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1. Introduction

Cellular metals are considered to be one of the world’s most versatile lightweight multifunctional
materials for a wide range of commercial, industrial, and military applications [1-4]. Cellular metals
are non-flammable and recyclable, extremely tough, and can plastically deform and absorb energy.
They can survive high temperatures in comparison to cellular polymers (e.g., polyurethane foams),
which are widely used as crash/impact energy absorbers for vehicles due to their high strength-to-weight
and stiffness-to-weight ratios and high energy absorption capacity [4].

Over recent decades, many products and solutions based on cellular metals [5-18] have been
developed combined with other light materials like advanced high strength steels, light metals [19,20],
polymers [21-27] and carbon nanostructures (e.g., carbon fibers) [28]. For example, cellular solids are
used and/or tested as filler [29-32] and cores [33,34] of thin-walled structures and sandwich panels for
buildings, industrial machines, cars, trains, and aircrafts. Their use contributes to an immediate weight
reduction and material savings of the components, but also to perform multiple functions due to their 3D
porous cellular structures (open-or-closed-cells) [35]. The open- and closed-cell structures are used as
functional materials (e.g., electrodes, heat exchangers, and biomedical implants) and structural materials
(e.g., impact/crash energy absorbers in vehicles, antivibration dampers), respectively [1,2]. The field of
cellular materials has significantly increased over the last decades, which is reflected in the growth of
published literature (Figure 1). Several cellular metals have been emerging due to two main reasons.
The first reason is the need to create cellular structures with high structural efficiency and capacity to
absorb both impact and damping noise and vibration. The second reason is the need to create periodic
cellular structures with an easily reproducible unit cell to achieve predefined performances, establishing
the process—structure-property relationships. Recent developments include composite and nanocomposite
metal foams [28], lattices [36,37], 3D printed structures [38], syntactic foams [26,29,39], hollow sphere
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structures [27], auxetic materials [40—42], and hybrid structures [22-25,43] (e.g., filled hollow structures
and sandwich panels). The latter often leads to the introduction of new technologies (e.g., 3D additive

manufacturing) and products.
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Figure 1. Number of published documents per year in the field of cellular materials (Source: Scopus).

Given the importance and diversity of these cellular materials, it is essential that the researchers

use the same measurement science tools

and techniques to assess their performance for comparing

the different cellular materials. Most of the experimental tests are based on standards. Nevertheless,
there is the need to improve and upgrade current testing techniques and methods in some cases.

2. Geometrical and Structural Characterization

Cellular metals are complex materials, formed by two or more phases (Figure 2). For example,
two phases are observed in the open- and closed-cell metal foams, a discontinuous or continuous

gaseous phase (cells or pores) and a continuous solid phase (base material or matrix). The base material

can also have micro and nano reinforcement elements (e.g., alumina and carbon nanotubes) [28].
Other cellular materials like some syntactic foams can be formed by two solid phases (material from the
porous particles/hollow spheres and interstitial material) and a discontinuous or continuous gaseous

phase (e.g., pores from filler particle) [39]

(a)

Figure 2. Closed-cell foam (cross section:

(b)

20 mm x 20 mm) (a) and syntactic foam (diameter: 30 mm) (b).



Metals 2020, 10, 726 30f19

Several material characterization techniques are normally used to characterize them. Microstructure,
morphology formed phases/precipitates within matrix are usually analyzed by optical microscopy, scanning
electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive x-ray spectroscopy (EDS), and atomic
force microscopy (AFM). Formed phases, precipitates, fibers, and particles can also be investigated to some
extent with nanotomography [44].

AFM is used to achieve a correlation between the surface roughness with the precipitated phase density
in metallic matrix. Nano and micro indentation testers are used to determine the parameters like the stiffness
and Vickers hardness of the matrix. XRD is used to identify and determine the various crystalline forms.

The morphometric parameters of the cellular metals such as a mean cell size and cell size distribution,
fraction of solid, connectivity between cells, cell orientation, and porosity can be measured by a
non-destructive technique, X-ray microcomputed tomography (uCT). This technique has revealed a
power tool to characterize the cellular structure of these materials [45—47], but also to study their deformation
behavior [48-50] and to develop numerical models to predict the mechanical, thermal and acoustic behavior.
There are many different pCT scanners on the market, each having different capabilities, namely the
resolution, maximum energy level, different filter options, stage set up and internal chamber area.

