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The present research aims to study the mechanical properties of steel foam hollow sphere assemblies of various
relative densities under the effect of uniaxial tensile loading, evaluating the validity of a new test protocol and
comparing it with other experimental results. Through a series of experiments with different groups of speci-
mens, which were recorded step by step, the effects of factors such as the relative density and the number of
bonds on the mechanical properties of the specimens were identified, and their impact on the response discussed.
The shape of the specimen is cubic with dimensions 50 x 50 x 50 mm?3. The range of values recorded in this
research for the Elastic Modulus is 340,89-399,28 MPa, and for Tensile Strength is 2,8-3,53 MPa, as exhibited by
the five different groups of specimens tested in the present study with relative density from 0,059 to 0,074. The
promising experimental results support the proposed methodology and test protocol for studying similar as-
semblies under tensile loading and an attempt to explain the differences between past scaling equations and
experimental results. Scanning electron microscopy (SEM) is also performed and presented to examine the

microstructure of the specimens and the crack surface.

1. Introduction

Metal foams and metal foam sphere assemblies are the subject of
several publications on the investigation of the mechanical behaviour of
foams and how this relates to their structure [2-5]. This is due to the
large number of potential applications for metal foams in various in-
dustrial sectors [6-12]. More specifically, metal foams find application
in the following sectors: automotive industry [13-16], shipbuilding in-
dustry [17,18],aerospace industry[19-22], chemical industry [23-27],
building construction [28-34],energy storage [35-39], bio-medical
[40-46].

These industrial applications often involve complex loading condi-
tions, where compressive, tensile, and shear forces are present, such as
vehicle crash energy absorbers [47], structural supports in aerospace
engineering [48], or load-bearing orthopaedic implants [49]. However,
the lack of reliable data and testing protocols for tensile behaviour limits
the integration of metal foams into critical components where failure
under tension could be catastrophic. Understanding the tensile proper-
ties of metal foam structures is thus essential for their broader adoption
in engineering design, particularly in applications where lightweight
and high-strength materials are required under multidirectional loads.
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For example, understanding how materials respond to tension is essen-
tial in automotive interiors, as it significantly influences the safety,
longevity, and overall performance of the vehicle’s interior parts [50] or
identifying how implant materials react to stretching is vital for guar-
anteeing their durability and stability over time within the body[51].
Recognising tensile strength and elastic modulus is crucial for ensuring
structural integrity and durability [52].

However, a significant proportion of these works focuses on the
compressive properties of these materials [1,53-55], a reasonable
outcome due to the beneficial metal foam attribute for energy absorp-
tion [56-58]. Although some works for other loading scenarios exist
[59-63]and have been meticulously mapped in Kalpakoglou and Yiatros
[95] concerning tensile and shear properties, it is essential to explore
reliable testing protocols for other archetypal mechanical properties of
metal foams under such loading scenarios [64-66].

Metal foams comprising hollow spheres are characterised by good
energy absorption, high strength, heat storage, and low density [67-72].
These foams have a certain volume fraction of closed pore space within
the spheres and a pore space between the assembled spheres, whether
sintered or bonded via other means. The metal foam hollow spheres can
be produced by injecting a metal hydride solution through a specially
designed nozzle [73-75]. This method takes advantage of surface
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List of abbreviations and symbols

SHS2 Specimen with purely 2 mm spheres, as defined in
Yiatros et al. [1]
SHS4 Specimen with purely 4 mm spheres, as defined in

Yiatros et al. [1]

SHS2_0,75_SHS4 0,25 Specimen with 75 % 2 mm spheres and 25
% 4 mm spheres, by volume

SHS2_0,5_SHS4_0,5 Specimen with 50 % 2 mm spheres and 50 %
4 mm spheres, by volume

SHS2_0,25_SHS4 0,75 Specimen with 25 % 2 mm spheres and 75
% 4 mm spheres, by volume

SEM Scanning Electron Microscopy
L: Length of specimen

W Width of specimen

H Height of specimen

p: Specimen density

Ps Density of solid steel

E: Elastic Modulus

Es: Elastic modulus of steel
Omax - Tensile strength

Oys: Tensile strength of steel
p/ps: Relative density

E/Es: Relative Elastic modulus

Omax/Oys: Relative Tensile strength

tension phenomena to generate spherical shapes. Another method in-
volves spraying styrofoam spheres with a metal hydride solution [76,
77]. The resulting spheres can then be bonded together, creating a solid
structure with relatively low porosity, with a resin or molten metal with
a low melting point (aluminium or magnesium) covering the interme-
diate spaces between the spheres. Another way to bond spheres together
involves spraying them with some binder or low-point metal, melting
and welding them while the connecting material is still liquid. Alter-
natively, sintering can be applied with simultaneous isostatic compres-
sion to bond spheres through diffusion. However, through this method,
the walls of the spheres distort at the adjoining points [78-80]. Various
studies have also been carried out on the effect of sintering temperature
on their properties, revealing the extent of their influence as they lead to
different properties [81].

Friedl et al. [82] explored the impact of density and structure on the
behaviour of hollow sphere metal foams subjected to tensile loading.
Their findings revealed increased density resulted in the specimens’
more substantial ultimate tensile strength. Similarly, Szyniszewski et al.
[83] examined hollow sphere specimens exhibiting limited ductility. A
steel plate was inserted into a notch on the specimen to facilitate load
transfer to the specimen. The fracture typically occurred in the region
connecting the spheres. They also found that larger diameter spheres
positively influenced the overall strength of the specimens without
altering their density.

Vealy (2010) [98] examined specimens with varying pore densities
(20 ppi and 40 ppi) and relative densities between 6 and 8 %, focusing
on their mechanical properties. He emphasised the considerable
discrepancy between the experimental findings for the elasticity
modulus and the theoretical predictions made by Gibson and Ashby
[84]. He attributed this difference to porosity and ligament geometry
variations between the different pore structures. Zimar et al. [85]
studied the non-linear response of metal foams under tensile stress using
finite element analysis and compared their simulation results with the
experimental data from Vealy (2010) [98]. They observed a higher
stress at the same strain than the experimental results. Additionally, the
Elastic Modulus was greater than the theoretical values predicted by
Gibson and Ashby [84] through scaling equations.
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Foroughi et al. [86] conducted a study on closed-cell foam known by
the trade name Alulight. They developed exported models suitable for
finite element method (FEM) analysis to predict the mechanical prop-
erties of cellular materials, including structures composed of hollow
spheres or fibre architectures. Their work provides valuable insights into
the structural behaviour of such advanced materials, facilitating the
design and optimisation of lightweight, high-performance cellular
structures. Marx and Rabiei [87] investigated two specimen versions
and identified differences in their fracture areas. To prevent uniaxial
loading caused by improper specimen positioning—specifically, speci-
mens not being properly centred—they employed aluminium spacers on
the grips to ensure accurate centring during testing. Vengatachalam
et al. [88] examined Alporas, a type of closed-cell foam, at two distinct
relative densities—11.7 % and 17.2 %—under various loading condi-
tions. Notable variations were identified in the deformation behaviours
of the samples when subjected to tensile and compressive forces. They
introduced an initial performance metric for closed-cell foams, tailored
explicitly to closed-cell aluminium foams, which effectively captures the
asymmetric characteristics of the yield surface relative to the active
stress axis. This criterion relies solely on the uniaxial compressive
strength parameter.

Qing et al. [89] studied iron metal foam, concentrating on devel-
oping an efficient bonding technique between the foam and the metal
face. They employed a custom setup that included a stainless-steel plate
in contact with the specimen, connected via a steel rod with grips to
facilitate the experiments. Bolzoni et al. [90] investigated both Fe +
NaCl and Ti + NaCl open and closed cell foams. They found that Fe foam
demonstrates superior elastoplastic behaviour compared to Ti, which
exhibits pseudoplastic characteristics. The authors concluded that
empirical models are insufficient for accurately predicting the overall
behaviour of general foams. Conversely, structural-analytical models
can provide satisfactory predictions for specific mechanical properties,
such as elasticity, considering a particular pore volume. In summary,
they developed new models aimed at more accurately and efficiently
calculating the mechanical properties of foams.

McCullough et al. [91] examined a closed-cell foam known by the
trade name Alulight. Their findings indicate that the foam exhibits
contrasting responses when subjected to compression and tension: it
behaves semi-brittly under tensile stress, whereas it demonstrates
ductile characteristics under compression—this type of foam shares
several properties with open-cell foams. Prior research [92] analysed
crack growth within the same material and emphasised the beneficial
impact of higher density in enhancing plane strain fracture toughness
and the unloading modulus. Motz and Pippan [93] validate the con-
trasting response of metal foam under tensile stress compared to
compression loading, studying closed-cell foam at two different den-
sities (0.25 g/cm3 and 0.40 g/cm3). No deformation bands were
observed, apart from during the ultimate failure. Wang et.al. [94].
highlight the different behaviour, deformation, and fracture mechanics
between tension and compression. Specimens did not show the defor-
mation band except for the final failure. Also, their loading and
unloading modulus results confirm the conclusions of McCullough et al.
[91]. Kashef et al. [96] observed that higher-density specimens show
more considerable strength.

