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Due to their mechanical properties, metal foams are used in various fields. The

aim of the present research is to collect different studies about the important

mechanical properties of metal foams, such as Young’s modulus, tensile and

shear strength, relative density, etc. under tensile and shear loading. Gaps were

identified in the methodological embodiments of the experiments due to the

use of different standards, as well as in the calculation of mechanical properties

through mathematical relations in tensile and shear, which led to deviations

between the experimental results and these. Furthermore, this work records

sequences and connections between experimental results of different tasks as

well as solutions to the aforementioned issues.
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Introduction

Metal foams are man-made materials that replicate structures of nature such as

bones or woods, etc. that exhibit interesting physical and mechanical properties with

high range of applications in the industry (Zhao et al., 2017; Patel et al., 2018). A lot

of research on the history of metal foams has been published in the last years (Singh

and Bhatnagar, 2017; Rajak and Gupta, 2020). An extensive historical record for

metal foams was presented by Banhart (2013). The first recorded mention of metal

foams was in 1925 by Meller, while during the following years no recorded new

attempts on that field were seen until 1951, when John Elliott improved the

preparation method described by Meller. Since then, there has been an increase

in research activity in the field. In 1985 Shinko Wire Co. Ltd. developed one of the

most important techniques for metal foams (Alporas foam) (Miyoshi et al., 1998).

Four years later the patent for the Alcan foam technique/type was published (Jin

et al., 1990). From then until now there was significant development in research and

applications of metal foams. This is connected to the improved and scaled up

manufacturing of metal foams in the form of constituents of structural components

and filters that was recorded in the last couple of decades, as shown in Figure 1

(Google Ngram Viewer, 2022). shows the references in the literature for metal foams

during years.

Applications of metal foams are now found in several areas, such as the

automotive industry (Bisht et al., 2019; Carranza et al., 2019; Sun et al., 2019;
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Buonomo et al., 2022; Sunder Sharma et al., 2022), building

construction (Salimon et al., 2005; Bisht et al., 2019; Farhadi

et al., 2020; Chibani et al., 2021; Song et al., 2021), aerospace

(García-Moreno, 2016; Murugesan and Mansuri, 2018; Zhu

et al., 2018; Madhavan et al., 2019; Liu et al., 2022) and

chemical industry (Sajid Hossain and Shabani, 2015; Allioux

et al., 2020; Du et al., 2020; Hu et al., 2021; Chen et al., 2023),

bio-medical (Singh et al., 2013; Maimouni et al., 2020; Tong

et al., 2020; Alavi et al., 2021; Rodriguez-Contreras et al.,

2021), energy storage (Lafdi et al., 2008; Huang et al., 2019;

Lei et al., 2021; Galvagnini et al., 2022; MERT et al., 2022), the

list not being exhaustive. The uptake from the industry is

still low though, due to relatively costly scaling production

issues and the absence of reliable mechanical property

evaluation.

To date, the development and manufacture of metal foams

are based on various techniques and methods. Metal foams can

be manufactured with different methods and combinations of

metals such as steel, nickel, lead, and aluminium. Metal foams,

metal hollow spheres, or other porous metal products result

from the combination of production techniques and the

architecture of the cellular structure or casts. Of course, not

all methods can be applied for all metal alloys. Some methods

use similar techniques for foaming aqueous or polymer

liquids, others developed techniques based on a specific

characteristic of materials, such as the action during

sintering or the agent they can deposit electrically (Banhart,

2013; Mahadev et al., 2018; Kulshreshtha and Dhakad, 2020;

Parveez et al., 2022). The basic processing techniques of

cellular materials are summarized in Ashby et al. (2000a),

with the main categories: liquid metallurgy, coating

techniques, and powder metallurgy.

FIGURE 1
References about metal foams in past 220 years (Google Ngram Viewer, 2022).

FIGURE 2
Typical diagram for metal foam under compression stress.
Divided into three regions a) plastic-elastic deformation (linear
elasticity) b) Plastic deformation (collapse) c) densification. (Ashby,
1983).
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The cellular materials are divided according to the following

criteria: a) state of the metal processed, b) the foaming technique,

and c) the methods of pore formation.

Focusing on metal foams applications that require reliable

mechanical properties, in order to increase commercial uptake, it

is essential to develop trustworthy test protocols to evaluate and

reproduce representative material strengths and stiffnesses for

quality control purposes, but also for material design

enhancement.