The equipment is composed of an X-ray source, a motor controlling rotating stage (where the specimen
is mounted) and a detector (Figure 3a). The specimen is mounted between the X-ray source and the detector
panel and projections are taken after each degree of rotation. Flat panel is an example of a commercial
detector which is composed by an array of discrete sensors arranged as a matrix. The response of each
sensor is proportional to the radiation energy that reaches its surface and is captured. The capture of data
from each discrete part produces a 2D projection/scanned image (Figure 3a) that is converted into a digital
image and, thus, is immediately visualized on a computer.

Reconstruction

[

2D slices

X-ray detector
(2D scanned/projection images)

Rotating stage

2D Slices Real photo

(b)

Figure 3. Scheme of the X-ray microcomputed tomography (1CT) equipment and an open-cell aluminum
foam (height: 20.4 mm; diameter: 18.9 mm) (a) and showing and showing raw scans/projections,
segmented images, reconstructed structure, and real photo (b).
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The pCT principles are based on an X-ray source, which produces the X-ray emission that passes
across the specimen and is projected on a digital detector, measuring the attenuation of the X-rays
and producing a radiograph (known as scanned or projection image, Figure 3). The quality of the
images mainly depends on the partial absorption and differential absorption that occurs during the
scanning step. The partial absorption is associated to the absorption of some X-rays by the specimen
and the transmission of others to the detector. The differential absorption refers to the absorption
characteristics of the different materials to be scanned. For example, in the case that there is no
differential absorption, the specimen result comes out as a uniform gray level (no contrast). Usually,
it is difficult to distinguish the different materials within the specimen. Both (partial and differential)
absorptions are influenced by several aspects, such as the size of the specimen and the chemical
composition of the materials that are made which the X-rays have to pass. The projection images are
taken incrementally over a total rotation (180° or 360°). The projection images (Figure 3a) are then
processed using a computer software, producing a series of reconstructed images (2D slices) that allow
to observe the internal structure of the object. Basically, the pCT data analysis is divided in four main
steps, which are scanning, segmentation, reconstruction and visualization, as shown in Figure 3b.
To optimize the image quality during these steps, it is necessary to adjust several parameters like
magnification, incident X-ray intensity, filter type (e.g., no filter, copper, and aluminum), rotation step
and acquisition time, and threshold.

There are many commercial software tools (e.g., NRecon v.1.7.3.1, Bruker, Kontich, Belgium;
Octopus 8.6, Inside Matters BVBA, Aalst, Belgium and Phoenix datos, GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany) that include the filtering (artefacts) and smoothing of the
uCT data to enhance the quality of the images. Threshold segmentation converts a grey value image
into a binary one. The resulting image then comprises two sets: one represents the background
(e.g., black), the other one the object (e.g., white). This image binarization/segmentation procedure is
an essential step in which the different phases/constituents using thresholding algorithms to measure
the grayscale values in the uCT images are distinguished.

The reconstructed uCT images can be used for volume rendering of tomographic data, creating
3D models (Figure 4) using numerous available software tools, e.g., CTAn, CTvox, CTVol, VGStudio,
and Avizo. The data visualization includes the mapping and the rendering of the results.

Figure 4. Volume rendering showing the cellular structure and the dense metal skin covered a closed-cell
foam (width: 20 mm) with color by local structure separation, a measure of pore size.
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The uCT can also be used to study the deformation and failure mode of these materials using
ex-situ and in-situ tests. Ex-situ tests use specimens previously subjected to a mechanical test in a
universal testing machine. In-situ imaging is performed inside pCT scanner using a material testing
stage that allows the study of the deformation and failure behavior. The specimen is placed into the
material testing stage (MTS) chamber and an accurate force, measured by a load cell, is applied to the
specimen. The resulting deformation is measured by a precision displacement sensor. During scanning,
the loading curve is displayed on the screen in real time.

Figure 5 shows a force-displacement curve of a closed-cell foam compressed with MTS up to
1540 N and 11 mm displacement, showing the collapse of pores of cellular structure.

2000

1500
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0 5 10 15
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Figure 5. Force-displacement curve, showing the three orthogonal reconstructed slices (from Bruker’s
Data Viewer software [51]) of a closed-cell foam (cross section: 15 mm X 15 mm).

