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Abstract: The presented paper deals with the metal foams, which have a wide application potential
ranging from power engineering, through catalysts to impact energy absorbers. The main aim of the
paper is to propose an economical non-destructive method of determining the basic characteristics
and dimensions using affordable devices. The basic principle of the proposed method lies in the
image capture of metal foam and their subsequent analysis in image analysis software. An important
element of the work is a comparison of results obtained by the proposed method with results
obtained by high-resolution X-ray microtomography. The proposed method was evaluated in terms
of measurement uncertainty and propagation of error in overall results. The use of the method is
limited to the metal foams, characterized by an ordered structure, which are produced mainly by
the electrophoretic deposition process. Based on the descriptive statistical analysis of results, it is
possible to state, that the proposed method is in great agreement with accurate, but more expensive
high-resolution X-ray microtomography.
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1. Introduction

Metal foams are a specific group of porous materials that replicate natural principles and materials
such as bone or wood. This mimicking of natural principles gives metal foams several specific
properties that can be used in a wide range of technical applications that are predominantly in heat
engineering and power engineering [1–3]. Other application options include, for example, impact
energy absorbers, sound insulation, catalysts, mixers, electrodes, EMI protection, etc. [4–6].

The properties of the metal foams are influenced not only by the base metal but also by the
openness of their structure. Based on this criterion metal foams are divided into metal foams with
open or closed cells. The authors will further deal only with open-cell metal foams. In the case of
open-cell metal foam, the structure is composed of interconnected metal ligaments that are joined at
the nodal points and form pores and cells of the metal foam. One of the noteworthy advantages of the
metal foam is the ability to use recycled metal material, which helps to reduce ecological footprint of
manufacturing process [7]. Figure 1 depicts a detailed view of the inner structure of a sample of metal
foam. From the geometric point of view, the arrangement of the pores and cells can be interpreted in
various methods. At present, the scientific community generally accepts three methods, which differ
only by the purpose of their use or the technical complexity of their further processing (e.g., calculation
time in Computational Fluid Dynamics analysis or Computer-aided design modeling). The first
involves the model from tetrakaidecahedron, respectively so-called Kelvin cell, which schematically
consists of six square and eight hexagonal faces.

Energies 2020, 13, 3378; doi:10.3390/en13133378 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-3971-7223
https://orcid.org/0000-0001-5884-4036
http://dx.doi.org/10.3390/en13133378
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/13/3378?type=check_update&version=2


Energies 2020, 13, 3378 2 of 11

Energies 2020, 13, x FOR PEER REVIEW 2 of 11 

 

design modeling). The first involves the model from tetrakaidecahedron, respectively so-called 

Kelvin cell, which schematically consists of six square and eight hexagonal faces. 

 

Figure 1. Essential building elements of the open-cell metal foams (1–pore, 2–cell, 3–ligament, and 4–

node). 

The second method is based on Weaire–Phelan structure [8]. It is a complex three-dimensional 

structure, representing ideal foam composed of two types of a cell with equal volume, 

dodecahedron with pentagonal faces and tetrakaidecahedron with two hexagonal faces and twelve 

pentagonal faces. The basic idea of these methods is to fill space as effectively as possible with 

periodically repeating three-dimensional geometrical shapes. Another method of geometric 

reconstruction of the metal foams uses tessellation method based on the Poisson–Voronoi algorithm 

[9–11]. 

In the process of metal foam application, scientists and researches use a variety of techniques to 

obtain their basic geometric characteristics or dimensions. Raj and Kerr [12] assessed the impact of 

selected parameters on the metal foams relative densities. Geometric features were assessed with a 

digital optical microscope equipped with a long depth of focus lens with magnification from 100× to 

5000×. Chen et al. [13] conducted fatigue experiments on copper metal foams with various pore 

sizes. The microstructures of failed copper foam were detected by optical microscope and scanning 

electron microscopy. Wu et al. [14] use a scanning electron microscope to qualitatively evaluate the 

method of laser separation of the metal foam block. Authors did not describe specific aspects of 

apparatus, but in their research, they used magnifications ranging from 35× to 2000×. 

The use of high-resolution X-ray microtomography brings a significant change in quality, as 

well as expands the possibilities of research, mainly thanks to their ability to penetrate the structure 

of the metal foam and thus give a better idea of its geometrical parameters. Caravalho et al. [15] 

investigated pressure drop behavior across open-cell metal foams. The high-resolution X-ray 

microtomography was used in the process of determination of porosity, specific surface and mean 

pore size directly from the tomographic datasets. Li et al. [16] numerically evaluated spectral 

reflection behaviors of high-porosity metal foam sheets. A set of realistic nickel foams was scanned 

with a voxel size of 20 μm to obtain their 3-D digital cellular network. Cardona et al. [17] verified the 

pore distribution and uniformity in aluminum alloy metal foam manufactured by 

casting—dissolution process, using a nondestructive high-resolution X-ray micro-CT analysis. 

