU hybrid foam specimens were
extracted out of the bigger foam plate with a band saw in a comparable geometry to the 3D printed auxetic specimen. The
densities of the foams and auxetic structures are shown in Table 1.

2.2 Uniaxial compression experiments

The universal testing machine ElectroPuls E10000 (Ltd. Instron, Pfungstand, Germany) with a strain rate of 0.18 s−1 and
a 10 kN force sensor was used for the uniaxial compression experiments. For some statistics three to four samples of each
specimen type were studied. All specimens were sprayed with black varnish having a thermal emissivity coefficient of
0.97 (no. 105202, TETENAL Europe GmbH, Norderstedt, Germany) for the thermal imaging on one side. The coating was
applied on the observed surface as thin as possible, to avoid influences of the thermal time constant. The opposite side
was primed with an ultraviolet (UV) fluorescent paint (ARASOL-109 UV Blue, ARALON COLOR GmbH, Heiligenroth,
Deutschland) and a black speckle pattern was applied by spray can (Dupli-Color RAL 9005 Acryl Spray, Motip Dupli
GmbH, Hassmersheim, Germany) (see Figure 2 for the digital image correlation (DIC) (Figure 1B)). Consequently, the
experiments were recorded with an infrared (IR) camera system (ImageIR9360, Infratec GmbH, Dresden, Germany) on
one side and a 9 Megapixel charged coupled device (CCD) camera (Manta G-917B, Allied Visions Technologies GmbH,
Puchheim, Germany) on the other side (Figure 3). The applied UV-DIC according to König et al. [44] improves not only the
quality of the DIC measurements but also improves the IRT results measured on the opposite side by avoiding reflections
of visible light. The whole setup was covered with a black box to minimize environmental influences and supports a dull
and dark environment without light reflections. On the side of the CCD camera, UV light (LDL-130X15UV365, CCS Inc.,
Brüssel, Belgien) was used to illuminate the specimen and an IR filter glass was put in between to minimize thermal
radiation influences from the CCD camera in order to achieve better results with the IR imaging. Both cameras were
connected to the machine trigger and took pictures with 20 frames per second (fps), so one picture per 0.9% global strain.
To reach a continuous loading of the specimen, the trigger of the universal testing machine only starts and stops the image
acquisition with a rising and falling edge. While the rising edge the IR camera starts shooting with the previously set frame
rate. The CCD camera is triggered by the trigger out of the IR system. The DIC evaluation was done using the software
ISTRA4D® (Dantec Dynamics, Skovlunde, Denmark). Two successive images were matched and the displacement was
accumulated with a facet size of 55 px and a grid spacing of 20 px. It was not only used to visualize local engineering strain
but also to reliable calculate the global engineering strain instead of using machine stroke. The IR system is able to capture
the local time resolved temperature evolution on the specimen surface with a resolution of 25 mK and a measurement
accuracy of +/−1 K. The combination of the 1280× 1024 px, sensor and the 50 mm lens with a close-up, supports a pixel
size of 60 μm. The experiment configuration and the evaluation was done using the software IRBIS®.

2.3 Automatic tool for full-field thermomechanical analysis

To automatically compare and further study the data received from DIC and IRT analysis, a Python™ tool was developed.
It allows to directly compare DIC and IRT images, showing the same state of deformation, along with the corresponding
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F I G U R E 2 Zoomed in view of the CCD camera of the speckle pattern, auxetic structure (top), foam (bottom) with equal scale bar.

F I G U R E 3 Experimental setup of the compression tests.
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strain rates and temperature rates, which are calculated by a subroutine within the tool. Furthermore, it allows to draw
an arbitrary number of vertical lines into DIC and IRT images as well as the corresponding rate images, and create line
plots depicting the respective quantities along these lines.

As input, the tool expects the results of the DIC analysis for each step of deformation, that is, taken image, where only
the horizontal and vertical positions within the foam with corresponding local strains are needed, and the IRT matrices
for each step of deformation. Since the CCD camera and IR camera were simultaneously triggered and used the same
frame rate of 20 frames per second, DIC and IRT images at the same position within the sequence of images show the
same state of deformation.