The pCT is also used together with finite element modelling [52,53] to develop the numerical
models to describe and predict different process parameters and the mechanical, acoustic, and thermal
behavior of the cellular materials, studying the different geometrical parameters. Finite element
method (FEM) models can help to select the best microstructure for a given property (then for a
given application) without the traditional, complex, time consuming, and labor-intensive experimental
tests. The uCT scanned images are reconstructed using algorithms (e.g., filtering and smoothing)
and software like NRecon (Bruker, Belgium). The pCT scanned images are used to create FEM meshes
(Figure 6).

Figure 6. Finite element method (FEM) meshes of aluminum closed-cell foam (cross section: 10 mm x 10 mm).
Courtesy of Diogo Heitor, Universidade de Aveiro, Portugal.
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After segmentation, geometry cleanup, and refinement the model can be discretized and analyzed
in a software (e.g., Abaqus, ANSYS). The geometrical properties of the mesh elements are based on the
actual structure of the solid phase measured in the uCT image [54,55].

3. Mechanical Characterization

Mechanical characterization provides an insight into the mechanical response of cellular metals
when subjected to various loading conditions. For this purpose, mechanical tests are being used.
They allow to determine the deformation mechanics and mechanical properties of various types of
cellular materials and structures. The tests can vary with respect to loading conditions (e.g., type,
direction, and velocity), tested materials and expected results. Most commonly, mechanical tests are
carried out by experimental or numerical (computational) methods, as the complexity of the cellular
structure usually exceeds the efficiency and applicability of the analytical approach.

3.1. Experimental Methods

The most frequently applied experimental method for cellular metals is the uniaxial compressive
test [56-59] because: (i) cellular metals are in applications often subjected to compressive loading
and (ii) this type of test is straightforward, cost-effective and has minimum time requirements (short
preparation time). From the compressive tests, the force-displacement (engineering/true stress-strain)
diagrams can be obtained via load cells (or additional sensors) and the deformation behavior by visual
capturing. Regardless of the type of the cellular metal, porosity or relative density (influences the
elastic modulus, plastic strength, and energy absorption [60], base material, topology, and morphology
(e.g., cell size effect [61], graded porosity [62]), a characteristic compressive behavior can be observed
(Figure 7), which can be distributed in four main sections. Quasi-linear response (i) represents the
initial stiffness of the cellular metal and is followed by transition zone (ii), where the cellular structure
constituents (cell walls and struts) start to compress, bend, or stretch, resulting in local yielding.
After additional loading, the stress—strain curve flattens into the stress plateau (iii). The stress is kept
almost constant due to bending, buckling, stretching, and crushing of the cellular structure up to
densification (iv), where the stiffness increases and approaches the base material properties at full
compaction. The most important mechanical properties are initial stiffness, stress plateau o, (in
cellular metal literature also sometimes referred to as yield stress, yield strength), densification strain
&4, and energy absorption capacity (grey area under the stress—strain curve).

(i) (i) (iii) (iv)

£ .
d Strain

Figure 7. Characteristic compressive behavior of cellular materials.

The other types of mechanical tests involve bending [43,63], tensile [59,64], shear [59] and torsion
load. The described loading types can be also combined into multiaxial loading conditions (to define
e.g., multiaxial loading/stress states [59], yield surfaces [65]). For these tests, longer preparation time
for specimen preparation and setting up the experimental device is usually needed.

The cellular specimens can be during the tests subjected to quasi-static or dynamic (monotonic or
cyclic [66-68]) loading. According to [69], the quasi-static loading is considered for strain rates up to
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approx. 5 s~1. During compressive loading, three different deformation modes (in respect to critical
velocities) can occur [70]: homogeneous, transitional, or shock mode. For the homogeneous mode at
low loading velocities, it is common that the material starts to deform at its weakest point (negligible
effect of inertia), while at the shock mode the main deformation takes place at the loading surface,
regardless to the position of the weakest point in the material (substantial effect of inertia and strain
rate sensitivity). In addition to dynamic servo-hydraulic testing machines other testing methods are
also being used to achieve higher strain rates, e.g., drop towers, Taylor tests, Split-Hopkinson Pressure
Bar (SPHB) tests [71].

The deformation mechanics and collapse mechanisms can be monitored by recording the visual
data. For this purpose, cameras with a sufficient frame rate must be used, especially for the high-velocity
testing. The deformation behavior can additionally be monitored and analyzed by e.g., digital image
correlation (DIC) techniques (e.g., ARAMIS and GOM Correlate [72]), ex- and in-situ uCT (see Section 2),
infrared thermography (see Section 4).