Vicente et al. [18] developed special tools build on X-ray tomography with intent to characterize 

pore space and solid matrix. Skibinski et al. [19] evaluated the influence of pore diameter on the 

effective thermal conductivity of metal foam. Reference virtual models were based on X-ray scans. 

The above literature review shows that the correct understanding of metal foam geometry is in 

many cases the basis of further investigation or even the outcome of the study itself. The quality and 

detail of the outputs are directly proportional to the used methods, which mainly include the use of 

optical microscopes, scanning electron microscope and high-resolution X-ray microtomography. 

Unfortunately, the availability of these methods varies. This is due to the different funding of the 

research activities or institutes. As is reported by United Nations Educational, Scientific and Cultural 

Organization in [20], global spending on research and development has reached almost US $1.7 

Figure 1. Essential building elements of the open-cell metal foams (1–pore, 2–cell, 3–ligament, and
4–node).

The second method is based on Weaire–Phelan structure [8]. It is a complex three-dimensional
structure, representing ideal foam composed of two types of a cell with equal volume, dodecahedron
with pentagonal faces and tetrakaidecahedron with two hexagonal faces and twelve pentagonal faces.
The basic idea of these methods is to fill space as effectively as possible with periodically repeating
three-dimensional geometrical shapes. Another method of geometric reconstruction of the metal foams
uses tessellation method based on the Poisson–Voronoi algorithm [9–11].

In the process of metal foam application, scientists and researches use a variety of techniques to
obtain their basic geometric characteristics or dimensions. Raj and Kerr [12] assessed the impact of
selected parameters on the metal foams relative densities. Geometric features were assessed with a
digital optical microscope equipped with a long depth of focus lens with magnification from 100× to
5000×. Chen et al. [13] conducted fatigue experiments on copper metal foams with various pore sizes.
The microstructures of failed copper foam were detected by optical microscope and scanning electron
microscopy. Wu et al. [14] use a scanning electron microscope to qualitatively evaluate the method of
laser separation of the metal foam block. Authors did not describe specific aspects of apparatus, but in
their research, they used magnifications ranging from 35× to 2000×.

The use of high-resolution X-ray microtomography brings a significant change in quality, as well
as expands the possibilities of research, mainly thanks to their ability to penetrate the structure of the
metal foam and thus give a better idea of its geometrical parameters. Caravalho et al. [15] investigated
pressure drop behavior across open-cell metal foams. The high-resolution X-ray microtomography was
used in the process of determination of porosity, specific surface and mean pore size directly from the
tomographic datasets. Li et al. [16] numerically evaluated spectral reflection behaviors of high-porosity
metal foam sheets. A set of realistic nickel foams was scanned with a voxel size of 20 µm to obtain
their 3-D digital cellular network. Cardona et al. [17] verified the pore distribution and uniformity in
aluminum alloy metal foam manufactured by casting—dissolution process, using a nondestructive
high-resolution X-ray micro-CT analysis. Vicente et al. [18] developed special tools build on X-ray
tomography with intent to characterize pore space and solid matrix. Skibinski et al. [19] evaluated
the influence of pore diameter on the effective thermal conductivity of metal foam. Reference virtual
models were based on X-ray scans.

The above literature review shows that the correct understanding of metal foam geometry is in
many cases the basis of further investigation or even the outcome of the study itself. The quality and
detail of the outputs are directly proportional to the used methods, which mainly include the use
of optical microscopes, scanning electron microscope and high-resolution X-ray microtomography.
Unfortunately, the availability of these methods varies. This is due to the different funding of the
research activities or institutes. As is reported by United Nations Educational, Scientific and Cultural
Organization in [20], global spending on research and development has reached almost US $1.7 trillion,
but only ten countries account for 80% of that spending. The underfunding is also closely related to
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the selection of suppliers of the metal foams. Based on the authors own experience as well as on the
information from other authors, it is possible to define a relatively frequently occurring phenomenon
regarding significant inaccuracies of the information supplied by the manufacturer (porosity and
pore density) or the absence of essential parameters in the technical data sheet (pore diameter and
ligament diameter). This is caused mainly due to the selection of cheaper manufacturers of metal
foam, which rather represents the heavy industry, and in many ways cannot provide full compliance
with required parameters. These inaccuracies, respectively, and the absence of data result in the
necessity of determining the basic geometric characteristics or dimensions directly by the scientists
who are considering working with the metal foam. In terms of the application of metal foams, the key
parameters for calculations and design can be narrowed to the pore and cell diameter, respectively
length, and thickness of ligament. Described parameters are the basis of the calculation of pressure
drop, or the specific surface area, which quantifies the metal foams in terms of their further use.
In particular, the size of the specific surface area per bulk volume is often the most important parameter
for the design and correct determination of specific dimensions and shapes of the developed application
or technology. The various methods of calculating the specific surface area of the metal foam are
summarized in Table 1 according to published and most cited papers.