Table 1 includes summarised information for the physical properties
of the foams, such as the density and relative density, and the observed
mechanical properties from the mentioned research works.

Despite the growing interest in metal foams, there is still a notable
lack of standardised protocols and consistent data on their tensile per-
formance. This gap significantly hinders predictive modelling and safe
design of foam-based components subjected to tensile or combined
loading conditions. The present research aims to explore reliable spec-
imen preparation and testing protocols for metal foams and metal foam
sphere assemblies, drawing inspiration from set ups pertinent to flatwise
tensile tests for adhesives and investigate whether the use of a suffi-
ciently strong adhesive could shift the failure inside the specimen and



T. Kalpakoglou et al.

Journal of Materials Research and Technology 39 (2025) 7588-7612

Table 1
Mechanical properties of foams from previous research [95].
Title Material Density Relative Elastic Modulus Tensile Strength Relative
Density Elastic
modulus
Tensile and shear properties of aluminium foam Aluminium - 0,09 106,3 MPa 3,94 MPa 1,54x 1073
[94]
Uniaxial stress-strain behaviour of aluminum alloy ~ Aluminium 0,65 0,25 AlMg1Si0.6 sB (5,1 AlMg1Si0.6 sB (8,5 0,07/0,06
foams [91] GPa)/AlMg18Si10 (4,3 MPa)/AlMg1Si10(7,3 MPa)
GPa)
Tensile properties of composite metal foam and Steel 2,9 and 3,1 0,36 and 4,36-8,26 GPa 75-85 MPa (ss-cmf)/165 0,02/0,04
composite metal foam core sandwich panels 8/ em3 0,39 MPa (ss-cmf-cps)
[871
DEFORMATION BEHAVIOUR OF CLOSED-CELL Aluminium 0,25 g/cm3 0,09 and 2360 MPa 4 MPa 0,03
ALUMINIUMFOAMS IN TENSION [93] and 0,40g /sz 0,14
Characterisation and simulation of tensile Aluminium 0,5 g/cmg 0,18 3.,5 GPa 5 MPa 0,05
deformation of non-uniform cellular aluminium
until damage [86]
The mechanical properties and modeling of a Steel - 0,15 3150 MPa 4.9 MPa 0,015
sintered hollow sphere steel foam [83]
Fracture toughness of titanium foams for medical Titanium 0,3-0,4 0,06-0,08 116 GPa 61.1 MPa (r.density 0,4) 0,96
applications [96] and 56.4 MPa (r.density
0.3)
TOUGHNESS OF ALUMINIUM ALLOY FOAMS Aluminium - - - - -
[92]
Combinatorial structural-analytical models for the Fe + NaCl/Ti - 0,43 - - -
prediction of the mechanical behaviour of + NaCl
isotropic porous pure metals [90]
Initial yield behaviour of closed-cell aluminium Aluminium - 0,117 & 1,07 GPa and 1,45 GPa 2 MPa and 3 MPa 0,015 &
foams in biaxial loading [97] 0,172 0,021
Primary Investigation on an Iron Foam Sandwich Iron - - - - -
Structure [89]
Investigation of the Behavior of Open Cell Aluminium - 0,06-0,08 148- 452 MPa 1,32-2,08 MPa 2,14x1073-
Aluminum Foam [98] 6,55 x 1073
Experimental investigation of mechanical Steel 0,3-0,6 g/cmg 0,11-0,23 260-360 MPa 5,2 MPa 0,001-
properties of metallic hollow sphere structures 0,0017

[82]

make deductions for its behaviour.

In this work, we will outline our experimental work to reliably
determine the Tensile Strength and Elastic Modulus of steel foam hollow
sphere assemblies under the application of a tensile load and compare
them with published data and scaling curves in order to evaluate the
testing protocol used and determine the mechanical characterisation of
steel foam hollow sphere assemblies under tensile load [84]. The present
research aims to show reliable results for these two tensile characteris-
tics and form the basis for future experimental investigations of similar
structures, without employing expensive infrastructure such as DIC or
X-ray tomographers [99,100]. The investigation will further investigate
the validity and spectrum of application of the testing protocol by testing
specimens of various relative densities, comprising spheres of two
different sizes in different proportions. It aims to expand their use in
industry, discuss differences observed between theoretical (design) and
experimental values from previous research, and point out possible
reasons for deviations.

2. Materials and preparation methods

The steel hollow spheres used in creating our test specimens are
shown in Fig. 1, and their properties were provided by the manufacturer
(Hollomet GmbH) as shown in Table 2. A thermosetting adhesive,
Araldite  AT1-1  (https://www.wellmid.com/down/down/Araldite
AT1-1.pdf Huntsman/Vantico, 2000), was used to pre-coat the
spheres. Thermosetting adhesives like Araldite AT1-1 are one-
component adhesives that require an elevated temperature to activate
and cure. Once cured, the adhesive can reach a lap shear strength of
32-33 MPa and drum peel strength of 4-6 MPa. The spheres comprise
FeCuP alloy, with carbon levels reaching 0.14 % and 0.17 % for the two
types (sizes) of spheres available. Spheres labelled “SHS2” had an
average diameter of 2.3 mm, while “SHS4” had an average diameter of

Fig. 1. Pre-coated steel foam hollow spheres are used for specimen creation.

4.5 mm. The selection of sphere diameters was based on the manufac-
turer’s availability, and the same batch was used for Yiatros et al. [1].
For continuity, we use the same terminology as Yiatros et al. [1],
referring to specimens with 2 mm diameter spheres as SHS2 and 4 mm
diameter spheres as SHS4.

Furthermore, the actual shell walls of the sphere have pores; hence,
steel foam spheres SHS2 had 10 % microporosity, and SHS4 had 12 %
[1]—Fig. 2A and 2B show microscope measurements of the sphere’s
diameters. Surface morphology was studied using scanning electron
microscopy (SEM) using a FEI Quanta 200 microscope (Hillsboro, OR,
USA) with an acceleration voltage of 20 kV and a working distance of 10
mm. Before SEM analysis, the specimens underwent sputter-coating
with gold to ensure proper conductivity and prevent charging effects
during imaging.
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Table 2
Physical properties of steel hollow spheres [1].

Journal of Materials Research and Technology 39 (2025) 7588-7612

Sphere Type C-Content(%) Average diameter D (mm) Apparent Density (g/cm?)

Shell wall thickness t (pm) Micro-Porosity (%) Adhesive mass (%) VR

SHS2 0,14 2,3 0,5
SHS4 0,17 4,5 0.4

43-53 10 15 0,04
64-74 12 13 0,03

mm |ETD

4 mm
Quanta

Fig. 2. Measurement of sphere diameter by the microscope, A) SHS2, B) SHS4.

The specimen geometry was guided by the shape of the flatwise grip
(50 mm x 50 mm cross-sectional area), and it was decided to keep the
height approximately the same, drawing from a similar attribute for the
compression tests undertaken in Yiatros et al [1]. 50 mm ensures that
there will be at least 10 cells in any given axis for the specimens in

E F

%

question. Although a more elaborate geometry (i.e. dogbone coupons) as
seen in other works [83], could have been considered in an attempt to
focus failure in the middle third of the specimen, it was deemed
appropriate to try out the new grips testing protocol with a more uni-
form geometry and assess the need for a more elaborate geometry at a

G H

Fig. 3. A) Setting distance between the mould walls B) Measurement of the depth of the mould C) Bespoke mould for prototypes of 50 x 50 x 50 mm® steel hollow
spheres specimens D) Industrial oven where the mould enters to become the connection of the spheres between them through the heat and final specimen con-
struction E) Levelling of specimen surfaces F) Vertical head sanding machine for specimens preparation prior to the tests G) The dimensions to be measured H) The

tools used to measure the specimens’ dimensions and level surfaces.
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later stage.
The specimen preparation process can be summarised in the
following stages/steps.

. Preparation of mould at the correct size (Fig. 3A).

2. Measurement of the height of the mould empty area where the
spheres will be placed (Fig. 3B).

. The specimens are made using steel hollow spheres placed in a
bespoke mould (Fig. 3C). Inserting the spheres into the mould at a
height corresponding to the final height of the specimen. Add a metal
plate to achieve the desired height and apply pressure to the surface.

. Measurement of final dimensions before placing the mould in the
industrial oven.