3.2. Numerical Methods

In the last two decades, numerical methods became a useful tool to supplement the mechanical
characterization of various types of cellular metals. They can be used before experimental testing to
reduce the number of specimens and experimental tests by predicting the mechanical response or after
to validate computer models and reduce the number of further experimental tests. In some cases,
computer simulations provide additional insight into the deformation behavior of cellular metals since
they also provide data for material points inside the specimens. In solid mechanics, the finite element
method (FEM) is the most used tool for analyzing the mechanical behavior of materials and structures
subjected to different types of loading conditions [73]. Advanced quasi-static and dynamic numerical
models of cellular structures allow to simultaneously account for material (e.g., strain rate dependent
elasto-plasticity with damage and failure), geometrical (e.g., large deformation) and structural
(e.g., contact and changing boundary conditions) nonlinearities. There are several ways how to
model and discretize a cellular metal. The structure can be discretized in a detail (using beam [74],
shell [75], or solid [76] finite elements, usually resulting in longer computational times) or as a
homogenized material (most commonly as solid finite elements, resulting in shorter computational
times). The geometry of the detailed computer models is either -based on computer aided design (for
regular and simple cellular geometries) or pCT-based (for irregular and complex cellular structures [55]),
as described in Section 2. In the case of homogenized models, the volume of the complex foam structure
is simply fully discretized with solid finite elements (structured mesh) with proper constitutive relation,
e.g., crushable foam [77]. If a regularity or periodicity can be found in the cellular structure, a part of
the structure can be represented with a unit cell (representative volume element—RVE [78]) and proper
boundary conditions, which drastically decreases the computational time. In addition to the finite
element method, also some other numerical methods can be used to study the mechanical properties
with highly effective accuracy and time consumption ratio, e.g., discrete element method (DEM) [79].
Numerical methods are also a very efficient tool for performing parametric studies (varying topology
and morphology of the cellular structure). Furthermore, specific effects in the mechanical behavior
can be easily isolated and studied. Their influence can be analyzed by changing one single or several
material or geometric parameters. Additional possibilities and applicability of numerical methods
represent topological optimization and current trends and development of additive manufacturing
and other production techniques allowing fabrication of pre-designed cellular metals targeted for
specific applications in various industries [80-84]. Although it is usually easier to predict the behavior
of pre-designed structures (performing numerical simulations before the fabrication), special care
should be taken to account for the additive manufacturing effects, e.g., surface roughness [85,86]
(crucial also for studying the osseointegration [87]) and balling [88-90].
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4. Infrared Thermography

Infrared (IR) thermography is a non-destructive testing method and already part of engineering
norms and standard procedures [91-93] applicable in evaluation of dynamic deformation process
of cellular materials. As cellular materials are often used as energy absorption structural elements,
such components are mostly loaded in compression, where a compression yield plateau is characterizing
the force-displacement, i.e., energy absorption response. It is common to use compression
tests and evaluation at loading rates starting from quasi-static to dynamic and impact velocities.
To understand the deformation scenario and what locally happens with cellular specimen, the strain at
the specimen’s surface is relevant. The passive IR thermography [91,94] is similar to the digital image
correlation (DIC), both applicable to such testing as these methods are providing strain distribution
during loading process. In references [95-99], it is shown how thermal image is comparable to
effective strain obtained by DIC. In [95], we have shown for the first time the similarity of strain
pattern and thermal image on a simple tension example, while in [96], more profound evaluation
including tension and three-point bending is provided. Both methods provide strain pattern (field)
on specimen surface and deformation of energy absorbing material, energy is mostly converted to
the heat, thermal image reveals, where the energy is locally transformed, where yielding occurs,
where plastic strain is created and how plastification zones spread through the specimen [96,97].
The thermographic approach, where DIC is combined with IR thermography has been adopted also by
other authors [98,99]. IR thermography is not applicable at quasi-static to low-rate dynamic loading
velocities as the heat dissipates trough material, what makes the DIC a more appropriate method.
For higher loading rates DIC is requiring faster CCD cameras, where the available hardware limits the
ability to obtain clear images relevant for surface pattern recognition, as reported in [96-99]. Contrary
to DIC, higher heat generation with less dissipation enables better IR images with lower integration
time. Importantly, IR hardware has specific acquisition rate characteristics. Most appropriate are
middle-wave IR focal point array detectors (e.g., InSb detector) cooled to cryogenic temperatures [92].
Such detector enables approximately 150 fps of clear images for full resolution (when data from all
detector’s pixels are acquired) up to 1000 fps for reduced size image resolution (when reduced number
of data from detector are used, so called window). Focal Point Array detectors of cooled middle wave
(MW) IR cameras are capable to acquire data for high frame rate. To transfer all data from detector
to computer, windowing (reducing active pixels) enables higher frame rates, with a drawback of
recording just a portion of full frame image. For the FLIR SC 5000 MW camera (FLIR Systems Inc.,
Portland, OR, USA) with InSb, Focal Point Array detector was used in this research, with full size
of 320 x 265 pixels, while minimum window size enabling faster frame rates with 160 x 128 pixels
and 64 x 120 pixels. Although, there are MW cameras capable of acquiring 35,112 fps for a strip for
reduced window size (64 X 4 pixels), it has been proven that the above mentioned camera provides
for reliable observation of cellular metals dynamic deformation behavior. The method based on IR
thermography is not limited to any particular type of cellular material. Various types of cellular metals
can be evaluated, e.g., open- and closed-cell foams, advanced pore morphology (APM) foam elements,
syntactic foams, pre-designed cellular structures [25,100]. Typical conclusions that can be drawn are,
e.g., where yielding is initialized, how plastification fronts propagate, where densification occurs.
This was shown in the previous research [25,100] related to thermography in experimental testing of
porous materials.