The main user input consists of the desired number of images, which will be uniformly spaced to cover the whole
range of global deformation and the desired number of lines per image, which will be uniformly spaced to cover the whole
width of the respective image. The Python™ tool is divided into four major parts, preprocessing, DIC part, IRT part, and
postprocessing.

As a part of the preprocessing, first the relevant data from ISTRA4D® output files is extracted. The relevant data consists
of the x and y coordinates of the points used for DIC analysis, together with corresponding local strains at these points.
For each image the height of the foam is determined as the difference of maximum and minimum coordinate values of
the vertical axis. By comparing the height of the foam in each image with the unloaded state, the global strain for each
image is calculated. Depending on user input, a number of image indices is selected to provide an equidistant spacing of
global strains for the whole loading process. It should be noted that only meaningful results from DIC analysis are used.
When DIC matching fails, it fails completely, including all following steps. Those steps are discarded before feeding the
data to the tool.

The main task of the DIC part is to interpolate the local strain values onto a regular grid. This is necessary because the
points provided by ISTRA4D® are not regularly spaced. On the one hand this impedes the plotting process, since many
matplotlib® functions expect the data points to be evenly spaced and on the other hand, and more importantly, it makes
the creation of line plots virtually impossible. For the interpolation process, nearest-neighbor interpolation is used. In
addition, the DIC images are mirrored along the center vertical axis to account for the fact, that the CCD camera and IRT
camera were facing each other during the experiments (see Figure 3).

The primary function of the IRT part is to cut the IRT images produced by IRBIS®, so that only the specimen becomes
visible, because the IRT images, by default, show both the specimen and the upper piston of the universal testing machine.
Here the main challenge lies in automatically detecting the border between specimen and piston in every image. The
automatic border detection was facilitated by a combination of Gaussian filters and the Canny edge detection algorithm.
Additionally, to provide more insight into the deformation process, a plot, depicting the increase in maximum temperature
over global strain, is created.

Once the DIC and IRT images are available in appropriate form, in both parts the following steps are executed. The
strain rates and temperature rates are calculated as the slope of the secant between the respective chosen image and a prior
reference image. By taking into account the known and constant frame rate of the cameras, the difference in image index
can be directly translated into a time difference between images. Here, an image index distance of 10 was chosen, that is,
a time difference of 0.5 s. Data for the line plots is produced by extracting the respective quantities (strains, temperatures,
and corresponding rates) along certain coordinates from the matrices. These coordinates are automatically determined
in accordance with user input. Extracting this data enables the tool to produce line plots of the respective quantity versus
relative vertical position.

In the final part, all intermediate data produced so far is combined, transformed where needed, and put into context,
in a way that facilitates straightforward interpretation. An overview of the structure and functionalities of the automatic
correlation tool is shown in Figure 4.

3 RESULTS AND DISCUSSION

3.1 Stress–strain response of the different specimen types

The engineering stress–strain diagrams of the two different hybrid foams and the modified hybrid auxetic structure are
shown in Figure 5. They outline the global strain, which is defined for the entire specimen length, while later local strain
results from the DIC for specific positions in the specimens. The 20 ppi foams provide higher plastic collapse stress (PCS)
values than the 10 ppi foams. Both foams outline a distinct hardening during compression which can be traced back to
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F I G U R E 4 Structure and functionalities of the automatic correlation tool for thermomechanical analysis of deformation. A detailed,
larger view of the individual output pictures is given later in the Section 3.
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GREDNEV et al. 9 of 20

F I G U R E 5 Stress–strain diagrams of (A) 10 ppi and 20 ppi foams, (B) of modified auxetic structures including a representative image
of the specimens under UV light

F I G U R E 6 Exemplary 10 ppi hybrid foam: local strain fields (first row) and local temperature fields (second row) for different global
strain states including the line plots for local strain (third row) and local temperature (fourth row) for three positions (see white lines) in the
foam.
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10 of 20 GREDNEV et al.