The study of metal foams under compressive loading is the

most common. The mechanical properties under compression are

probably the most well studied for metal foams and porous metals,

as indicated by the publication of a standard method for

compression of porous metals (ISO 13314:2011, 2011). Gibson

and Ashby (1997) collected and presented rules for the mechanical

properties of cellular materials. This type of material has

distinctively different behaviour than solid metals, especially in

compression. Compression tests offer essential insights exhibiting

three distinct regions on the stress-strain curve (Ashby, 1983)

(Figure 2). The first region (linear elasticity region) is a

combination of elastic and plastic deformation. This indicates

that irreversible deformation can occur at low stress for metal

foams. The second region (collapse region) occurs due to

successive crush bands of cells collapsing and leading to plastic

deformation. The third region (densification region), due to the

collapse of the cells, is marked by stiffening behaviour.

More recent investigations confirm the existing results. Some

research works are summarized as follows: Papadopoulos et al.

(2004) produced pure Al foam and studied metal foams’

mechanical properties under compressions, such as Young’s

modulus and the plateau strength. This experimental result

agrees with theoretical and other investigators results (Gibson

and Ashby, 1997).

Bastawros et al. (2000) investigated the deformation

mechanics of Al alloy close cell foam. They recorded three

different stages of deformation of foam. The first stage

detected plastic deformation on cell nodes. The second shows

discrete cell bands with plastic buckling, increasing, and forming

new bands in the following areas. In the last stages, the collapse of

some of these bands is recorded.

Szyniszewski et al. (2014) reported four types of compressive

tests (no unloading, single unloading in the inelastic region,

unloading every 0.5%–1.0% strain, no unloading, reduced cross-

section). Foam deformation is characterized by three areas: linear

elastic, yield plateau, and abrupt increasing stress.

Yiatros et al. (2018) investigated the compressive properties

of steel hollow spheres assembled of different diameters bonded

with a thermosetting epoxy. The result of that was specimens

with different relative densities between them. Relative density is

the ratio of the density of a specimen to the density of a given

reference material (Kai Li, 2000). The models with higher relative

density had higher first maximum strength, which is the ability to

FIGURE 3
The stress-strain curves from above mentioned works.

Frontiers in Materials frontiersin.org03

Kalpakoglou and Yiatros 10.3389/fmats.2022.998673

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.998673


produce force (Stone et al., 2003). The compression behaviour of

specimens agrees with the stress-strain diagram in Figure 2.

Figure 3 assembles the stress-strain curves of the above

works. The curves’ shape agrees with Gibson and Ashby

(1997) curve, Figure 2, but compressive stress is significantly

higher. This relates to the different structures of specimens. Also,

hollow sphere structures show better behaviour under

compression stress compared with the other structures,

perhaps due to the more regular cell size and dispersion of

porosity within materials compared to other metal foams. A

recent extensive literature review on experimental methods for

metal foams and porous metal in compression has been reported

in Völlmecke et al. (2021) and in Nisa et al. (2022).

The only test method that has a dedicated standard for

investigating the mechanical properties of porous metals is

under uniaxial compression. The use of the different

standards is observed to study the mechanical properties of

porous metals in tension and shear. The most typical standard

for tensile tests is the ASTM-E8 (2010). This is a standard test for

tension testing of metallic materials, so it does not consider the

cell structure of the metallic foams and the role this plays in the

mechanical properties of the metallic foams. For the investigation

of mechanical properties in shear used, a large number of

different standard as ASTM-C273-C273M-11 (2011), etc.

This article aims to assemble and review the work done in the

experimental evaluation of the properties of metal foam under

the two types of loading: tension and shear. Specifically, the work

is aimed at research that explored Young’s Modulus in tension

that is a mechanical property that measures the tensile stiffness of

a solid material when force is applied longitudinally (Biswas,

2022), shear modulus that is a measure of the elastic shear

stiffness of a material (Uy, 2021), tensile and shear strengths

of porous metals that is the strength of a material or component

against the type of yield or structural failure when the material or

component fails in tensile or shear (Hibbeler and Yap, 2018), and

hollow spheres of different origins of materials and relative

densities. The assembly of all this work here allows the

mapping of important data related to the mechanical

properties of these materials and, most importantly, highlights

any gaps in the material space and the experimental procedures

for structurally related metal foams.