It is a full field method and the temperature image can be processed as a thermal gradient
image [97], giving information about direction of thermal change. Thus, from a single thermal image
it can be concluded what is happening with a specimen (Figure 8). The example in Figure 8 shows
the case of dynamical compression of a syntactic aluminum specimen (diameter: 26.9 mm; height:
43.2 mm). Infrared images are showing the specimen’s surface, where generated heat is representing
energy dissipated during compression process and, thus, the source of plastic deformation and collapse.
IR camera acquisition rate was 489 Hz. IR images present specimen’s deformation at a strain increment
of approximately 10%.
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Figure 8. Photo and Infrared (IR) image of aluminum syntactic specimen compressed at the rate of 284 mm/s.
5. Thermal Characterization

Thermal characterization methods of cellular metals predominantly address their thermal
conductivity and heat capacity. The heat capacity is readily determined based on foam density
and the heat capacity of the metallic matrix. Hence, this overview concentrates on commonly used
measurement techniques for the effective thermal conductivity of cellular metals. All methods are
summarized in Table 1. Techniques can be differentiated into transient and steady-state methods.
In general, transient methods are faster, permit simpler setups, and can operate within a narrow
temperature band. Steady-state methods are highly accurate and permit directional measurements
(thermal anisotropy) yet often require complex equipment and significant temperature gradients.
A challenge that affects all experimental techniques is thermal contact resistance. Cellular metals
are particularly susceptible to thermal contact resistance due to their porous surfaces and resulting
small contact areas. Failure to minimize and/or consider thermal contact resistance will result in an
underestimation of the effective thermal conductivity. Mitigation strategies include the application of
compressive force, thermal paste, and soft metallic foils at the interphases of samples, sensors, heaters,
and cooling elements.

5.1. Transient Methods

The well-established hot wire method [101,102] is not commonly used for cellular metals.
In order to measure the effective thermal conductivity of cellular metals, a representative volume
element (RVE) must be considered. The relatively small sample volume that is affected by hot wire
measurements often does not meet this requirement. Instead, transient hot strip (THS), transient hot
disc (THD), or transient hot plane (THP) methods with larger planar sensors are utilized [103-109].
In all cases, a wire is attached to a carrier material and acts simultaneously as the sensor (measuring
the variation of electrical resistance) and the heat source. The planar sensor must be positioned
between two samples and the measured thermal diffusivity is an average value of both samples.
The evaluation of these methods is relatively complex and requires the solution of Fourier’s differential
equation [110]. The intermediate result is the effective thermal diffusivity, which can be converted into
an effective thermal conductivity using the foam’s density and specific heat capacity. Benefits of these
transient methods are a minor temperature increase of only 1-5 K and the ability to measure thermal
conductivities between 0.01-200 W/mK [111]. The maximum measurement temperature is limited by
the carrier material and is currently about 800 °C [111].
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Table 1. Commonly used methods for the determination of the effective thermal conductivity of cellular metals.