. Placement of mould in an industrial oven (Fig. 3D) in the laboratory
for 2 h at 200 °C for adequate activation and curing of the thermo-
setting adhesive. Keeping the temperature and time of curing fixed,
assuming the same volume of araldite AT1-1 coating on the spheres,
was implemented as an assurance for observing the same curing
conditions and avoiding deviations in the quality of the bonds.

. When the specimen comes out of the industrial oven, it is checked for
flatness on the side that will connect to the grips (Fig. 3E). If not, sand
it on the vertical head sanding machine (Fig. 3F).

. The specimen dimensions are measured (Fig. 3G) and then joined to
the grips using epoxy adhesive. Fig. 3H presents the tools used to
measure the specimens.

It has to be noted here that only minor out-of flatness cases were
treated in point 6 of the preparation workflow as high out-of-flatness
specimens were rejected. In any case, the treated surface was fully
submerged in the binding adhesive connecting to the grips, making any
potential microcracks introduced into the specimen irrelevant.

All tests took place at the Large Structures Laboratory at Cyprus
University of Technology, Department of Civil Engineering and Geo-
matics, using the Lloyds 150 kN Universal Testing System shown in
Fig. 4.

A vernier calliper and a spirit level were used to measure the speci-
mens. The vernier calliper was selected because it ensures higher ac-
curacy in the measurements taken in the aforementioned specimen

Journal of Materials Research and Technology 39 (2025) 7588-7612

preparation steps. Since the width and length of the specimens were
constrained by the mould, the height was the only variable in the pro-
totyping process. Pre-curing the height was allowed to be about 52 mm,
and a mild pressure was applied to the grips holding the top and bottom
plates to ensure that the top and bottom surfaces were flat, while the
expected marginal shrinkage due to curing would not create any voids
within the specimen. This limit was chosen after various tests on the
heights of the sphere assemblies during step 3 of the aforementioned
specimen preparation methodology. All height measurements were
made as shown in Fig. 3B from the top edge to the base of the mould. As
the results presented below demonstrate, acceptable deviations from the
required dimensions post-curing should be between + 2 to 3 mm from
the required dimensions for a specimen to be acceptable for testing. At
this point, it should be emphasised that continuous measurements of the
dimensions of the specimen from the same sides are recommended. For
this, it is helpful to place identification marks at the location of each side
of the specimen according to its position in the mould during step 6.

A commercial epoxy (J-B Weld) was used to bond the specimens to
the tensile grip tabs. In contrast to other epoxies, J-B Weld is a superior
adhesive, much stronger (ultimate tensile strength above 35 MPa) and
stiffer than the specimen’s typical strength and stiffness, successfully
concentrating tensile failure within the specimen depth rather than the
interface with grip tabs. Before initiating the test, an optical specimen
check is performed before placing it in the test frame. During this check,
any imperfections on the specimen or the connection between the
specimen and the grip tabs are recorded. After that, the specimen with
tabs is placed in the test frame and fixed with a pivot rod, which allows
in plane rotation. For this test series, special grips for flatwise tension
were used (Fig. 5), which are also used to test flat tensile strength and
tensile adhesion properties according to several standards for other
materials (ASTM C297 [101], ASTM D3354 [102], ASTM D1623BASTM
D1623 — 17 [103], EN 1607[104], EN 2243-4[105]). The experimental
parameters are set through the corresponding console software that
connects to the test frame. Upon specimen placement, displacement and
load are set to zero. The whole experiment was done under displacement
control with a displacement rate of 30 mm/hr (0.5 mm/min), which is
the accepted displacement rate for similar flatwise tensile tests accord-
ing to ASTM C297(ASTM-C297, 2010). After the experiments, the grips

Fig. 4. The Lloyds 150 kN testing machine is set for a tensile test.
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Fig. 5. Tensile strength test fixtures. Produced by Grip-Engineering Thiimler GmbH.

were cleaned of isolated epoxy using a vertical head sanding machine.
First, a check is made for the crack point, and if it coincides with the
initial points that were located. Some of the steps mentioned above are
presented in Fig. 6.

The specimen’s shape is a cube with dimensions 50 x 50 x 50 mm?.
The first series of experiments was performed with specimens made with
solely 2 mm sphere assemblies (SHS2) and 4 mm sphere assemblies
(SHS4), aiming for specimens with two distinct average relative den-
sities. The reported type of specimens differed only in relative density.
Hence, the first series of experiments has two groups of specimens. A
subsequent investigation using mixtures of the two types of spheres in
different proportions was also performed to generate intermediate
average densities, presented in the subsequent sections. More specif-
ically, in the second series of experiments, specimens were prepared
with a mixture of the two available sphere diameters. Three different
groups of specimens were prepared; “SHS2_0,75_SHS4_0,25" comprising
75 % by volume of 2 mm spheres (and 25 % by volume 4 mm spheres),
“SHS2_0,50_SHS4_0,50" comprising a 50 %:50 % ratio of 2 mm and 4
mm spheres, and finally “SHS2_0,25_SHS4_0,75" comprising 25 % by
volume 2 mm spheres (and 75 % by volume 4 mm spheres).

For completeness, in Table 3, one can observe the specimen groups
and the number of specimens in each group.

3. Results
3.1. Physical and mechanical properties of specimens

Table 4 shows the physical characteristics of the specimens with 2

7593

mm sphere assemblies. Numbering in brackets indicates specimen
number. The specimen numbers omitted refer to mostly imperfect
specimens (specimens with initially cracked sections or imperfect sur-
faces) or, in fewer instances, specimens where the test failure occurred at
the interface with the grips due to imperfect adhesion.

Table 5 shows the physical characteristics of the specimens with 4
mm sphere assemblies.

The volume of the specimens is found by measuring each side at
three locations and weighing each specimen on a laboratory balance.
The physical characteristics of the specimens in each set are closely
distributed about two distinct mean density values, 0,585 g/cm® for
SHS2 specimens and 0,469 g/cm?® for SHS4, respectively, with minimal
standard deviations as the respective coefficients of variation indicate.

Tables 6-7 presents testing specimens’ Elastic modulus and Tensile
strength. The value of Elastic’s Modulus corresponds to the initial or
second (where available) elastic slope of the curve of the stress-strain
diagram for each specimen [106]. The values of tensile strength are
derived from: Gmax = Fmax/A , where Fp,ox is the maximum (peak) load,
and A is the original cross-sectional area [107]. The relative density of
the specimens is benchmarked on p; which is taken as the density of
solid steel (ps = 7.87 g/cm3) [108]. The relative density term is the
typical packing density quantification expression, indicative of the size
of the porosity and typical for metal foams for comparison purposes.

Figs. 7 and 8 show the stress-strain curves from specimen tests. The
strain is presented in percentage form to make it easier to compare the
results with previous works, since most authors have chosen this form of
presentation of the results concerning the strain. It is presented as a
percentage of the original height of the specimen.
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Fig. 6. a) Optical check of the specimen before the experiment, b) Specimen placed in the machine, ¢) Specimen just after the end of the experiment, d) Optical check

of the specimen after the experiment.

Table 3
Number of specimens per group.

Specimen Number of specimens
SHS2 12
SHS4 9
SHS2_0,75_SHS4_0,25 6
SHS2_0,5_SHS4.0,5 5
SHS2_0,25_SHS4 0,75 5

All specimens exhibited similar stress-strain behaviour, with limited
deviations and an initial “toe” of varying strain attributed to the tab
alignment, followed by a linear increase and a brittle failure at peak
load. As seen in Figs. 7 and 8, the testing procedure for some specimens
(SHS2(7), SHS2(12), SHS(19)-SHS2(21), SHS4(7), SHS4(9), SHS4(10),
SHS4(16)) included a loading-unloading-reloading scenario. This load
loop was executed in a sample of the specimens in an attempt to verify
the elasticity of the quasi-linear path of the specimens under question
and investigate the similarity of the stiffness magnitude compared to the
monotonically loaded specimens. The loading-unloading-reloading
limits were selected to be well below (>70 %) of a conservative ten-
sile strength value that was observed in early trials. Specifically for
specimens of 50 x 50 x 50 mm?, we used a limit of 4.5 kN loading for
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Table 4

The physical characteristics of the specimens with 2 mm sphere assemblies.
Where L is the length of the specimen, W is the width of the specimen, and H is
the height of the specimen.