Properties of metal foams

Before embarking on this review, it is essential to mention

that in 2000, Ashby et al. (2000b), drawing parallels from other

works in porous materials, connected the characteristics and

properties of metal foams with two different sets of parameters.

The first describes the geometric structure of the foam, that is,

relative density or porosity, size, and shape of the cell. The second

is related to the properties of the cell wall material. The most

common properties are Young’s modulus, density, plastic, and

fracture yield strength (Gibson and Ashby, 1997).

Some approximate mathematical relations for mechanical

properties of metal foams have been presented in the past and are

also highlighted in Table 1:

The symbols with a subscript in the table represent the

property of the solid metal of which the foam is made. The

properties for Es and relative density ( ρ/ρs ) are between

0.0026 and 200 (GPa) and 0.02–0.35, respectively, depending

from the material (Gibson and Ashby, 1997). The mentioned

mathematical relations are based in part on experimental data

(Gibson and Ashby, 1997) and in part on empirical adaptations.

Mechanical properties under tension

Tensile tests (Davis, 2004; Iowa State University of Science

and Technology, 2020) are used to determine the following

mechanical properties: Young’s modulus, Poisson’s ratio,

ultimate tensile strength, yield strength, etc. The primary

curve produced from a tensile test is a direct stress-strain

curve. Figure 4 shows a typical stress-strain curve for metal

foams. The curve includes two points of interest: the yield

strength and ultimate tensile strength point, and the quasi-

elastic initial stiffness.

Table 2 presents key aspects of research work that

investigates the mechanical properties of metal foams under

tensile load, such as the base material, the type of foam, the

pore size, specimen size, loading rate, and if a particular standard

was followed. According to the literature, most works

concentrate on aluminium alloy closed cell foams, and a small

percentage investigate open or hollow spheres foam. Clearly, this

TABLE 1 Mathematical relations for mechanical properties of metal foams (Ashby et al., 2000a).

Mechanical properties Open-cell foams Closed-cell foams

Young’s modulus (GPa), E E � (0.1 − 4)Es( ρ
ρs
)2 E � (0.1 − 1)Es × [0.5( ρ

ρs
)2 + 0.3( ρ

ρs
)]

Shear Modulus (GPa), G G ≈ 3
8E G ≈ 3

8E

Bulk modulus (GPa), K K ≈ 1.1E K ≈ 1.1E

Poisson ratio ν 0.32 − 0.34 0.32 − 0.34

Compressive strength (MPa)σc σc � (0.1 − 1)σc,s( ρ
ρs
)3/2 σc � (0.1 − 1)σc,s × [0.5( ρ

ρs
) 2

3 + 0.3( ρ
ρs
)]

Tensile strength (MPa)σt σt ≈ (1.1 − 1.4)σc σt ≈ (1.1 − 1.4)σc
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space in the literature is not very contested, perhaps due to

practical reasons, such as the applicability of open cell foams in

structural applications or the more expensive production of

hollow spheres, but this needs extra investigation.

Furthermore, it is clear that there is no precise standard

method for this test, unlike compression, and no correlation

exists between the loading rate and the pore sizes.

Aluminium

According to Table 2, aluminium is the most common

material for metal foam construction. This can be attributed

to its physical properties (such as melting point), which allow for

relatively manageable heat treatment procedures for scaling up

production of metal foams.

Andrews et al. (1998) point out lower than expected values

for mechanical properties in closed-cell metal foams and

conclude that improving their manufacturing process will

improve the above values.

McCullough et al. (1999b) investigated close cell foam with

the trade name Alulight. Their results show a different behaviour

of foam under compression and tension. Under tensile load, the

foam has semi-brittle behaviour, while the compression loading

presents ductile behaviour. This type of foam has common

properties with open-cell foams. In earlier research work

(McCullough et al., 1999a), they studied crack propagation on

the same material and highlighted the positive role of increased

density in improving the plane strain fracture toughness and the

unloading modulus.

Motz and Pippan (2001) confirm the different behaviour of

tensile loading for the metal foam in comparison with the

compression loading investigated closed-cell foam with two

different densities ( 0.25 g/cm3 and 0.40 g/cm3). No

deformation band was observed, except for the final failure.

Amsterdam et al. (2006) studied the spread of cracks in

closed-cell foams under either monotonic or cyclic loading.

Emphasis was placed on the microstructure of the foams, and

the authors concluded that during uniaxial loading, the

propagation of cracks occurs through the endodontic network

of Al4Ca while in the case of cyclic loading through the Al

dendrites.