Table 1. The various methods of calculating the specific surface area.

Authors Equation Unknow Geometrical Parameter

Alazami, B., Vafai, K. [21] Asp =
6(1−ε)

dp

dp—mean pore diameter
ε—porosity

Innocentini et al. [22] Asp =
4(1−ε)
εdp

dp—mean pore diameter
ε—porosity

Giani et al. [23] Asp = 4
dL
(1− ε) dL—ligament diameter

ε—porosity

Smorygo et al. [24] Asp = dc
1

[0.023( ε
1−ε )+7]

dc—cell diameter
ε—porosity

Fourie, J.G.; Du Plessis [25] Asp = 3πdL

(0.59dp)
2
[
1−e−(

1−ε
0.4 )

] dp—pore diameter
dL—ligament diameter

ε—porosity

The present paper is focused on the proposal of an economical non-destructive method with the
use of universally available and usable instrumentation. An important part of the presented work is
not only the design of the proposed method but also the calculation of the uncertainty and comparison
of the results with the conventional high-resolution X-ray microtomography.

2. Materials and Methods

The basic principle of the proposed method lies in the images capture of metal foam and their
subsequent analysis in image analysis software. The proposed method was developed and later
evaluated when working with an open-cell copper metal foam sample that was produced by the
electrophoretic deposition process. The metal foam samples are characterized by a pore density of
10 pores per inch (PPI) and were manufactured by SHANGHAI CMIC. The shape and dimensions of the
four used samples result from the purpose of their further use as a prototype of the heat accumulator in
shape of the annulus cylinder with height 100 mm, the inner diameter of 12 mm and the outer diameter
of 50 mm. Other samples have shape of block with dimensions of 70 × 80 × 25 mm. Samples were
created by electric discharge machining from a single block of the base material, this machining method
is considered appropriate due to the low rate of ligament damage by cutting beam [26]. The number of
samples of the same metal foam was determined based on the need to capture a larger area of samples
on which the required number of geometric parameters could be identified.
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The proposed method consists of three consecutive steps. The first step can be characterized by
the preparation of the sample and its location, the second by capturing images and the third by the
image analysis. Since quantitative evaluation of the basic geometric characteristics or dimensions
require an accuracy of tenths of a millimeter a high level of details is not necessary (compared to metal
defectoscopy or metallography) and therefore it is possible to use standard photography equipment.

2.1. Sample Placement and Used Devices

Required images were captured by a macro lens combined with the mirror camera body, which
can be characterized by an APS-C Complementary Metal Oxide Semiconductor (CMOS) sensor
with 32.5 Mpx. The camera captured images in an uncompressed RAW format with a resolution of
6900 × 4640 px. The photographic set was endowed with a macro lens, with a rigid 100 mm focal
length, aperture 2.8, minimum focusing distance 0.31 m, and magnification factor 1. The photography
procedure itself is a relatively simple sequence of operations. The first step was to place the sample on
a horizontal, non-reflective surface in a way that the axis of the objective was perpendicular to the
top plane of the metal foam sample. Next to the metal foam sample was placed Shinwa Precision
Ruler with 0.05 mm accuracy with a readable scale that serves as a benchmark for subsequent image
processing. In this step, it is important to maintain identical distances between the top plane of
metal foam, respectively top plane of the precision ruler and the last lens optical element to avoid
distortion due to perspective change. Even the highest quality lenses have optical imperfections that
are manifested by distortion, loss of contrast or sharpness. These imperfections have lower influence
in the center of the displayed area, greater at the edges. In an effort to avoid affecting the resulting
image of the metal foam, sample was placed in a way that it would fill only 1/3 of the image. From this
assumption is derived the distance between camera lens and the metal foam sample, as is shown in
Figure 2. The distance between sample and lens hmf-lens is then proportional to the used lens and its
magnification factor, in the present case it was 0.35 m. The schematic diagram of the placement of the
camera, sample and precision ruler as well as described lens height is depicted in Figure 2.
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Figure 2. Schematic diagram of digital camera placement (a) and top view on the relation between lens
angle of view and metal foam sample (b).