F I G U R E 7 Exemplary 10 ppi hybrid foam: local strain rate fields (first row) and local temperature rate fields (second row) for different
global strain states including the line plots for local strain rates (third row) and local temperature rates (fourth row) for three positions (see
white lines) in the foam. For better comparison, the line plots of the normalized local strain rate (fifth row) and local temperature rate (sixth
row) are also shown.

slight inhomogeneities in the coating thickness distribution with lower coating thicknesses in the center of the foams. Pore
layers with lower coating thickness collapse first successively followed by pore layers with increasing coating thickness.
Hence, there is not a constant plateau stress, but an increasing plateau region. The auxetic structures have a much higher
PCS than the foams. While the foams have a PCS of about 0.5 to 0.75 MPa, the auxetics provide 5 to 12 MPa. However,
there is a large scattering for the auxetics. This is a result of the high brittleness of the auxetic structures also resulting in
very low fracture strains of less than 0.10.

 15222608, 2022, 3-4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gam

m
.202200014 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [18/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



GREDNEV et al. 11 of 20

F I G U R E 8 Exemplary 20 ppi hybrid foam: local strain fields (first row) and local temperature fields (second row) for different global
strain states including the line plots for local strain (third row) and local temperature (fourth row) for three positions (see white lines) in the
foam.

3.2 Fully-coupled thermomechanical analysis of foams

Usually, correlative DIC and IRT means there is a direct correlation of the primary output variables of both methods,
strain and temperature. Hence, the local strain fields and temperature fields of a representative 10 ppi foam specimen are
shown in Figure 6 including line plots on three positions of the foam outlining the local strain and local temperature for
these three positions. The line plots represent the local variables for three vertical lines in the foam parallel to loading
direction (see white lines in Figure 6). The scales of both local fields are shown in similar color for a better comparison
of the strain fields and temperature fields. Since increasing compression strain results in more negative strain values but
also in more positive temperature values, the scales are inverted.

The images of the fields show only some similarities. The entire deformation zone is of equal size, however, highest
temperatures are not at same position as highest strains. From the line plots, local strains as well as local temperatures
reflect the width of the deformation band in the specific field variable. The strain bands are broader than the temperature
bands.

Since DIC uses the undeformed state as reference image for all further deformation states, it outlines the entire
deformation history, while IRT shows the current deformation zones especially for non-dynamic deformations, where the
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12 of 20 GREDNEV et al.

F I G U R E 9 Exemplary 20 ppi hybrid foam: local strain rate fields (first row) and local temperature rate fields (second row) for different
global strain states including the line plots for local strain rates (third row) and local temperature rates (fourth row) for three positions (see
white lines) in the foam. For better comparison, the line plots of the normalized local strain rate (fifth row) and local temperature rate (sixth
row) are also shown.

specimen is able to partially cool down during further deformation. Therefore, Figure 7 compares not the local strains
and local temperatures but the local rates of both primary variables. The local strain rates present the change in strain at a
specific position in the foam during deformation while the local temperature rate is defined as the change in temperature
at a specific position. Hence, both rates show only the changes in the field variables from one deformation state to another
state which results in the response of the specific field variable caused only by this part of the entire deformation history.
The strain rate images consist of much sharper deformation bands than the temperature rate images resulting from heat
loss during deformation due to heat conduction and heat convection in the specimens to the air and to the loading plates of
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GREDNEV et al. 13 of 20

the testing machine. But areas of high strain rates are areas of high temperature rates too and provide a better correlation
than the strain fields and temperature fields with each other.

Since two different, independent physical quantities are compared, the best method is to normalize the rates, which
is done by the maximal occurring values to a maximal normalized value of 1 (compare Figure 7 fifth and sixth row).
Although the strain rate is more sensitive to small deformations, the line plots of the rates also show a much better
correlation than the line plots of the primary variables (see Figure 6 third and fourth row). In most cases, high local strain
rates correspond to high local temperature rates.