No Specimen Mass L (mm) w H Density
(€3] (mm) (mm) (g/cm®)
1 SHS2(4) 79 53,082 53,417 49,290 0,565
2 SHS2(5) 77 50,603 56,093 47,505 0,571
3 SHS2(6) 74 51,802 50,523 50,783 0,557
4 SHS2(7) 73 51,598 49,372 49,798 0,575
6 SHS2(12) 71 49,988 50,125 49,190 0,576
7 SHS2(14) 71 47,913 50,497 51,527 0,570
8 SHS2(17) 76 48,442 51,985 52,083 0,579
9 SHS2(18) 81 51,373 52,045 51,095 0,593
10  SHS2(19) 78 48,555 52,287 48,570 0,633
11 SHS2(20) 71 51,800 48,982 45,565 0,614
12 SHS2(21) 80 50,535 52,322 50,718 0,597
Mean 75,55 50,517 51,604 49,648 0,585
Standard Dev. 3,58 1567 1935 1828 0,022
Coefficient of 4,74 3,10 3,75 3,68 3,76

Variation (%)




T. Kalpakoglou et al.

Table 5

The physical characteristics of the specimens with 4 mm sphere assemblies.
Where L is the length of the specimen, W is the width of the specimen, and H is
the height of the specimen.

No  Specimen Mass L(mm) W H Density
(€] (mm) (mm) (g/cm®)
1 SHS4(1) 59 47,385 52,155 51,857 0,460
2 SHS4(3) 54 51,265 44,120 51,623 0,462
3 SHS4(7) 55 50,882 50,477 44,428 0,482
4 SHS4(9) 59 51,175 50,197 51,512 0,446
5 SHS4(10) 54 49,050 48,670 50,133 0,451
6 SHS4(13) 60 47,507 51,787 51,203 0,476
7 SHS4(14) 62 49,727 52,253 50,093 0,476
8 SHS4(15) 59 47,688 51,795 47,603 0,502
9 SHS4(16) 62 51,807 49,702 52,115 0,462
Mean 58,22 49,609 50,128 50,063 0,469
Standard Dev. 2,97 1668 2419 2382 0,016
Coefficient of 5,10 3,36 4,83 4,76 3,41

Variation (%)

SHS2 and 2.5 kN for SHS4, before unloading to 1.5 kN and reloading to
failure. 4.5 kN and 2.5 kN were selected as much lower than the failure
load of the first monotonically loaded SHS2 and SHS4 specimens,
respectively. The loading-unloading-reloading protocol was only used
for some specimens, as the reloading slopes did not exhibit major de-
viations from the monotonically loaded specimens.

Although both sets of specimens had uniform relative densities, their
mechanical properties exhibited mild variation in the results. This is
expected as the tensile stiffness and strength of the specimens depend on
the number, direction, and quality of bonds holding each assembly
together. Recording these two mechanical properties for the two test
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specimen groups, it can be observed that the Elastic Moduli ranged
between 273,92 and 430,12 MPa with a mean of 340,89 MPa for SHS4
and 325,51 to 470,33 MPa with a mean of 399,28 MPa for SHS2,
exhibiting the expected behaviour of smaller cells and higher density,
leading to more a stiffer response. Furthermore, for the tensile strength
the SHS4 specimens were ranging from 1,93 to 4,46 MPa with a mean of
2,8 MPa, while for SHS2, the range was 2,36 to 4,36 MPa with a mean
3,53 MPa. The mechanical properties results for each specimen group
indicate low to moderate coefficients of variation, a characteristic of
quasi-uniform foams. This may not be typical for metal foams, but the
use of metal foam spheres leading to a better control of the pore dis-
tribution can attribute to this.

Regarding the location (plane) of failure (Fig. 11), the most signifi-
cant proportion of SHS4 specimens exhibited failure in the middle third
of the specimen height, while almost all SHS2 specimens would fail near
the top or bottom third, but always within the specimens, as failures on
or including the interface were not included. Furthermore, close ex-
amination of the failure planes indicates that the failure is driven by the
rupture of bonds rather than hollow sphere ruptures. This is proven by
Figs. 9 and 10, taken from the microscope. In these Figures, sphere
separation marks are visible on the epoxy surface where the detached
sphere left its shape. The results are tabulated in Table 8.

The specimens presented in Table 8 were produced in two different
occasions. Specimens SHS2(4-14) and SHS4(1-13) were initially pro-
duced and sanded before joining onto the grip tabs. The second batch
was prepared with higher dimensional precision not to require sanding
before joining the grip tabs. This exploratory exercise was undertaken in
order to explore the effect of sanding on the specimens and whether it
would have an impact on the position of the plane of failure (i.e., the
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Fig. 7. The stress-strain curves of each specimen of the experimental group of SHS2 specimens.
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Fig. 8. The stress-strain curves of each specimen of the experimental group of SHS4 specimens.

Fig. 9. Determination of the crack surface for the specimen with 2 mm spheres by the microscope.

onset of micro-cracks near the surface), but as the results in Table 7
indicate, there was no notable deviation from the previous results.

3.2. Specimen preparation process for mixed sphere assembly specimens

Building on the promising results from the first specimen groups and
the viability of the testing protocol, the next investigation focused on the
suitability of the protocol for specimens with different relative densities.
Given the availability of metal foam spheres of two sizes, we decided to
explore the possibility of relative density as a design parameter and how
it affects the mechanical properties (Elastic modulus and Tensile
strength) by combining the two types of spheres in different proportions.
Mixing aggregates of different sizes in different proportions can give rise
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to improved results due to the increased number and geometric
complexity of bonds formed and the improvement of packing (see
Fig. 12) in such assemblies at a lower relative density compared to the
relative density of SHS2.

In this investigation, three types of specimen groups (assemblies)
were produced, where the proportion of 2 mm spheres was 25 %, 50 %,
75 %, and 4 mm spheres was 75 %, 50 %, 25 % by volume, respectively;
their production process is as follows.

e First, the requested spheres are placed in a measuring glass, where
50 ml corresponds to 25 % of the total specimen.

e After the requested quantity has been measured, the spheres are
transferred to another container where the mixture is made.
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Fig. 10. Determination of the crack surface for the specimen with 4 mm spheres by the microscope.

Fig. 11. The zones of the specimen.

Table 6
The Elastic modulus and Tensile strength of testing specimens with 2 mm sphere
assemblies (SHS2).

No  Specimen Elastic Tensile strength, Relative
modulus, E Omax (MPa) density (p/p,)
(MPa)
1 SHS2(4) 435,34 4,03 0,0716
2 SHS2(5) 419,35 3,70 0,0723
3 SHS2(6) 376,07 2,42 0,0705
4 SHS2(7) 470,33 2,36 0,0728
5 SHS2(12) 417,79 3,75 0,0729
6 SHS2((14) 392,28 4,16 0,0721
7 SHS2(17) 325,51 3,52 0,0733
8 SHS2(18) 388,14 3,45 0,0751
9 SHS2(19) 389,40 4,07 0,0801
10 SHS2(20) 374,43 3,00 0,0777
11 SHS2(21) 403,44 4,36 0,0755
Mean 399,28 3,53 0,0740
Standard Dev. 35,65 0,65 0,0027
Coefficient of 8,92 18,4 3,65

variation (%)

Then, the procedure described above is repeated for the specimens
with a single sphere type. The mixed specimens were made by vol-
ume measurement because it was assumed to be a safer method for
achieving the same size as the one type of sphere specimen. Fig. 13
shows the mixing process.

The labelling of the mixed assemblies was SHS2_XX SHS4_YY, where
XX and YY would be the percentage proportions of each constituent
sphere type, and the summation of the percentage proportions
should always be 100 %. Fig. 14 shows all the types of specimens
used in the current research, with their labels in the caption.
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Table 7
The Elastic modulus and tensile strength of testing specimens with 4 mm sphere
assemblies (SHS4).

No Specimen Elastic Tensile strength, Relative
modulus, E Omax (MPa) density (p/ps)
(MPa)

1 SHS4(1) 317,55 2,79 0,058

2 SHS4(3) 430,12 3,14 0,059

3 SHS4(7) 378,74 2,74 0,061

4 SHS4(9) 305,45 2,27 0,056

5 SHS4(10) 372,31 2,85 0,057

6 SHS4(13) 308,74 2,88 0,060

7 SHS4(14) 273,92 1,93 0,060

8 SHS4(15) 275,70 2,14 0,064

9 SHS4(16) 405,50 4,46 0,058
Mean 340,89 2,80 0,059
Standard Dev. 53,88 0,70 0,002
Coefficient of 15,81 25,00 3,39
Variation

Table 8
The zone where the crack started per specimen.

Specimen Zone 1-2 or 3-4 Zone 2-3

SHS2(4) X

SHS2(5) X

SHS2(6) X

SHS2(7) X

SHS2(12) X

SHS2(14) X

SHS2(17) X

SHS2(18) X

SHS2(19) X

SHS2(20) X

SHS2(21) X

SHS4(1) X

SHS4(3) X

SHS4(7) X

SHS4(9) X

SHS4(10) X

SHS4(13) X

SHS4(14) X

SHS4(15) X

SHS4(16) X

3.3. Physical and mechanical properties of mix specimens

Table 9 shows the physical characteristics of the specimens with 2
and 4 mm spheres.