2.2. Image Capture

The exposure setting of camera was based on the used equipment and lighting conditions. In the
process of image capture was not used an artificial lighting of the scene, and therefore the lighting
conditions were partially limited. The camera was set to ISO100 for low noise level and aperture 2.8,
which provided a good compromise between image distortion and the ability to take pictures under
limited lighting. Due to the use of a tripod, the shooting time was set to the automatic value specified
by the camera software. This part of the proposed method resulted in a series of images capturing a
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top plane of the metal foam, from which the necessary parameters were measured in image processing
and analysis software.

2.3. Image Analysis

In the presented work, image analysis software ImageJ was used. Software is based on Java
architecture and it is freely available, multithreaded, platform independent, open source image analysis,
and processing program developed at the National Institutes of Health, USA [27]. Before analysis,
captured images were adjusted in terms of contrast and white balance and converted from .RAW file
format to .PNG format, which is suitable for the used software. In ImageJ software, two functions
were used—Scale and Measurement. The scale function gives the ratio of the displayed pixel to the
unit of length, in our case it was px/mm. The measurement function allows determining the length,
perimeter, or area of any object in the analyzed image. The first step of analysis in ImageJ software was
setting scale, it is necessary to configure the relationship between the displayed pixels and the scale of
the precision ruler. In the presented study was this scale set to 30 px/1 mm.

The image analysis itself places demands on the operator, who can introduce a certain degree of
inaccuracy into the result. It follows that the use of the method requires extensive expertise in the field
of foam metals, the use of basic graphics programs as well as the ability of spatial imagination.

In the process of image analysis is necessary to find pores that are suitable for recording their
dimensions. The first parameter that these pores must meet is their parallelism with the upper plane of
the sample (and therefore with the camera lens). The second prerequisite for selection is their shape,
which must be pentagonal or hexagonal (based on geometric representation described in introduction
part). Any deviation from the desired shape indicates that the pore is not in the desired plane and
is therefore not suitable for the measurement. This task may seem challenging in terms of spatial
perception or time. However, its complexity does not deviate from the commonly used techniques
in metallurgy. For example, one of them is the qualitative evaluation of metallurgical processes
using image analysis of the size or shape of the metal grain. Even in this case, the researcher must
independently identify the object under consideration. The identified suitable pores were in ImageJ
bounded by a closed curve that forms the pore area. Since the metal foam is not formed by pores of the
same sizes, in determining the pore diameter, it was contemplated to measure the inner surface area of
pentagonal and hexagonal pores. The calculation of the pore diameter was based on a simplification,
which considers the conversion of the pore area to diameter using the equation for calculating the area
of the circle. This procedure presupposes the simplification of the hexagonal shape to a circular one, as
is mentioned in [28].

The need for correct identification of the pore shape limits the presented method for use with metal
foams, which are characterized by a relatively ordered structure and are manufactured especially by
the electrophoretic deposition process. The optimal number of assessed pores is based on the gradual
analysis of data in steps of ten measurements. Thus, datasets with 10, 20, 30, 40 and 50 records were
evaluated sequentially. The dataset with 50 records did not show a statistically significant deviation
and error within records. Based on the Kelvin geometric representation of the metal foam structure,
data set was expanded to total 56 pores, from which 24 were with square shape and 32 were with
a hexagonal shape. The situation is much simpler when determining the diameter of the ligament.
When identifying a suitable ligament, it is sufficient to monitor compliance of its parallelism with
parallelism of the upper surface of the sample. The number of identified and measured ligaments
was based on the same principle as in determining the pore diameter. An example of the selection of
ligament diameter and pores is shown in Figure 3.
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Figure 3. A sample selection of ligament diameter and individual pores, which are parallel to upper
surface of sample.

3. Results

To evaluate overall accuracy, the proposed method was compared with commonly used
high-resolution X-ray microtomography system ZEISS METROTOM 1500 [29], with length
measurement error (9 + L/50) µm, where L is voxel value. The resolution of individual radiographic
frame was resolution 1024 × 1024 px, and the flat panel CMOS detector was used. Scanning parameters
were selected based on the requirement of sufficient contrast between sample and surroundings.
The distance and power of the detector were chosen concerning voxel and point size. The filter and its
thickness were set with respect to the elimination of artifacts created during scanning. One thousand
layers were scanned to create a 3D model of metal foam (see Figure 4), which was analyzed in software
VGSTUDIO MAX (Volume Graphics, Heidelberg, Germany) [30], where the diameters of the ligaments
and the areas of hexagonal and pentagonal pores were determined with use of Length and Area
measurement function. For detailed parameters of used high-resolution X-ray microtomography,
see Table 2.Energies 2020, 13, x FOR PEER REVIEW 7 of 11 
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Table 2. Detailed parameters of X-ray scanning.