The same comparisons of local strain and local temperature (see Figure 8) as well as local strain rate and local tem-
perature rate (see Figure 9) were done for the 20 ppi hybrid foams. The temperature fields show much more heat for the
20 ppi foams than for the 10 ppi foams, thereby making a local comparison of strain field and temperature field more dif-
ficult because there are less pronounced local differences (Figure 8 first and second row). The line plots are more equal
than for the 10 ppi foams. Similar to the 10 ppi foams, there is a much better correlation between the local strain rate
fields and the local temperature rate fields (Figure 9). Since DIC is only able to visualize surface deformations, IRT and
hence the temperature fields outline the temperature not only at the outer surface of the foams but also at least partially
from inside the foam structure, there cannot be a perfect match of the line plots and local fields. IRT provides partially
volumetric deformation data, while DIC offers only surface deformation data which also might change in case of dif-
ferent observation sides such as in the setup, where DIC and IRT observe the specimens from opposite sides. However,
beside some minor differences the line plots of the rates correlate quite well in shape and width. This is a proof for similar
amount of deformation and similar width of the deformation bands measured by DIC and IRT.

To get a deeper understanding of the local deformation mechanism and why there is a better correlation of DIC and
IRT for the 20 ppi foams than for the 10 ppi foams, a comparison of the stress–strain diagrams and the maximal increase
in temperature as function of global strain is performed in Figure 10 for the 10 ppi and 20 ppi foams.

F I G U R E 10 Stress–strain diagrams and increase in temperature-strain diagrams for an exemplary (A) 10 ppi and (B) 20 ppi hybrid foam
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14 of 20 GREDNEV et al.

With a few small local exceptions, the increase in maximal temperature as function of global strain has the same
shape as the stress–strain diagram for both porosities of the hybrid foams. The 20 ppi foams do not only offer higher
stresses than the 10 ppi foams but also an approximately two times higher increase in the maximal temperature during
the deformation. Both phenomena are not only caused by the smaller pore size but mostly by the larger density and the
higher ratio of nickel on the hybrid foams (see Table 1). The larger heat production during deformation is the key for the
better correlation of DIC and IRT for the 20 ppi foams compared to the 10 ppi foams and provides a better sensitivity of
the method.

3.3 Fully-coupled thermomechanical analysis of auxetics

Previous studies already showed that it is beneficial for bulk materials as well as for foams to perform a fully-coupled
thermomechanical analysis to get deeper insight in the deformation mechanism [42]. However, up to now, there was no
study on the application of correlative DIC and IRT to periodic structures such as auxetics. In order to study if it is possible
to gain further information on the deformation mechanism, the previously performed analysis of the hybrid foams was
extended to the modified auxetic hybrid structures. Figure 11 shows the local strain fields and temperature fields as well as

F I G U R E 11 Exemplary modified hybrid auxetic structure: local strain fields (first row) and local temperature fields (second row) for
different global strain states including the line plots for local strain (third row) and local temperature (fourth row) for three positions (see
white lines) in the auxetic structure.
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GREDNEV et al. 15 of 20

F I G U R E 12 Exemplary modified hybrid auxetic structure: local strain rate fields (first row) and local temperature rate fields (second
row) for different global strain states including the line plots for local strain rates (third row) and local temperature rates (fourth row) for
three positions (see white lines) in the auxetic structure. For better comparison, the line plots of the normalized local strain rate (fifth row)
and local temperature rate (sixth row) are also shown.

the corresponding line plots. The stress–strain diagrams in Figure 5 already outlined a very brittle deformation behavior
for the auxetic structures resulting in a very small strain of fracture of about 10% or less. This sudden brittle failure causes
problems in the DIC analysis, since there are too few images recorded to trace these large deformations between two
images. That is why DIC failed in providing useful information for the local strain fields and the line plots. Especially for a
global deformation of 𝜀=−0.099 a physical interpretation of the local strain field is not possible. In contrast, IRT provides
useful information on the local deformation mechanism since it directly measures the temperature and there is no need
for a cross correlation or something else between the previous images. The largest deformations are in the node points at
the interconnection of three struts. The upper unit cell layer starts to shear off just before the sudden brittle failure.
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16 of 20 GREDNEV et al.

F I G U R E 13 Increase of maximal temperature in auxetic structure during loading (top) and corresponding local temperature images
(down).