It is evident from the very low coefficients of variation on the bulk
density (under 5 %) for all specimen groups, as well as for the rest of the
geometric properties, despite the rudimentary and manual character of
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Fig. 12. The ideal combination of spheres of two different sizes, minimising
inter-sphere voids.

the specimen preparation process. The tests followed the same proced-
ure as in the previous section, and Tables 10-12 present the mechanical
properties (Elastic Modulus and Tensile Strength) for each specimen.

The results for each relative density group exhibited very good and,
in some cases, excellent correlation. Especially on the elastic modulus, a
low coefficient of variation is observed, while the coefficient of variation
is moderate for the tensile strength was in a moderate range.

Figs. 15-17 shows the stress-strain curves from specimen tests. The
strain is presented in percentage form to make it easier to compare the
results with previous works, since most authors have chosen this form of
presentation of the results concerning the strain. It is presented as a
percentage of the original height of the specimen.

The stress-strain paths of the mixed sphere assemblies indicate
differing trends for the different mixture proportions. For instance, it is
clear that with more than 50 % of SHS2 spheres in the mix, the average
tensile elastic modulus can be very close to the mean Elastic modulus of
the SHS2 assemblies. Furthermore, it is also evident that the presence of
25 % SHS2 spheres in the mixture can push the mean tensile strength
close to the mean tensile strength for SHS2, while for the
SHS2 0,75_.SHS4_ 0,25 specimens, the mean tensile strength was

c
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superior to the equivalent mean of SHS2 assemblies. It should also be
noted that while for most groups, the standard deviations for both
Elastic modulus and tensile strength were consistent with the earlier sets
of experiments, the SHS2_0,75_SHS4_0,25 exhibited an even lesser co-
efficient of variation in comparison with the other groups. From Fig. 18,
we can highlight that the small amount of 2 mm spheres leads to a
significant improvement in the strain a specimen can take before
cracking compared with the specimens with only 4 mm spheres (Fig. 8).

Table 13 summarises the location where the plane of failure is found.
It is evident here that the plane of failure is now located in zone 2 for the
vast number of specimens. This can be attributed to the preparation
process, in which, during placement, there might be some higher con-
centration of smaller (SHS2) spheres near the ends rather than the
middle, making the relative density across the depth of the specimen
moderately graded towards the top and bottom. The presence of larger
(SHS4) spheres in the middle offers fewer bonds and, thus, a more
attractive position for the failure to be initiated and propagated. As it
became visible in some images from the microscope, the smaller spheres
take positions between the larger ones (see Fig. 18). Also, as in the case
of specimens with one type of sphere, the separation between the
spheres is due to a crack in the epoxy. Fig. 19 shows the start of the crack
between 2 spheres.

3.4. Elastic modulus and tensile strength variability

Fig. 20 shows the relationship between elastic modulus and relative
density for all tested specimens across the five groups. Each data point
represents an individual specimen, and symbols are used to distinguish
the different configurations (SHS2, SHS4, and their mixtures). The re-
sults demonstrate a clear positive correlation between relative density
and elastic modulus, consistent with theoretical models for cellular
materials. Specimens belonging to the SHS4 group, which exhibited the
lowest relative density, clustered in the lower modulus range
(~280-350 MPa). In contrast, SHS2 specimens, with the highest relative
density, achieved elastic moduli in excess of 400 MPa, with several
specimens approaching 480 MPa. The hybrid groups occupied inter-
mediate positions: SHS2_0.25_SHS4_ 0.75 and SHS2_0.5_SHS4_ 0.5 dis-
played moderate stiffness, while SHS2_0.75_SHS4_0.25 approached the
performance of SHS2, indicating the beneficial effect of higher SHS2
sphere content. Although some scatter is evident, particularly within
SHS2 and SHS2_.0.5_SHS4 0.5, the overall distribution of low to
moderately low coefficients of variation for each specimen group

d e

Fig. 13. a) Empty beaker b) 2 mm sphere quantities for SHS2_0,25_SHS4_0,75 specimen ¢) 4 mm sphere quantities for SHS2_0,25_SHS4_0,75 specimen d) Beaker for

the mix of spheres e) final mixture.
7
-

-

d

Fig. 14. a) SHS2 b) SHS4 ¢) SHS2_0,75_SHS4_0,25 d) SHS2_0,5_SHS4_0,5 e) SHS2_0,25_SHS4_0,75.
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Table 9
The physical characteristics of the specimens with 2 and 4 mm spheres. Where L is the length of the specimen, W is the width of the specimen, and H is the height of the
specimen.
No Specimen Mass (g) L(mm) W (mm) H (mm) Density (g /cm3)
1 SHS2_0,75_SHS4_0,25(1) 74 49,547 49,758 49,612 0,605
2 SHS2_0,75_SHS4_0,25(2) 73 48,505 50,998 50,615 0,583
3 SHS2_0,75_SHS4_0,25(3) 73 47,902 51,372 51,132 0,580
4 SHS2_0,75_SHS4_0,25(5) 73 47,343 53,178 52,453 0,553
5 SHS2_0,75_SHS4_0,25(6) 73 48,123 52,290 52,228 0,555
6 SHS2_0,75_SHS4_0,25(10) 75 49,762 51,997 52,025 0,557
Mean 73,5 48,530 51,599 51,344 0,572
Standard Dev. 0,76 0,868 1075 1004 0,019
Coefficient of Variation (%) 1,03 1,80 2,10 1,96 3,32
No Specimen Mass (g) L(mm) W(mm) H (mm) Density (g /cm3)
1 SHS2_0,5_SHS4_0,5(1) 66 51,653 51,745 47,770 0,517
2 SHS2_0,5_SHS4_0,5(3) 73 47,882 52,123 52,060 0,580
3 SHS2_0,5_SHS4_0,5(5) 63 47,312 50,758 50,835 0,516
4 SHS2_0,5_SHS4_0,5(6) 70 48,910 52,160 51,953 0,528
5 SHS2_0,5_SHS4_0,5(8) 70 48,778 52,272 52,013 0,528
Mean 68,40 48,907 51,812 50,926 0,534
Standard Dev. 3,50 1494 0,556 1643 0,024
Coefficient of Variation (%) 5,12 3,05 1,07 3,22 4,49
No Specimen Mass (g) L(mm) W (mm) H (mm) Density (g/cm®)
1 SHS2_0,25_SHS4 0,75(1) 68 50,125 51,680 51,230 0,512
2 SHS2_0,25_SHS4_0,75(2) 71 51,435 50,972 51,235 0,529
3 SHS2_0,25_SHS4_0,75(3) 71 47,730 52,217 51,665 0,551
4 SHS2_0,25_SHS4 0,75(4) 66 49,433 49,673 51,770 0,519
5 SHS2_0,25_SHS4_0,75(9) 66 48,338 52,507 52,073 0,499
Mean 68,40 49,412 51,410 51,595 0,522
Standard Dev. 2,24 1310 1013 0,325 0,018
Coefficient of Variation (%) 3,27 2,65 1,97 0,63 3,45
Table 10 Table 11

The elastic modulus and tensile strength of testing specimens with mixing
spheres.

The elastic modulus and tensile strength of testing specimens with mixing
spheres.

No  Specimen Elastic Tensile Relative No  Specimen Elastic Tensile Relative
Modulus, E Strength, 6max Density Modulus, E Strength, Gmax Density
(MPa) (MPa) (/py) (MPa) (MPa) (p/py)
1 SHS2_0,75_SHS4_0,25 379,52 3,99 0,077 1 SHS2_0,50_SHS4_0,50 456,05 4,86 0,0654
@™ @™
2 SHS2_0,75_SHS4_0,25 405,67 4,04 0,074 2 SHS2_0,50_SHS4_0,50 367,50 3,43 0,0701
2) ®3)
3 SHS2_0,75_SHS4_0,25 409,41 4,57 0,073 3 SHS2_0,50_SHS4_0,50 362,88 3,14 0,0653
®3) )
4 SHS2_0,75_SHS4_0,25 337,90 3,79 0,070 4 SHS2_0,50_SHS4_0,50 352,66 2,72 0,0669
5) 6)
5 SHS2_0,75_SHS4_0,25 385,33 4,46 0,070 5 SHS2_0,50_SHS4_0,50 378,82 3,22 0,0668
(6) 8
6 SHS2 0,75_SHS4_0,25 406,69 4,21 0,071 Mean 383,58 3,47 0,0669
(10) Standard Dev. 37,19 0,73 0,0017
Mean 387,42 4,17 0,072 Coefficient of 9,70 21,0 2,54
Standard Dev. 24,86 0,27 0,002 Variation (%)
Coefficient of 6,42 6,47 2,78

variation (%)

confirms the strong influence of relative density on stiffness.