Peroni et al. (2008) observed that the specimens showed

significant non-linear behavior, even at low stress. This is

explained due to the material non-homogeneity, thus weak

points are created, which lead to plastic failure on low loads.

Wang et al. (2009) highlight the different behaviour,

deformation, and fracture mechanics between tension and

compression. Specimens did not show the deformation band

except for the final failure. Also, their results for the loading and

unloading modulus confirm the McCullough el. at (McCullough

et al., 1999b) conclusions.

Vealy (2010) investigated specimens with different pores per

inch (20 ppi and 40 ppi) and relative density of 6%–8% about the

mechanical behaviour. He highlighted the significant difference

between experimental results for elasticity modulus and

FIGURE 4
Typical stress-strain curve for metal foams (Davis, 2004).
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theoretical predictions by Gibson and Ashby (1997). He

explained the mentioned conclusion due to the difference in

porosity and ligament geometry between porosities. Zimar et al.

(2016) investigated the non-linear behaviour of metal foams

under tensile loading using the finite element method and

compared their simulation results with the experimental

results by Vealy (2010). They found larger stress for the same

strain in comparison with experimental results. Also, The

ϒoung’s modulus was higher than Gibson and Ashby’s

theoretical values (1997).

Foroughi et al. (2013) investigated closed cell foam with the

trade name Alulight. They exported models that allow FEM

analysis to predict mechanical properties for cellular materials

and hollow spheres’ structures or fiber architectures.

Marx and Rabiei (2020) investigated two specimens’ versions

and pointed out the fracture areas that differ. To avoid the

TABLE 2 Summary table of previous work and information about: type of foam, size of porous, specimens size/scale, loading rate, type of test,
standart.

Title of
work

Base
material

Type of
foam

Pore sizes Specimens size/scale Loading
rate

Standard

Tensile and shear properties of aluminium
foam (Wang et al., 2009)

Aluminium Closed Cell 2 mm Seven times larger of cell size 1 mm /min ASTM
C297-04

Uniaxial stress-strain behaviour of aluminum
alloy foams (McCullough et al., 1999b)

Aluminium Closed Cell ≥ 2 mm Ten cells along any leading
dimension

0.02 mm/s —

Tensile properties of composite metal foam
and composite metal foam core sandwich
panels (Marx and Rabiei, 2020)

Steel Closed Cell — 90 × 12.7 × 12.7 mm3 1.27 mm/min ASTM-E8

Deformation behaviour of closed-cell
aluminium foams in tension(Motz and
Pippan, 2001)

Aluminium Closed Cell 3.5 mm 25 × 25 × 120 mm3 and 50 ×
25 × 120 mm3

0.2 mm/min —

Characterization and simulation of tensile
deformation of non-uniform cellular
aluminium until damage (Foroughi et al.,
2013)

Aluminium Closed Cell — — 0.5 mm/min —

The mechanical properties and modeling of a
sintered hollow sphere steel foam
(Szyniszewski et al., 2014)

Steel Hollow
Sphere

— 55 × 25 × 25 mm3 and 80 ×
52 × 55 mm3

0.27 mm/s ASTM E8

Fracture toughness of titanium foams for
medical applications (Kashef et al., 2010)

Titanium Opel Cell — 16 × 15.36 × 6.4 mm3 0.01 mm/s ASTM
E1820-08

Mechanical properties of open-pore titanium
foam (Imwinkelried, 2007)

Titanium Opel Cell — 56 × 8 × 4 mm3 20 MPa/s Or
0.004 ŝ-1

—

Toughness of aluminium alloy
foams(McCullough et al., 1999a)

Aluminium Closed Cell 0.25–1.75 mm 145 × 145 × 9 mm3 0.01 mm/s ASTM
E813-89

Combinatorial structural-analytical models
for the prediction of the mechanical behaviour
of isotropic porous pure metals (Bolzoni et al.,
2021)

Fe + NaCl/Ti
+ NaCl

— — — 0.1 mm/s ASTM E8

Initial yield behaviour of closed-cell
aluminium foams in biaxial loading
(Vengatachalam et al., 2021)

Aluminium Closed Cell 4 mm 30 × 120 × 30 mm3 dog bone 0.036 mm/s —

Themechanical behaviour of aluminium foam
structures in different loading conditions
(Peroni et al., 2008)

Aluminium Closed Cell — 41 × 41 × 100 mm3 — —

Compressive and tensile behaviour of
aluminum foams (Andrews et al., 1998)