The correlation of the local strain rates and local temperature rates (see Figure 12) provides similar findings as for the
correlation between the primary local field variables of DIC and IRT (see Figure 11). However, the local temperature rate
fields again improve the visualization of the current locations of largest deformation. The line plots of the normalized
temperature rates clearly show the location of the largest deformation by the largest values. In contrast to the stochastic
distribution of the peaks in the line plots of the foams, the periodic structure of the auxetics is also reflected in the height
and width of the peaks in their line plots of the local temperature rates.

Due to the small fracture strain, a reliable comparison of the stress–strain diagram and the increase in temperature
as for the hybrid foams is not possible for the auxetics. However, Figure 13 provides a further proof of principle that IRT
offers useful information for the analysis of the mesomechanical deformation behavior of the auxetics. Although, the
experiments were performed not under high dynamic but only under intermediate strain rates, the maximal observable
temperature increases with increasing global strain, visualizing local deformations without significant errors by too large
heat conduction or convection, which would for example, lead to broad diffuse peak width in the line plots (see Figure 12
sixth row). The density of the auxetic structures is larger than for the 20 ppi foams, nevertheless the maximal increase in
temperature is with about 6◦C a little bit lower. This might be an effect of the much larger pores in the auxetics compared
to the foams. But the heat evolution is sufficient for a conclusive correlation despite of the occurring heat loss during the
tests.

4 CONCLUSIONS

The present contribution focused on the applicability of full-field thermomechanical analysis correlating the data of DIC
and IRT measurements to study the local mesomechanical deformation behavior in different types of cellular materials
such as stochastic Ni/PU hybrid foams of different porosity and periodic Ni/polymer hybrid auxetics. While the hybrid
foams were more ductile, the hybrid auxetics displayed a sudden catastrophic failure due to a brittle material behavior.
From a material point of view, future work will deal with the study of heat treatment methods to improve the ductility
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GREDNEV et al. 17 of 20

of the hybrid auxetics combined with a removal of the polymer template. Otherwise, an application as potential energy
absorber would not be possible.

Concerning the methodical aspects, the fully-coupled thermomechanical analysis of the foams showed the huge
potential of a correlated DIC and IRT analysis combining the advantages of both methods. This contribution proved for
the first time that correlating rates of the primary variables of both methods, the local strain rates and local temperature
rates, is much better than a direct correlation of strain and temperature. However, a meaningful analysis is only possible
if there is a sufficient evolution of heat during successive deformation without a loss for example, due to heat convec-
tion and heat conduction. Hence, materials with higher densities and experiments under sufficiently high strain rates are
necessary.

The sudden, brittle failure of the auxetic structures outlines the advantages and disadvantages of both methods. IRT is
better for the observation of the deformation and damage behavior under fast and sudden failure such as brittle fracture.
The deformation in subsequent images used for DIC must be comparably small to allow for a calculation of displacements
and strains by cross correlation between two images. Thus, the frame rate is of high importance for a proper DIC analysis.
In contrast, IRT directly measures the temperature for each individual image/deformation state without the need of the
information from earlier states. Therefore, the right frame rate is less important for an analysis by IRT than for DIC.

The correlation of DIC and IRT in a fully-coupled thermomechanical analysis using not only the primary variables
strain and temperature but also their corresponding rates in form of local field images and line plots allows for a deep
insight in the mesomechanical deformation of stochastic as well as periodic cellular materials. Although DIC only pro-
vides surface information, it is able to capture the entire local deformation history of a material such as the evolution of
strain bands. The line plots can be used to determine the location and the width of deformation bands. The use of the
local strain rate fields and the corresponding line plots allows for the analysis of the current deformation zones in the
material, similar to the information provided by the direct temperature measurement of IRT. Nevertheless, IRT provides
at least partial information of the deformation behavior in the specimen volume and not only on the surface, especially
for cellular materials. But a meaningful IRT analysis needs sufficient heat production during the deformation. The local
temperature rate fields are very reliable to visualize locations of current deformation also in the volume. Nevertheless,
heat loss due to convection and conduction can be a big problem in IRT analysis leading to diffuse broad deformation
zones, while DIC provides narrow deformation zones. Hence, both methods have their advantages and disadvantages,
but a correlative use of DIC and IRT is beneficial for studying local deformation mechanism in cellular materials as well
as bulk materials.
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