Similarly, Fig. 21 presents the tensile strength of individual speci-
mens as a function of relative density for the five aforementioned con-
figurations. The data points reveal a general upward trend, indicating
that tensile strength increases with relative density, which is in line with
expectations for cellular and composite structures. The SHS4 specimens,
which correspond to the lowest relative densities, consistently exhibited
the weakest performance, with tensile strengths clustered around
2.0-3.0 MPa. By contrast, SHS2 specimens, with the highest relative
densities (~0.074-0.075), reached strengths in excess of 4.5 MPa, with
several specimens approaching 5.0 MPa. Similarly to the elastic modulus
diagram the hybrid groups occupied intermediate positions:
SHS2_0.25_ SHS4 0.75 and SHS2_0.5_SHS4.0.5 produced moderate
strengths with noticeable scatter (moderate coefficients of variation),
whereas SHS2_0.75_SHS4_0.25 exhibited strengths close to those of
SHS2, demonstrating the beneficial effect of a higher SHS2 fraction.

Table 12
The elastic modulus and tensile strength of testing specimens with mixing
spheres.

No  Specimen Elastic Tensile Relative
Modulus E Strength, Gmax Density
(MPa) (MPa) (p/ps)
1 SHS2_0,25_SH4_0,75(1) 379,06 3,99 0,065
2 SHS2_0,25_SH4_0,75(2) 388,60 3,75 0,067
3 SHS2_0,25_SH4_0,753) 354,62 3,76 0,070
4 SHS2_0,25_SH4_0,75(4) 295,74 2,49 0,066
5 SHS2_0,25_SH4_0,75(9) 306,18 3,35 0,063
Mean 344,84 3,47 0,066
Standard Dev. 37,65 0,53 0,002
Coefficient of 10,9 15,3 3,03

Variation (%)
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Fig. 15. The stress-strain curves of each specimen of the experimental group of SHS2_0,75_SHS4_0,25 specimens.

The mechanical response of the specimens showed a clear depen-
dence on both relative density and material configuration. Fig. 22 il-
lustrates the elastic modulus results in a box and whiskers plot, where
stiffness increased systematically with relative density. The SHS4 group
exhibited the lowest median modulus (~310 MPa) and the highest co-
efficient of variation, while the SHS2 group achieved the maximum
stiffness (>400 MPa). Hybrid configurations provided intermediate
performance, with SHS2_0.75_SHS4_0.25 combining high modulus with
the lowest coefficient of variation, suggesting a beneficial balance be-
tween stiffness and reliability. A one-way ANOVA confirmed significant
differences among groups (p < 0.05), and post-hoc analysis indicated
that SHS4 was significantly weaker than SHS2 and the higher-density
hybrids.

A similar trend was observed for tensile strength (Fig. 23). SHS4
again exhibited the lowest values (median ~2.5 MPa), whereas the
highest strengths (>4.0 MPa) were recorded for SHS2 and
SHS2 0.75_SHS4_ 0.25. The hybrid groups displayed intermediate
properties, with SHS2_0.25_SHS4_0.75 showing moderate strength and
low scatter, and SHS2_0.5_SHS4 0.5 showing greater variability. Statis-
tical analysis confirmed significant group differences (p < 0.05), with
post-hoc tests revealing SHS4 as significantly weaker than all other
configurations.

These results are consistent with the Gibson-Ashby models for
cellular materials, which predict the elastic modulus and strength scale
with relative density according to power-law relationships. The
observed increase in both modulus and tensile strength with relative
density aligns with these theoretical design expectations. Moreover, the
performance of the hybrid groups suggests that compositional tailoring
can improve not only stiffness and strength but also reduce scatter of the
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mechanical properties results in this type of testing, which is particularly
important given the inherent variability in cellular structures[95].
Overall, the results establish a consistent positive correlation between
relative density and mechanical performance. While SHS2 provides the
highest stiffness and strength, hybrid configurations—particularly
SHS2_0.75_SHS4 0.25—achieve = comparable performance with
improved reproducibility, indicating that carefully balanced mixtures
can optimize both strength and reliability.

Fig. 24 shows data relative to the Elastic modulus of foams, E/E; ,
plotted against relative density, p/p,. The solid lines represent the
scaling equations found in Gibson and Ashby [84]. The solid blue curve
represents the scaling curve for open-cell foam. The solid orange and
grey curves represent the scaling curves for closed-cell foam with ¢ =
0.8 and ¢ = 0.6, respectively. These are described by the following
equations:

E /E=0%(p/p)" + (1= 0)(p/p,),

where ¢ = 1 for open-cell foam and ¢ = 0.6 or ¢ = 0.8 for closed-cell
foam, ¢ is the volume fraction of the solid contained at the edges of
the cells, and the remaining fraction (1-¢) is the face. Fig. 25 shows data
for Relative Tensile Strength, omax/0ys , plotted against relative density,
p/ps, The solid blue, orange, and grey curves represent the analogous
equations for open cell, close cell, and hollow sphere metal foam,
respectively. The following equations describe the above curves:

Ormax / oy =0.3(p/p,)"* (open cell),

Omax /Gys :O33(p/ps)2 + 044(p / ps) (close Cell)r
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Fig. 16. The stress-strain curves of each specimen of the experimental group of SHS2_0,5_SHS4_0,5 specimens.

Ormax /Gys =0.65(p/p,)"*® (hollow sphere) [112].

The individual points are distinct values for past works that have also
been presented in Ref. [95], and the results obtained in the present
work, as average values for each set, are presented in Figs. 24 and 25.

As can be seen from Figs. 24-25, the results obtained from the ex-
periments fit quite well with the values from the scaling equations on a
log scale, compared to other published data of similar tests from the
literature. This promising comparison can be attributed to the proposed
testing protocol as a suitable and inexpensive method to test metal foams
and metal sphere assemblies.

3.5. Number of bonds

To better understand the specimens’ microstructure, we study the
number of grains per type of specimen. Grain analysis was done using
Gwyddion [109]. Gwyddion is a multiplatform, modular free software
for visualisation and analysis of data from scanning probe microscopy
(SPM) techniques. The method used is Grains — Mark by Threshold,
which detects bonds based on colour. The number of bonds in Table 14 is
the average of five specimens.

As expected, the specimens with 2 mm had more significant bonds.
The reduction of the 2 mm spheres reduces the number of expected
bonds. When the ratio of 4 mm spheres increases, this negatively im-
pacts the number of bonds. A significant difference is observed between
the specimens having greater than or equal to 50 % 2 mm spheres
regarding the number of bonds developed. At this point, it should be
emphasised that the test was done on the crack point, which is the point
with the smallest number of bonds between the spheres. An essential
role in the structure and position of the spheres is also played by the mix
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performed during the manufacture of the specimens and the randomness
concerning the spheres’ position within the specimen. The number of
bonds is shown in Table 14.

The contact surface of the spheres is not constant, as shown in
Fig. 26, which is to be expected due to the random position of each
sphere within the mould used to make the final specimens.

3.6. Statistical analysis of the standard deviation of the mechanical
properties of the specimens

In this section, the standard deviation of the mechanical properties
(Elastic Modulus and Tensile Strength) are evaluated regarding the
reliability of the standard deviation values in terms of statistical confi-
dence. The Standard Deviation and Confidence Interval data for Stan-
dard Deviation were obtained and presented in Table 15 for Elastic’s
Modulus and Table 16 for Tensile Strength.

All results are within the confidence interval based on the results
obtained and combined with those presented in Tables 1, 6 and 7-12.

Also, to strengthen the result, ANOVA (Analysis of Variance) was
performed. For the Elastic Modulus and Tensile Strength, the p-value is
0.04 and 0.02, respectively. The generally acceptable limits for ANOVA
are p < 0.05 [110], which indicates that the means for the properties of
the groups are statistically different. Table 17 shows the results of
ANOVA for Elastic Modulus, and Table 18 shows the results for Tensile
Strength.

Post-hoc analysis (Tukey HSD) was also performed to determine
which groups differed significantly. Tukey’s Honestly Significant Dif-
ference (HSD) is a post-hoc test used after a significant Analysis of
Variance (ANOVA) to determine which specific pairs of group means are
statistically different from each other [111]. The post-hoc analysis re-
sults showed that no statistical differences were observed in the case of



T. Kalpakoglou et al. Journal of Materials Research and Technology 39 (2025) 7588-7612

45
L SHS52_0,25_SHS4_0,75(1)
4 | srx0assHst o750
$HS2_0,25_SHS4_0,75(3)
| SHS2_0,25_SHS4_0,75(4) /
3.5 1= sHs2.0,25_sHs4_0,75(9) 7
3 4
’\
3
E 2,5 -
o
g
{o
3
1,5 1
1 4
0,5 1
0 h T T T T T T T T T
0,00% 0,20% 040% 0,60% 080% 1,00% 120% 140% 1,60% 1,80% 2,00%

Strain (%)

Fig. 17. The stress-strain curves of each specimen of the experimental group of SHS2_ 0,25 SHS4_0,75 specimens.