Parameter Value Unit

Voltage 140 kV
Current 270 uA

Number of projections 1000 -
Filter 0.5 mm

Response time 2000 ms
Scanning time 1.15 h

Voxel size of the reconstructed volume 40.28 µm
Focal point size 15 µm

The presented measurements by the proposed method and by the comparative method resulted
in four datasets with 56 and 50 records, respectively. For simplicity and clarity of the following text
were these datasets named dL_image for ligament diameter measured by the proposed method, dP_image
for pore diameter measured by the proposed method, dL_tomo for ligament diameter measured by
high-resolution X-ray microtomography and dP_tomo for pore diameter measured by high-resolution
X-ray microtomography. Through descriptive statistics basic statistical variables were defined: average,
standard deviation, minimum, maximum, and coefficient of variance. The normality test defines that
the data have a normal distribution for selected parameters (pore diameter and ligament diameter),
which is often the case with values produced by measurements. The average value of dL_image is
0.514 mm with a standard deviation of 0.06 which represents a variation of 12.32% over the average.
For comparison, the average value of dL_tomo is 0.502 mm with a standard deviation of 0.04. If we take
into account that the results of the tomography represent the most accurate picture of the monitored
parameters, then higher values of standard deviations suggests that the proposed method has a slightly
lower accuracy, but according to results of descriptive statistic and ANOVA test presented in Figure 5
this difference is not statistically significant. The average value of dP_image is 1.097 mm with a standard
deviation of 0.23 which represents a variation of 21.81% over the average. For comparison, the average
value of dP_tomo is 1.016 mm with a standard deviation of 0.22. Based on the presented data of pore
diameter, it can be stated that both methods of measurement achieved almost the same variability.
Its higher value, compared to dL datasets, resulted from the nature of the metal foam that is formed by
the two types of pores—hexagonal and square—and therefore, a wider variance was measured as can
be seen in min and max values in Table 3.
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Table 3. Summarized results of descriptive statistics.

Parameter Number of Data Average (mm) Std Dev (mm) Min (mm) Max (mm) CV

dL_image 50 0.514 0.06 0.408 0.711 12.32%
dP_image 56 1.097 0.23 0.524 1.565 21.81%
dL_tomo 50 0.502 0.04 0.400 0.640 9.82%
dP_tomo 56 1.016 0.22 0.509 1.588 21.65%
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By comparing both methods of measurements it is possible to find that the average value is higher
when measured by the proposed novel method. This difference is considered borderly statistically
significant, as is confirmed by the outcome of ANOVA analysis in Figure 5.

The confidence intervals for average values at a significance level of α = 0.05 are in the range
<1.029, 1.165> mm for dP_image value, and in the range <0.954, 1.079> mm for dP_tomo value.

Uncertainty Analysis and Error Propagation

An important part of the presented paper is the calculation of the method accuracy. Uncertainty
and error propagation were analyzed using the Kline–McClintock method according to Equation (1).
The analysis includes several possible inputs of uncertainty in the final results. The first is the accuracy
of the used precision ruler δlruler/lr, which is set by the manufacturer to ±0.05 mm. The second option is
an inaccurate determination of the scale in the image analysis software δlsc/lsc, where it is necessary to
correlate the displayed pixels and the known distance, in this case, the millimeter read from the enclosed
precision scale. Considering the scaling procedure in the image analysis software, the uncertainty is set
to ±1 px (half of the pixel for each boundary line), which is 0.0334 mm. The last possibility of entering
the error is determining the edge of the pore, δdedge/dedge. In this case, the error rate was set to ±2 px
(one pixel in each direction), which is 0.0667 mm.

δdP

dP
=

√√(
δlr
lr

)2

+

(
δlsc

lsc

)2

+

(
δdedge

dedge

)2

(1)

Based on Equation (1), the results errors were calculated for a pore diameter at an average of
±0.149 mm and for ligament diameter at an average of ±0.151 mm. The overall accuracy of the results
obtained in the VGSTUDIO MAX software is according to available studies 0.00285 mm [31].