Aluminium Closed Cell +
Open
Cell (ERG)

2.5 mm (ERG)–
13.2 mm (Alcan)

90 × 20 × 20 mm3 dogbone
ERG material, 125 × 25 ×
25 mm3 Alporas and Alcan

0.01 mm/s —

Failure mechanisms of closed-cell aluminum
foam under monotonic and cyclic loading
(Amsterdam et al., 2006)

Aluminium Closed Cell 3–4 mm 33.5 × 33.5 × 41 mm3 0.5 mm/min —

Primary Investigation on an Iron Foam
Sandwich Structure (Qing et al., 2020)

Iron Open Cell 0.5–2.0 mm 50 mm in length and 25 mm in
width for testing

0.5 mm/min —

Investigation of the Behavior of Open Cell
Aluminum Foam (Veale, 2010)

Aluminium Open Cell 2.7 mm 88.9 × 38.1 × 12.7 mm3 — ASTM-E8

Experimental investigation of mechanical
properties of metallic hollow sphere structures
(Friedl et al., 2008)

Steel Hollow
Sphere

— 35 × 35 × 73 mm3 0.15 mm/min —
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uniaxial loading due to the wrong position of specimens that

were not centered, they used aluminium spacer on the grips for

centering.

Vengatachalam et al. (2021) investigated closed-cell foam

with the trade name Alporas with two different relative densities,

11.7%, and 17.2%, under other loading conditions. Significant

differences were observed in the deformations of the specimens

under tensile and compressive loads. They proposed an initial

criterion for calculating the performance of closed-cell foams.

This criterion is a performance criterion for closed-cell

aluminum foams that sufficiently present the asymmetric

nature of the yield surface with respect to the active voltage

axis, as a parameter requires only uniaxial compressive strength.

Steel

One other common material for metal foam construction is

steel (Salimon et al., 2005). Friedl et al. (2008) investigated the

effect of density and structure of hollow sphere metal foams

under tensile loading. They observed that the increase of density

guides the more significant ultimate tensile strength of

specimens.

Szyniszewski et al. (2014) investigated hollow sphere

specimens that were characterized by small ductility. For the

loading transfer to the specimen used, a steel plate into a notch in

the specimen. The fracture is located between the connection

zone of the spheres. The larger diameter spheres positively affect

the total specimens’ strength, without changing their density.

Titanium

Titanium metal foam has many applications (Xue-Zheng,

2018).

Imwinkelried (2007) highlighted the better permeability of

titanium foam compared with aluminum foam, making them

suitable for medical applications. They also confirm the

observations on compression and tensile loading in the

research mentioned above. Kashef et al. (2010) observed that

specimens with higher density show more considerable strength.

Other metals and alloys

Qing et al. (2020) investigated iron metal foam. They focused

on achieving an effective bonded method between the iron foam

and metal face. They used a bespoke construction consisting of a

stainless-steel plate that came in contact with the specimen and

connected by a steel rod with grips to perform the experiments.

Bolzoni et al. (2021) investigated Fe +NaCl and Ti +NaCl

open and close cell foam. Fe foam has better elastoplastic

behaviour depending on Ti, which exhibits pseudoplastic

behaviour. According to the author’s conclusions, the

empirical models cannot predict the behaviour of the general

foam. On the other hand, structural-analytical models can give

satisfactory results for specific mechanical properties, such as the

measure of elasticity but a certain volume of pores. In summary,

they developed new models for the efficient calculation of the

mechanical properties of foams.

Table 3 includes summarized information for the physical

properties of the foams, such as the density and relative density

and the observed mechanical properties from the tests in the

works reported in Table 2.

It is noted that density increases lead to corresponding

increases in Young’s modulus and tensile strength for the

same type of material. Also, the connection bonds between

the hollow spheres seems to be weaker than the connection

bonds in foams made with classical methods.

Figures 5A–C, show the direct stress-strain curves presented

in the above works.

Figure 6 shows data for Relative Tensile Strength, σ*/σys ,
plotted against relative density, ρ*/ρs, from the sources in Table 3.

The solid blue, orange and grey curves represent the theoretical

relationships for open cell, close cell, and hollow sphere metal

foam, respectively. The above curves are described from the

following mathematical relations:

σ*/σys
� 0.3(ρ*

ρs
)

1.5

(open cell),

σ*/σys
� 0.33(ρ*

ρs
)

2

+ 0.44(ρ*/ρs)(close cell),
σ*/σys � 0.65(ρ*ρs)

1.36(hollow sphere) (Sanders and Gibson,

2003).