Relevant
Method Type Standards Measurement Data Result Cost Meas. Volume  Accuracy

Hot wire Transient ASTM D5930-17 Electrical resistance Then.m.ﬂ Low Small Good
diffusivity

Transient plane source Transient ISO 22007-2 Electrical resistance Thermal Low Medium Good
(THS, THD, THP) diffusivity

Laser flash Transient ASTM E1461-13 Temperature Thermgl Medium-High Small Good
diffusivity

DIN 52612-1 .
Guarded hot plate Steady-state DIN EN 12664 Temperature, flectrlcal igerrgalit Medium Large Veré/
ASTM C177-19 powe conductivity 800
Thermal . Very
Heat-flow-meter Steady-state ASTM C 518 Temperature . Medium Large

conductivity good

. DIN EN 1094-7 Thermal . Very

Panel test technique Steady-state ASTM C 201 Temperature, mass flow rate conductivity High Large good

Cut bar method Steady-state =~ ASTM E1225-13 Temperature Therrr?al' Medium Large Very

conductivity good

Finite element method Numerical N/A N/A Thern?al. Low-Medium Large Fair

conductivity
Lattice Monte Carlo Numerical N/A N/A Thermal Low-Medium Large Fair

conductivity
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Another commonly used transient method is laser flash measurement [112]. However, the complex
geometry of the foam surface does not ensure a controlled energy transfer to the sample. In addition,
sample sizes are often too small to achieve RVEs. Hence, this method is not usually applied for the
characterization of cellular metals.

5.2. Steady-State Methods

Steady-state measurements impose a time-independent temperature gradient on a sample.
Key benefits are a high accuracy, simple test evaluation and the ability to measure directional
conductivities. In addition, heat flux passes through the entire sample facilitating measurements on
RVEs. As a negative, a significant temperature gradient is required that complicates the measurement
of the variation of thermal conductivity with temperature. Another disadvantage are the long
measurement times required to ensure thermal steady-state, in particular for materials with low
thermal diffusivities.

In absolute steady-state methods, the effective thermal conductivity is measured directly [113].
A commonly used method is the guarded hot plate [114-116]. The sample is positioned between
a heating and a cooling element to generate a thermal gradient within the sample. After reaching
steady-state, Fourier’s law is used for the evaluation, i.e., Q = k-A-AT/Ax, where k is the effective
thermal conductivity of the cellular metal, A is the sample cross section, and AT /Ax the temperature
gradient. In the guarded hot plate method, the heat flux Q is determined as the energy input into the
heating element at steady state. The term “guarded” describes the thermal isolation of the measurement
setup to prevent convective and radiation heat losses. The Heat-Flow-Meter [115,117] resembles
the guarded hot plate, however, instead of directly measuring the energy input into the heating
element a heat flux sensor is positioned between the sample and the cooling element. The panel test
technique [104,118-120] is another variation, where the heat flux is measured using a calorimeter
that simultaneously acts as the cooling element. Compared to the guarded hot plate method, higher
measurement temperatures can be achieved.

In relative steady-state methods, the thermal conductivity is measured relative to a reference
material [121-124]. For increased accuracy, the thermal conductivities of the sample and the reference
should be similar. In the cut bar method, the sample and either one or two reference bodies are stacked
on a heating (cooling) element. The upper surface of the stack is brought into contact with a cooling
(heating) element and usually a compressive force is applied to minimize thermal contact resistances
within the stack. After reaching steady state, the reference bodies act as the heat flux sensors (similar
to a heat-flow-meter) and Fourier’s equation can be used for the evaluation.

5.3. Numerical Methods

In addition to the experimental methods outlined above, numerical analysis can be used to predict
the effective thermal conductivity of metallic foams. An important step is the discretization of the
typically complex cellular geometries. Unit cell models [125] and simplified model structures [126]
suffice in some cases, however, improved accuracy can be obtained by deriving the numerical models
from microcomputed tomography data [127,128]. Analogous to the experimental methods, transient
or steady-state calculations can be performed. Due to the significantly higher computational cost
of transient methods, almost exclusively steady-state analysis is selected. The two predominant
numerical methods are the Finite Element Method (FEM) [125-128] and the Lattice Monte Carlo (LMC)
method [129]. The result of the numerical analyses is typically a relative conductivity, i.e., the effective
thermal conductivity is determined as a fraction of the matrix material. These numbers can readily be
scaled for different type of matrices and temperatures. Comparison of effective thermal conductivities
obtained by numerical analysis and experimental studies usually results in good agreement [129,130].
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6. Acoustic Characterization