The measurement outputs were used to calculate the specific surface area of the metal foam
sample according to equations presented in Table 1, except Smorygo et al. [24] since it uses a cell
diameter that was not determined in this work. The results of the calculation show the trend of small
deviations within the applied methods of determining geometric characteristics (proposed versus
microtomography), the smallest deviation was 2.3% and the largest 12.17%. It is also possible to observe
the fact that the results are considerably different when using different equations. This low level of
compliance is caused by different approaches to simplifying the geometric representation as well as the
suitability of the calculation used for a particular type of metal foam. Significant differences in results
using the equations from Alazami et al. [21] and Giani et al. [23] are caused by the aforementioned
elongation of the pores into an oval shape. This shape is not entirely consistent with the geometric
model used in the calculations of Alazami et al. [21] and Giani et al. [23]. The results of the specific
area calculation are summarized in Table 4.

Table 4. Summary of the calculated specific surface area of metal foam sample according to the
used method.

References ASP_image (m2 m−3) ASP_tomo (m2 m−3) ∆ (%)

Alazami, B., Vafai, K. [21] 191.43 206.69 7.3
Innocentini et al. [22] 132.25 142.79 7.3

Giani et al. [23] 272.37 278.88 2.3
Fourie, J.G.; Du Plessis [25] 137.96 157.08 12.1

The above-presented results show that the method proposed by the author achieves relatively
accurate results compared to microtomography, but at a fraction of the cost and with equipment, which is
available and universally applicable to other activities related to scientific work. The approximate cost
of the equipment used in the author’s proposed method is on the border of a thousand euros. With the
use of microtomography, it is possible to speak of a price of several hundred thousand euros and with
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the use of SEM several tens of thousands of euros. Based on the speed of development and changes
in image output quality, it is also expected that the method proposed by the author will achieve an
even greater degree of compliance with microtomography, mainly as a result of increased sharpness of
images and reduced noise.

4. Conclusions

The paper deals with the basic geometrical characteristics of metal foam, which include mainly
pore diameter and ligament diameter. In many cases, these characteristics provide input to the
calculation of the other important parameters of the metal foam, such as a specific surface area or the
calculation of the pressure drop of the flowing medium. The basic geometrical characteristics can
be determined by various techniques, the most commonly used are the use of optical microscopes,
SEM and microtomography, which are, however, very expensive and therefore in many parts of
the world unavailable. In this paper, the authors proposed an economical non-destructive method
of determining the basic geometric characteristics and dimensions using available and universally
usable devices, the main idea being the use of available photo technics and image analysis software.
The inaccuracy of the proposed method, given both by the inaccuracy of the used equipment and
the errors resulting from the work in the image analysis software, was calculated to be ±0.150 mm.
In the evaluation of the proposed method, a comparison with microtomography was made, where
the results of the descriptive statistical analysis indicate a high degree of agreement considering
the ligament diameter measurement and a slightly lower degree of agreement considering the pore
diameter. The results were also compared in the calculation of the specific surface area of the metal
foam sample, where the difference between the methods ranged from 2.3 to 12.1%.

Author Contributions: Conceptualization, M.B. and R.R.; methodology, M.B.; validation, M.B. and M.T.; formal
analysis, M.T.; data curation, M.K.; writing—original draft preparation, M.B.; writing—review and editing, M.B.
and R.R.; visualization, M.B. and M.T., All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This paper was created in connection with the project KEGA: 067TUKE-4/2018—Creation of
a laboratory of engineering creativity. Contribution is the partial result of projects solving VEGA MŠVVaŠ SR
1/0515/18 “The decision making model of process of evaluating raw material policy of regions”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, X.; Li, X.; Xia, X.; Sun, C.; Liu, R. Thermal Performance of a PCM-Based Thermal Energy Storage with
Metal Foam Enhancement. Energies 2019, 12, 3275. [CrossRef]

2. Cancellara, S.; Greppi, M.; Dongellini, M.; Fabbri, G.; Biserni, C.; Morini, G.L. Experimental Investigation
on the Pressure Drop of Air Flows Through Aluminum and Nickel-Chromium Metallic Foams for HVAC
Applications. Energies 2020, 13, 172. [CrossRef]

3. Zhang, L.; Zhang, X.; Liu, Z. An Efficient Numerical Method for Pressure Loss Investigation in an Oil/Air
Separator with Metal Foam in an Aero-Engine. Energies 2020, 13, 346. [CrossRef]

4. Kolaczkowski, S.T.; Awdry, S.; Smith, T.; Thomas, D.; Torkuhl, L.; Kolvenbach, R. Potential for metal foams
to act as structured catalyst supports in fixed-bed reactors. Catal. Today 2016, 273, 221–233. [CrossRef]