For the range of relative densities reported, the theoretical

curves are generally conservative for relative strength. There is no

real difference between the different types of metal porosity for

the cases examined. Figure 6 shows the linearity between the

values for open-cell foams and the important deduction from the

theoretical line for this type of foam. The use of the same

standard method (ASTM E8) in both works should be

emphasized and can be taken as a possible reason for the

deviation. For closed-cell foams, there is satisfactory

comparison with the theoretical line. For the hollow sphere

foams, the values are approximately the same, which can be

inferred from the similar size/scale of specimens used in both

works. There is also a smooth dispersion of values on both axes.

Figure 7 shows data relative to Young’s modulus of foams,

Ε*/Εs , plotted against relative density, ρ*/ρs. The solid blue curve
represents the theory for open-cell foam. The solid orange and

grey curves represent the theory for closed-cell foam with φ =

0.8 and φ = 0.6, respectively. The above lines are described from

the following mathematical relation: E*/Es
� φ2(ρ*/ρs)2 +(1 − φ) ρ*/ρs , where φ = 1 for open-cell foam and φ = 0.6 or

φ = 0.8 for close cell foam (Gibson and Ashby, 1997). The
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individual points are separate values for works in Table 3. It is

clear that there is a deviation between the theoretical values and

experimental ones. Martin (2021) highlights the significant

difference between the theoretical estimation by Gibson and

Ashby and experimental results. He also points out that some

authors (Olurin et al., 2000; Kadkhodapour and Raeisi, 2014)

consider the cause of this significant difference to be the defects

that exist in the structures of metal foams, such as cavities and

incorrect distribution of density, amongst others. There is a

significant identification of all types of foam results with the

theoretical line for open type foam, despite the fact that foams are

closed cell or hollow spheres. It can be observed that the

theoretical curves are relatively close to each other, but within

what range of deviations from them can there be between them

TABLE 3 Mechanical Properties of foams.

Title Material Density Relative
density

Young’s
modulus

Tensile strength Relative
Young’s
modulus

Tensile and shear properties of aluminium
foam (Wang et al., 2009)

Aluminium — 0.09 106.3 MPa 3.94 MPa 1.54 x10−3

Uniaxial stress-strain behaviour of
aluminum alloy foams (McCullough et al.,
1999b)

Aluminium 0.65 0.25 AlMg1Si0.6 sB
(5.1 GPa)/
AlMg1Si10
(4.3 GPa)

AlMg1Si0.6 sB (8.5 MPa)/
AlMg1Si10(7.3 MPa)

0.07/0.06

Tensile properties of composite metal foam
and composite metal foam core sandwich
panels (Marx and Rabiei, 2020)

Steel 2.9 and 3.1 g/cm3 0.36 and 0.39 4.36–8.26 GPa 75–85 MPa (ss-cmf)/
165 MPa(ss-cmf-cps)

0.02/0.04

Deformation behaviour of closed-cell
aluminiumfoams in tension(Motz and
Pippan, 2001)

Aluminium 0.25 g/cm3

and 0.40 g/cm3

0.09 and 0.14 2360 MPa 4 MPa 0.03

Characterization and simulation of tensile
deformation of non-uniform cellular
aluminium until damage (Foroughi et al.,
2013)

Aluminium 0.5 g/cm3 0.18 3.5 GPa 5 MPa 0.05

The mechanical properties and modeling of
a sintered hollow sphere steel foam
(Szyniszewski et al., 2014)

Steel — 0.15 3150 MPa 4.9 MPa 0.015

Fracture toughness of titanium foams for
medical applications (Kashef et al., 2010)

Titanium 0.3–0.4 0.06–0.08 116 GPa 61.1 ΜPa (r. density 0.4)
56.4 MPa (r. density 0.3)

0.96

Mechanical properties of open-pore
titanium foam (Imwinkelried, 2007)

Titanium — — 13.6 GPa 70 MPa —

Toughness of aluminium alloy
foams(McCullough et al., 1999a)

Aluminium — — — — —

Combinatorial structural-analytical models
for the prediction of the mechanical
behaviour of isotropic porous pure metals
(Bolzoni et al., 2021)