Fig. 19. Microscope figure of the start of the crack between 2 spheres.
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Fig. 20. Values obtained from the current work for Elastic Modulus against Relative Density. Circles indicate the SHS2 specimens, rhombuses indicate the SHS4
specimens, triangles indicate the SHS2 0,25 SHS4 0,75 specimens, x indicate the SHS2.0,50 SHS4.0,50 specimens, and crosses indicate the
SHS2_0,75_SHS4_0,25 specimens.

the Elastic Modulus. Statistical differences were observed in Tensile same size on the surface of the same type of specimens was different. The
Strength only between SHS4(G2) and SHS2_0,75_SHS4_0,25(G3). The smaller spheres usually ended at the bottom of the mixture cup during
post-hoc analysis results are presented in Tables 19 and 20 for Elastic the mix. Because mixing was done individually for each specimen, a
Modulus and Tensile Strength, respectively. concentration of the smaller diameter spheres was observed at the

bottom of the mixing cup and at specific points in the specimens,
possibly playing a role in the place where the cracks start. This could be
explained by the number of bonds found at the points where the spec-
imens broke, especially in the specimens with 75 % 4 mm spheres, which
had almost the same number of bonds as those made up only of 4 mm
spheres. A possible solution is to repeat mixing of spheres after the
transfer to the mould.

To ensure consistency in specimen preparation, all specimens were
manufactured following the same steps in sphere mixing, mould filling,

3.7. Discussion

The series of experiments using spheres of 2 diameters, either in
single size specimens or hybrid specimens, has enabled the investigation
of the tensile strength and elastic modulus for a range of relative den-
sities. The mixture preparation method followed in the current research
has led, in some instances, to a somewhat uneven distribution of spheres
within specimens. More specifically, the proportion of spheres of the
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Fig. 21. Values obtained from the current work for Tensile Strength against Relative Density. Circles indicate the SHS2 specimens, squares indicate the SHS4
specimens, rhombuses indicate the SHS2_.0,25_SHS4 0,75 specimens, triangles indicate the SHS2 0,50_SHS4 0,50 specimens, and crosses indicate the

SHS2_0,75_SHS4_0,25 specimens.

the measurements during sample preparation, and the use of the same
equipment. Also, as presented above, a statistical test was performed on
the specimens’ physical properties to ensure uniformity. Specimens that
showed significant deviation either geometrically or visible fractures
were rejected.

One more thing that can be highlighted is the crack position across
the depth of the specimen. A few possible factors might have influenced
crack initiation in the specimens. The treatment of specimens to mitigate
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for out of straightness at the top and bottom surfaces could play a role in
initiating microcracks near these surfaces, but this is unlikely due to the
use of the bonding adhesive to the grips, which could counteract such
effects. Another factor could be the proportion of voids due to the
random packing, where a concentration of cavities in a particular sec-
tion of the specimen can create a weak zone for crack initiation. Finally,
for the specimens with two different types of spheres, the contact bond
of the different spheres can play a significant role in crack start
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Fig. 23. The variability of Tensile Strength values per group of specimens. The number of specimens per group is: SHS2 is 12, SHS4 is 9,SHS2_0,75_SHS4_0,25 is 6,

SHS2.0,5_SHS4.0,5 is 5, SHS2.0,25_SHS4_0,75 is 5.

initiation, again creating comparatively weaker zones within the spec-
imen. As mentioned above, further experiments were carried out where
specimens with only one sphere type were made. The results did confirm
that the effect of the grinding of the specimens was unlikely to support
crack initiation, strengthening the conviction for the other two possible
factors affecting the location where cracks appeared, such as the points
of connection between the spheres and possible cavities that appeared
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inside the specimens. At this point, it is worth highlighting that the
cracks were exclusively related to sphere joint dislocations. Something
that has also been observed in previous research [82,83].

According to Table 13, the mixing between the two types of spheres,
regardless of the mixing ratios, indicates an improved transfer of stress
through specimens, which is confirmed by the proportion of specimens
exhibiting, on average, higher tensile stiffness and strength
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hollow sphere foams, rhombuses indicate open-cell foams, and squares indicate closed-cell foams. The scale in both axes is logarithmic [95].

characteristics than the SHS4 specimens and, in some cases, even better
than SHS2. One explanation is that the mixtures’ packing creates more
interconnected bonds within the assemblies, making tensile failure
planes more complicated and, thus, more challenging for cracks to form.
The increase in relative density, through an increase in the proportion of
2 mm spheres, increases Elastic Modulus and Tensile Strength values,
with mean values closely matching the scaling curves by Gibson and
Ashby[84].

The main objective of the present research was to develop a reliable
method for determining the mechanical properties of metal foams in
tension. One of the prerequisites for the reliability of the investigation
method is matching experimental and theoretical values. This is ach-
ieved in Figs. 24 and 25, and is mainly linked to.

7606

a) The shape of the specimens. The present research selected cubic
specimens with minimal or zero machining with dimensions of at
least 10 times the scale of constituent spheres, properly packed to
ensure a representative volume.

b) The specimen preparation process preserves precise dimensions and
mass, thus ensuring similar packing and relative density across each
testing group.

c) The quality and strength of the adhesive joining the specimen to the
grip tabs is much stiffer than that of the specimens, and the plane of
failure within the specimen.

d) The low speed used during the experiment was 30 mm/h.

It will be interesting to repeat the experimental process with smaller
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or larger specimens to confirm the present results. Previous attempts
[83] in evaluating metal foam properties in tension used ASTM E8, the
standard method of tensing metallic materials in tension. In this work,
we used fixtures from testing flatwise bonding adhesives for composites
in tension to cater for problems with the adhesion and transfer of load
from the grips to the specimens. Flatwise adhesion and scale of the
specimen dimensions (i.e., greater than 10 cells in each dimension) have
shown potential merits for developing a standard method for metal
foams.

Figs. 8 and 17 show that adding 2 mm spheres at 25 % to specimens
where the main type of spheres is 4 mm increases the stress experienced
by each specimen before fracture, which is connected to the various
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bonds that develop within the specimen. Something similar occurs
where 4 mm spheres comprise 25 % of the total specimens, Figs. 7 and
15. Without, however, observing a significant difference in the number
of bonds in the first case, and that does not apply in the second one, as
the specimens consisting of two different types of spheres have a lower
number of bonds, according to Table 13. Of course, it should be
emphasised that the hybrid specimens with two types fractured in their
middle third section show a better distribution of the load within the
specimen.

In Fig. 15, specimens SHS2_0.75_SHS4_0.25(5) and
SHS2_0.75_SHS4_0.25(6) exhibit initially a similar stiffness response
with a mild deviation after the unloading-reloading cycle. This deviation
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Table 13
The zone where the crack started per specimen.

Specimen Zone 1-2 or 3-4 Zone 2-3

SHS2_075_SHS4_0,25(1)
SHS2_0,75_SHS4_0,25(2)
SHS2_0,75_SHS4_0,25(3)
SHS2_0,75_SHS4_0,25(5)
SHS2_0,75_SHS4_0,25(6)
SHS2_0,75_SHS4_0,25(10)
SHS2_0,50_SHS4_0,50(1)
SHS2_0,50_SHS4_0,50(3)
SHS2_0,50_SHS4_0,50(5)
SHS2_0,50_SHS4_0,50(6)
SHS2_0,50_SHS4_0,50(8)
SHS2_0,25_SHS4_0,75(1)
SHS2_0,25_SHS4_0,75(2)
SHS2_0,25_SHS4_0,75(3)
SHS2_0,25_SHS4_0,75(4) X
SHS2_0,25_SHS4_0,75(9)

Ll IR S T I I I

>

Table 14
Number of bonds per type of specimen.

Specimen Number of Bonds
SHS2 4350
SHS4 1952
SHS2_0,75_SHS4.0,25 2431
SHS2_0,5_SHS4_0,5 2740
SHS2_0,25_SHS4_.0,75 2082

Comparing the number of bonds with Figs. 20 and 21, it is visible
that it follows the present trend.

can be attributed to a potential earlier crack initiation in
SHS2_0.75_SHS4_0.25(6), which led to the loss of the initial stiffness the
two specimens exhibited, yielding a moderately softer response. Ac-
cording to the results obtained through the experimental process, it was
shown that the increase in density has a more significant impact on
improving the mechanical properties in proportion to the number of
bonds, where it can be observed that it plays a minor role. For example,
in Tables 6, 10 and 14, we observe that specimens with 75 % 2 mm
spheres have properties similar to those with purely 2 mm spheres, but
show a significant difference in the number of bonds that existed at the
crack point. This can be explained through observations from previous
research[83], according to which larger diameter spheres can poten-
tially mitigate the failure of hollow spherical shells at the connection
points with neighbouring spheres. Also, at this point, it is worth
mentioning the statement of Sanders and Gibson[112] that there is an
optimal welding angle for maximising the mechanical properties for a
given relative shell thickness, t/R between spheres, which in the present
case can be taken into account as a parameter which, however, cannot
be controlled due to the randomness of the mixing of the spheres and
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Table 15
Standard deviation and confidence interval data for the standard deviation of
elastic modulus for each group of specimens.