5. Kumar Armith, S.J.; Kumar Ajith, S.J. Low-velocity impact damage and energy absorption characteristics of
stiffened syntactic foam core sandwich composites. Constr. Build. Mater. 2020, 246, 1–14. [CrossRef]

6. Kang, H.K.; Woo, S.G.; Kim, J.H.; Lee, S.R.; Lee, D.G.; Yu, J.S. Three-dimensional monolithic corrugated
graphene/Ni foam for highly stable and efficient Li metal electrode. J. Power Sources 2019, 413, 467–475.
[CrossRef]

7. Khouri, S.; Pavolova, H.; Cehlar, M.; Bakalar, T. Metallurgical brownfields re-use in the conditions of
Slovakia—A case study. Metalurgija 2016, 55, 500–502.

8. Weaire, D.; Phelan, R. A counter-example to Kelvin’s conjecture on minimal surfaces. Phil. Mag. Lett. 1994,
69, 107–110. [CrossRef]

http://dx.doi.org/10.3390/en12173275
http://dx.doi.org/10.3390/en13010172
http://dx.doi.org/10.3390/en13020346
http://dx.doi.org/10.1016/j.cattod.2016.03.047
http://dx.doi.org/10.1016/j.conbuildmat.2020.118412
http://dx.doi.org/10.1016/j.jpowsour.2018.12.075
http://dx.doi.org/10.1080/09500839408241577


Energies 2020, 13, 3378 10 of 11

9. Stiapis, C.S.; Skouras, E.D.; Burganos, V.N. Advanced Laguerre Tessellation for the Reconstruction of Ceramic
Foams and Prediction of Transport Properties. Materials 2019, 12, 1137. [CrossRef]

10. Liebscher, A. Laguerre approximation of random foams. Part A Mater. Sci. 2015, 95, 2777–2792. [CrossRef]
11. Wejrzanowski, T.; Skibinski, J.; Szumbarski, J.; Kurzydlowski, K.J. Structure of foams modeled by

Laguerre–Voronoi tessellations. Comput. Mater. Sci. 2013, 67, 216–221. [CrossRef]
12. Raj, S.V.; Kerr, J.A. Effect of Microstructural Parameters on the Relative Densities of Metal Foams (Technical

Memorandum). National Aeronautics and Space Administration 2010. Available online: http://gltrs.grc.nasa.
gov (accessed on 5 March 2020).

13. Chen, J.; Dai, S.; Li, C.; Li, W.; Ren, Y. Effects of Pore Size on Fatigue Deformation Mechanism of Open-Cell
Copper Foam at Low Stress Amplitude. Materials 2018, 11, 1639.

14. Wu, Y.; Cho, J.I.S.; Whiteley, M.; Rasha, L.; Neville, T.P.; Ziesche, R.; Xu, R.; Owen, R.; Kulkarni, N.; Hack, J.;
et al. Characterization of water management in metal foam flow-field based polymer electrolyte fuel cells
using in-operando neutron radiography. Int. J. Hydrogen Energy 2020, 45, 2195–2205. [CrossRef]

15. de Carvalho, T.P.; Morvan, H.P.; Hargreaves, D.M.; Oun, H.; Kennedy, A. Pore-Scale Numerical Investigation
of Pressure Drop Behaviour Across Open-Cell Metal Foams. Transp. Porous Med. 2017, 117, 311–336.
[CrossRef]

16. Li, Y.; Xia, X.; Ai, Q.; Sun, C.; Tan, H. Pore-level determination of spectral reflection behaviors of high-porosity
metal foam sheets. Infrared Phys. Technol. 2018, 89, 77–87. [CrossRef]

17. Cardona, M.; Isaza, J.A.; Ramírez, J.F.; Fernández-Morales, P. Pores distribution statistical analysis for metal
foams obtained by casting-dissolution process. Rev. Matér. 2016, 21, 501–509. [CrossRef]

18. Vicente, J.; Topin, F.; Daurelle, J. Open Celled Material Structural Properties Measurement: From Morphology
To Transport Properties. Mater. Trans. 2006, 47, 2195–2202. [CrossRef]

19. Skibinski, J.; Cwieka, K.; Ibrahim, S.H.; Wejrzanowski, T. Influence of Pore Size Variation on Thermal
Conductivity of Open-Porous Foams. Materials 2019, 12, 2017.

20. Global Spending on R&D. UNESCO Institute for Statistics. Available online: http://uis.unesco.org/apps/
visualisations/research-and-development-spending (accessed on 15 February 2020).