Fe + NaCl/Ti
+ NaCl

— 0.43 — — —

Initial yield behaviour of closed-cell
aluminium foams in biaxial loading
(Vengatachalam et al., 2021)

Aluminium — 0.117 and
0.172

1.07 GPa and
1.45 GPa

2 MPa and 3 MPa 0.015 and 0.021

The mechanical behaviour of aluminium
foam structures in different loading
conditions (Peroni et al., 2008)

Aluminium 0.2 to 0.7 g/cm3 — — — —

Compressive and tensile behaviour of
aluminum foams (Andrews et al., 1998)

Aluminium 380 kg/m3 and
216 kg/m3

and 216 kg/m3

— — — —

Failure mechanisms of closed-cell
aluminum foam under monotonic and
cyclic loading (Amsterdam et al., 2006)

Aluminium 0.24 g/cm3 — — — —

Primary Investigation on an Iron Foam
Sandwich Structure (Qing et al., 2020)

Iron — — — — —

Investigation of the Behavior of Open Cell
Aluminum Foam (Veale, 2010)

Aluminium — 0.06–0.08 148–452 MPa 1.32–2.08 MPa 2.14 x 10−3-
6.55 x 10−3

Experimental investigation of mechanical
properties of metallic hollow sphere
structures (Friedl et al., 2008)

Steel 0.3–0.6 g/cm3 0.11–0.23 260–360 MPa 5.2 MPa 0.001–0.0017
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and the experimental values without worrying about the error in

the specimens. In other words, what is the acceptable difference

from the theoretical curves, for an experimental result to be valid.

It should be emphasized that the significant difference that

appears in the value that finds by Kashef et al. (2010) and in

the theoretical curves can be explained by the size/scale of the

specimens used by them.

Mechanical properties in shear

Metal foams as porous materials can take advantage of their

low weight and can be used as core material in closed or sandwich

structures (Golovin and Sinning, 2003). As core materials, they

must exhibit shear rigidity and contribute to stress distribution in

the specimens (Harte et al., 2000; Yao et al., 2019). Figure 8 shows

the typical stress-strain curves for ductile materials in shear

(Ishrat, 2013). The first part of the curve is the elastic region

that is similar to tensile stress-strain curves. After the yield point

shear stress, the plastic deformation of the specimen starts before

the final fracture. Figure 9 shows the typical stress-strain curves

for metal foams in shear (von Hagen and Bleck, 1998). Initially,

the stress displacement curve is almost linearly elastic and then

changes to plastic deformation. The maximum load is

determined by the failure that is visible as a crack and

determines the shear strength of the foam. Then the load

decreases sharply. Table 4 shows research that studies the

mechanical properties of metal foams under shear load.

As in the case of tests under tension, no clear specific

standard method was used in the works mentioned in Τable

4. The most prominent works for testing metal foams in shear,

related to aluminium and steel as base materials.

Aluminium

Lu and Ong (2001) investigated the deformations

mechanism of close cell foams. The specimens showed the

expected results.

Blazy et al. (2004) used the longitudinal displacement of two

stainless-steel plates to transfer the shear loading in the specimen.

Styles et al. (2007) studied the flexural behaviour of foam

sandwich structures. They investigated themechanical properties

with four point bending tests. The stress-strain curve is under its

standard form, as shown in Figure 2.

Wang et al. (2009) investigated the deformationmechanics of

Al close cell foam. Rigid plates were used to ensure the best bond

between the specimens and the test machine grips. The resulting

curve confirms the behaviours mentioned above for shear stress-

strain.

An et al. (2017) investigated foam enhanced with metal grid

structure under three-point bending loads. The enhanced

specimens had better mechanical properties compared with

the typical specimens.

Triawan et al. (2020) studied the flexure behaviour

of close cell foam under shear stress. They selected a

FIGURE 5
(A) and (B) Stress-Strain curves from the sources in Table 3.
(C) Stress-Strain curve by Marx and Rabiei (2020) also presented in
Table 3.
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FIGURE 6
Values obtained from the aforementioned works for Relative Tensile Strength of foams against relative Density. Circles indicates hollow sphere
foams, rhombuses indicate open-cell foams, and squares indicate closed cell foams. The scale in both axes is logarithmic.

FIGURE 7
Comparison of theoretical values with the values obtained from the aforementioned works for Relative Young’s modulus of foams against
relative density. Circles indicates hollow sphere foams, rhombuses indicate open-cell foams, and squares indicate closed cell foams. The scale in
both axes is logarithmic.
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three-point bending configuration for the experimental

tests with different lengths of sandwich beam

specimens. Their results show a significant difference

between the experimental and theoretical values

(Timoshenko, 1921).