The acoustic characterization of the cellular metals is essential, since they are subjected to the
noise and vibration applications (e.g., high resonance response). However, the knowledge and data
are lacking for this type of materials. Few works have been published in this research topic [131-140].
The natural cork (100%) is an example of a natural cellular material widely used to minimize noise
and vibration problems in mechanical systems, including industrial machines, appliances, vehicles,
and buildings. The noise, vibration, and harshness (NVH) are one of the most fundamental issues for
automotive industry. The NVH analysis has commonly two targets, which are to reduce and control
noise and vibration for the benefits of users (occupants’ comfort and environmental noise emission)
and to minimize the effects of harsh forces and vibration on equipment (e.g., loosen joints and material
fatigue). The vibrations are measured in two ways (frequency and amplitude) and expressed as waves
per second (Hz). Vibrations that are felt are under 200 Hz, while vibrations between 20-20,000 Hz are
audible by humans. Vibrations over 20,000 Hz are ultrasonic and not audible by humans.

The sound absorption coefficient (o), noise reduction coefficient (NRC), sound transmission loss,
impact sound transmission and damping behavior (e.g., vibration frequencies, modes, and damping
ratios) are examples of the parameters measured to characterize the acoustic properties of cellular metals.

The ability of a material to reduce sound reflections, reverberation, and echo within an enclosed
space are determined based on the sound absorption coefficient and noise reduction coefficient.
These are the parameters used to evaluate the sound absorption characteristics of the cellular materials
and are assessed using an impedance tube according to the ASTM E1050 standard [141]. The cylindrical
specimen is placed into the impedance tube (e.g., inner diameter: 37 mm) at one end, while a sound
source consisting of a loudspeaker emitting a random noise is introduced at the other end of the
tube [22,23]. Two microphones are placed into the tube between the sound source and the studied
specimen to detect the sound pressure wave transmitted through the specimen and the wave portion
that was reflected. The acoustic absorption coefficient is defined as a ratio of absorbed sound intensity
in a given material and the incident sound intensity that is imposed on that material. The acoustic
absorption coefficient varies from 0 (0% sound absorption) to 1 (100% sound absorption). The value
0 means no sound is absorbed, while the value 1 means the opposite. The noise reduction coefficient
is calculated by defining an average of the sound absorption coefficients at the frequencies 250, 500,
1000, and 2000 Hz and rounding off the result to the nearest multiple of 0.05. The absorption and noise
reduction values are also measured in a small echo chamber, either in sound transmission test or
echo chamber.

The vibroacoustic behavior is measured by microphones (to measure sound pressure),
accelerometers (to measure acceleration), and force/displacement/velocity transducers (to measure
forces), in which the measurements are made by setting the instrument for a certain bandwidth
and center frequency vibration analyzer, covering the values over that range. The ability to act as a
barrier preventing airborne sound transmission from one space to another, sound transmission loss
coefficient at 1/3 octave bands, will be performed according to the ASTM E90. The modal analyses are
usually performed by vibration of specimens, exciting by a shaker or an impact hammer, measuring
the response using a laser scanning vibrometer [140]. The time domain response and loss factor from
their damped wave decay is determined using a spectral analyzer. The damping ratio of the resonance
mode is determined using the half-power bandwidth method.

7. Conclusions

Different experimental and numerical characterization methods of the cellular metals are presented,
i.e., different techniques to determine their structural, mechanical, thermal, and acoustic properties.
The methodology, the experimental set-up, the equipment, and its principles and standards were
summarized. The potential of non-destructive methods like X-ray computed tomography and infrared
thermography are also presented.
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X-ray microcomputed tomography is a powerful tool to characterize the complex cellular structure
of cellular metals in terms of their structural morphometric parameters, to study their deformation
and failure behavior and to develop numerical models to predict the mechanical, thermal, and acoustic
behavior. Infrared thermography is a versatile tool well suited for the study of dynamic deformation
processes of cellular metals (e.g., closed-cell foams, syntactic foams and metal hollow spheres structures)
and filled profiles and sandwich panels based on cellular materials.

In general, there is a huge demand for experimental and computational characterization of
physical properties of novel cellular metals. Thus, new opportunities for advances in new experimental
techniques and computational modelling arise. Furthermore, computational modelling can help in
designing new cellular materials (in combination with additive manufacturing) with desired properties
and behavior demanded by an application.
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