21. Alazami, B.; Vafai, K. Analysis of Variable Porosity, Thermal Dispersion, and Local Thermal Nonequilibrium
on Free Surface Flows through Porous Media. J. Heat Transf. 2004, 126, 389–399. [CrossRef]

22. Innocentini, M.D.M.; Salvini, V.R.; Macedo, A.; Pandolfelli, V.C. Prediction of ceramic foams permeability
using Ergun’s equation. Mater. Res. 1999, 2, 283–289. [CrossRef]

23. Giani, L.; Groppi, G.; Tronconi, E. Mass-Transfer Characterization of Metallic Foams as Supports for Structured
Catalysts. Ind. Eng. Chem. Res. 2005, 44, 4993–5002. [CrossRef]

24. Smorygo, O.; Mikutski, V.; Marukovich, A.; Ilyushchanka, A.; Sadykov, V.; Smirnova, A. An inverted
spherical model of an open-cell foam structure. Acta Mater. 2011, 59, 2669–2678. [CrossRef]

25. Fourie, J.G.; Du Plessis, J.P. Pressure drop modeling in cellular metallic foams. Chem. Eng. Sci. 2002,
57, 2781–2789. [CrossRef]

26. Matz, A.M.; Kammerer, D.; Jost, N.; Oßwald, K. Machining of Metal Foams with Varying Mesostructure
Using Wire EDM. Procedia CIRP 2016, 42, 263–267. [CrossRef]

27. Igathinathane, C.; Pordesimo, L.O.; Columbus, E.P.; Batchelor, W.D.; Methuku, S.R. Shape identification
and particles size distribution from basic shape parameters using ImageJ. Comput. Electron. Agric. 2008,
63, 168–182. [CrossRef]

28. Inayat, A.; Freund, H.; Zeiser, T.; Schwieger, W. Determining the specific surface area of ceramic foams:
The tetrakaidecahedra model revisited. Chem. Eng. Sci. 2011, 66, 1179–1188. [CrossRef]

29. Zeiss Metrotom 1500 Datasheet. Available online: https://www.zeiss.co.uk/metrology/products/systems/
computed-tomography/metrotom.html (accessed on 5 May 2020).

http://dx.doi.org/10.3390/ma12071137
http://dx.doi.org/10.1080/14786435.2015.1078511
http://dx.doi.org/10.1016/j.commatsci.2012.08.046
http://gltrs.grc.nasa.gov
http://gltrs.grc.nasa.gov
http://dx.doi.org/10.1016/j.ijhydene.2019.11.069
http://dx.doi.org/10.1007/s11242-017-0835-y
http://dx.doi.org/10.1016/j.infrared.2017.12.016
http://dx.doi.org/10.1590/S1517-707620160002.0047
http://dx.doi.org/10.2320/matertrans.47.2195
http://uis.unesco.org/apps/visualisations/research-and-development-spending
http://uis.unesco.org/apps/visualisations/research-and-development-spending
http://dx.doi.org/10.1115/1.1723470
http://dx.doi.org/10.1590/S1516-14391999000400008
http://dx.doi.org/10.1021/ie0490886
http://dx.doi.org/10.1016/j.actamat.2011.01.005
http://dx.doi.org/10.1016/S0009-2509(02)00166-5
http://dx.doi.org/10.1016/j.procir.2016.02.283
http://dx.doi.org/10.1016/j.compag.2008.02.007
http://dx.doi.org/10.1016/j.ces.2010.12.031
https://www.zeiss.co.uk/metrology/products/systems/computed-tomography/metrotom.html
https://www.zeiss.co.uk/metrology/products/systems/computed-tomography/metrotom.html


Energies 2020, 13, 3378 11 of 11

30. VGSTUDIO MAX Brochure. Available online: https://www.volumegraphics.com/_Resources/Brochure_
VGSTUDIO_MAX_en.pdf (accessed on 5 May 2020).

31. Drégelyi-Kiss, Á.; Durakbasa, N.M. Measurement Error on the Reconstruction Step in Case of Industrial
Computed Tomograph. In Proceedings of the International Symposium for Production Research 2018,
Vienna, Austria, 28–31 August 2018; Durakbasa, N.M., Gencyilmaz, M.G., Eds.; Springer: Cham, Switzerland,
2018.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://www.volumegraphics.com/_Resources/Brochure_VGSTUDIO_MAX_en.pdf
https://www.volumegraphics.com/_Resources/Brochure_VGSTUDIO_MAX_en.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Placement and Used Devices 
	Image Capture 
	Image Analysis 

	Results 
	Conclusions 
	References