Specimen Number of  Mean Standard Confidence
specimens Value Deviation Interval for the

Standard
Deviation (95.00
%)

SHS2 12 399,28 35,65 24,90-62,56

SHS4 9 340,89 53,88 36,39-103,22

SHS2_0,75_SHS4_0,25 6 387,58 24,86 15,52-60,96

SHS2_0,5_SHS4 0,5 5 383,58 37,20 22,29-106,88

SHS2_0,25_SHS4_0,75 5 344,84 37,65 22,55-108,18

Table 16
Standard deviation and confidence interval data for the standard deviation for
tensile strength of each group of specimens.

Specimen Number of Mean Standard Confidence
specimens Value Deviation Interval for the
Standard
Deviation (95.00
%)
SHS2 12 3,53 0,65 0,45-1,13
SHS4 9 2,80 0,69 0,47-1,33
SHS2_0,75_SHS4_0,25 6 4,17 0,27 0,17-0,66
SHS2_0,5_.SHS4.0,5 5 3,47 0,73 0,43-2,10
SHS2_0,25_SHS4_0,75 5 3,47 0,53 0,32-1,52
Table 17
ANOVA table for elastic modulus.
Source of Sum of Degrees of Mean of F- p-
Variability Squares Freedom(df)  SSQ statistic value
(8sQ)
Variability 22281,81 4 5570,44 2,73 0,04
Between
Columns
Variability 65308,6 32 2040,89
Within
Columns
Total 87590,4 36

their connection during the preparation process of the samples. On the
other hand, the increase in the relative density leads to a proportional
increase in the mechanical properties (Tables 6-7,10-12).

Based on the results, it can be assumed that the thermosetting ad-
hesive (Araldite AT1-1) plays an important role in the determination of
the tensile strength of the specimens. Several factors can affect the
performance of the adhesive, including its ageing since coating, storage
conditions, coating thickness prior to curing, and the curing tempera-
ture. A stronger adhesive can shift the failure to the spherical shells,

Fig. 26. Different cases of connections between spheres under the microscope.
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Table 18
ANOVA table for tensile strength.
Source of Sum of Degrees of Mean of  F- p-
Variability Squares Freedom(df) SSQ statistic value
(8sQ)
Variability 8,52 4 2,13 5,09 0,002
Between
Columns
Variability 13,4 32 0,41
Within
Columns
Total 21,92 36
Table 19

Post-Hoc analysis for elastic modulus (ANOVA), where G1 is SHS2, G2 is SHS4,

G3 is SHS2.0,75.SHS40,25, G4 is SHS2.0,5SHS40,5, G5 is
SHS2_0,25_SHS4 _0,75.
Group Group Mean Lower Upper p-
1 2 Difference Confidence Confidence value
Level Level
{G1'} {'G2’} —-1,40 56,16 113,72 0,06
{G1'} {G3} —65,29 —-0,03 65,24 1,00
{Gl'} {G4’} —-70,11 —-0,63 68,85 1,00
{G1'} {"G5’} —33,56 35,93 105,41 0,57
{G2’} {G3} —124,99 —56,19 12,61 0,15
{G2’} {G4’} —129,60 —56,80 16,01 0,19
{G2} {"G5’} —93,05 —20,24 52,57 0,93
{G3} {G4} —~79,65 -0,61 78,43 1,00
{G3} {G5} —43,09 35,95 114,99 0,68
{G4’} {’G5’} —46,00 36,56 119,12 0,71
Table 20
Post-Hoc analysis for tensile strength (ANOVA), where G1 is SHS2, G2 is SHS4,
G3 is SHS2.0,75.SHS4.0,25, G4 is SHS20,5SHS40,5 G5 is
SHS2_0,25_SHS4_0,75.
Group Group Mean Lower Upper p-
1 2 Difference Confidence Confidence value
Level Level
{Gl'} {'G3’} -0,16 0,65 1,48 0,17
{Gl'} {'G3’} -1,76 —-0,82 0,1 0,10
{’G1’} {°G4’} —1,24 —0,24 0,74 0,94
{G1'} {’G5} -1,23 -0,23 0,76 0,96
{G2} {'G3’} —2,47 —1,48 —0,49 0,001
{’G2’} {°G4’} —-1,94 —0,90 0,13 0,11
{G2} {’G5’} -1,93 —-0,89 0,15 0,12
{G3} {G4’} —0,55 0,57 2 0,58
{G3} {’G5’} —0,53 0,59 2 0,56
{G4’} {"G5’} -1,16 0,01 1 1,00

leading to stiffer elastic responses and potentially less brittle failure.
4. Conclusion

Although metal foams are attracting increasing attention, stand-
ardised testing procedures and reliable data regarding their tensile
properties remain limited. This deficiency challenges accurate model-
ling and the secure design of components incorporating foams under
tensile or combined loading. This issue arises due to the fact that the
material at hand is both metallic and porous (foam) in nature. Previous
work relied on testing methods for metals, which often led to inappro-
priate failures at the grip locations. This study seeks to address that
shortfall, by considering the foam characteristics of the materials and
exploring the potential of flatwise methods for investigating the tensile
properties of steel foam sphere assemblies, by considering a setup used
by standard EN 2243-4:2006 (CEN, 2020) for testing adhesives, and by
using a sufficiently stiff and strong adhesive push the zone of failure into
the steel foam hollow sphere assembly.

In the present research context, two distinct specimen groups with
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one sphere diameter type were used to capture the experimental
methodology’s suitability and efficacy. Once this was settled, the next
step was to prepare and test hybrid specimen groups with different ratios
of the two types of spheres in order to create specimen groups of
different bulk density steel foam assemblies in the range between the
two initial specimen groups. All experiments were done under
displacement control with a 30 mm/h displacement rate using special-
ized grips. This investigation aims to contribute towards a model for
studying mechanical properties (tensile strength and Elastic Modulus)
under the effect of tensile loading, investigating the reliability of the
method of specimen preparation and testing, as well as considering the
effect of relative density as a design parameter for such steel foam sphere
assemblies.

The new testing protocol exhibited promising results in terms of
specimen preparation (specimen geometry, minor deviations in relative
density), the high proportion of accepted testing failure responses, and
mechanical properties (elastic modulus, tensile strength). Despite the
minor deviations in the mechanical properties results, there is a very
good alignment with the Gibson and Ashby [84] design curves, which
was revealed in the present work and has not been presented in the past
in other research. By establishing a strong connection between the tabs
and the specimen via the selection of a high strength adhesive (tensile
strength in excess of 35 MPa), the tests proceeded with failures occurring
largely in the middle third of the specimens. Given the expected strength
of metal foams and steel foam hollow sphere assemblies, the proposed
test protocol yielded promising results for a relatively inexpensive
method to test reliably the tensile strength of low relative density porous
metals and metal foam sphere assemblies. The investigation proceeded
with testing specimens groups of different relative density, reinforcing
the protocol’s reliability and generating more test data to create a design
envelope. It is important to highlight, though, that the selected testing
protocol can become a relatively inexpensive and accessible method to
evaluate the tensile mechanical properties of low relative density porous
metals and metal foam assemblies, further supporting practitioners in
industrial uptake of the material.

A possible extension for this work is to enhance and better under-
stand the results by using techniques such as X-ray tomography or EBSD
to analyse internal defects, bonding quality, or grain orientation and
using Energy Disruptive Spectroscopy or fracture surface analysis to
assess bond ruptures. Through this, the effect of the bonds that develop
between the spheres and their packing will be further examined, shed-
ding light on the effects of relative density on the tensile mechanical
properties and ensuing tensile failure. Finally, in a similar fashion, we
will investigate the mechanical properties of metal foams under the ef-
fect of shear loading, where there is a gap in the predictability of both
shear modulus and strength. The methodology for specimen preparation
will follow the present methodology with adjustments for geometry. The
test set up is based on the ASTM C393 [113], and the aim is to assess the
viability and reliability of the method, including the adhesion to the
grips and appropriate failure mechanisms, in order to fill the gap in the
literature for reliable shear properties for low density metal foams.
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