Latour et al. (2021) look into double-skin aluminum foam

sandwich panels in bending. They used three types of glue to

create the specimens and discovered through three-point testing

that shear strength and modulus of specimens differ according to

the kind of adhesive.

Steel

Raj et al. (2007) investigated the mechanical properties of 17-

4 PH stainless steel foam panels. They point out that failures are

evident either in the foam and sheet metal interface in poorly

welded specimens or in the foam core in well-welded specimens

and suggest the development of welding methods.

Szyniszewski et al. (2014) examined the mechanical

properties of hollow sphere (HS) steel foam under shear

stress. To stabilize specimens on the test machine, they tried

to create flat surfaces, but limited quantities of epoxy were strong

enough to hold the total specimen. For this reason, they reduced

the specimens size comparison with the standard that they used.

The stress-strain curves confirmed the expected behaviour.

Table 5 includes summarized information for the physical

properties of the foams, such as the density and relative density

and the observed mechanical properties from the tests in the

works reported in Table 4.

Table 5 shows that the type of foam impacts the specimens’

shear strength and moduli. In other words, the connection

between the spheres is weaker in proportion to the contact

created on foams made with classical methods.

Figures 10, 11 show the shear stress-shear strain and load-

deformation curves presented in the above works, respectively.

FIGURE 8
Shear Stress against shear strain (Ishrat, 2013).

FIGURE 9
Stress-strain curves for the shear test for metal foams (von Hagen and Bleck, 1998).
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All the data included in Figure 10 were gathered via shear tests. In

Figure 11, all the data emerged from bending tests except from

the black curve data (Wang et al., 2009) which was produced by

shear test.

Figure 12 show data for Relative Shear Strength, τ*/σys ,

plotted against relative density, ρ*/ρs, from the above works. The

above curves are described from the following mathematical

relation:

TABLE 4 Summary table of previous work and information about: type of foam, size of porous, specimens size/scale, loading rate, type of test,
standard.

Title Material Type of
foam

Size of
porous

Specimens size/
scale

Loading rate Standard

Tensile and shear properties of aluminium foam (Wang
et al., 2009)

Aluminium Closed
Cell

2 mm 60 × 60 × 15 mm3 — ASTM C273-06

The mechanical properties and modeling of a sintered
hollow sphere steel foam (Szyniszewski et al., 2014)

Steel Hollow
Sphere

— 25 × 25 × 55 mm3 1.5 mm/min/shear
strain of 0.03/min

ISO 1922

Experimental investigation of shear stress effect on the
flexural behavior of aluminum foam beam (Triawan
et al., 2020)

Aluminium Closed
Cell

— length 100 mm
to 270 mm

— ASTM E290/ASTM
D790/ISO 178

Experimental and numerical study of double-skin
aluminium foam sandwichpanels in bending (Latour
et al., 2021)

Aluminium Closed
Cell

1–8 mm 650 × 75×28 mm3/650 ×
75 × 16.8 mm3

— —

The effect of core thickness on the flexural behaviour of
aluminium foam sandwich structures (Styles et al., 2007)

Aluminium Closed
Cell

— — 10 mm/min ASTM C393-63/
ASTM D790 M

Characterization of metal grid-structure reinforced
aluminum foam under quasi-static bending loads (An
et al., 2017)

Aluminium Closed
Cell

— 140 × 50 × 25 mm3 — —

Deformation and fracture of aluminium foams under
proportional and non proportional multi-axial loading:
statistical analysis and size effect (Blazy et al., 2004)

Aluminium Closed
Cell

1.5 mm 250 × 25 × 50 mm3 — ISO 1922–1981

Characterization of close-celled cellular aluminum
alloys (Lu and Ong, 2001)

Aluminium Closed
Cell

— 100 × 20 × 20 mm3 0.5 mm/min —

Mechanical properties of 17-4 PH stainless steel foam
panels (Raj et al., 2007)

Steel Hollow
Sphere

— 152.4 × 25.4 × 13.4 mm3 0.43 mm/s ASTM C273

TABLE 5 Mechanical Properties of foam.

Title Material Density Relative
density

Shear
modulus

Shear
strength

Relative
shear
modulus

Tensile and shear properties of aluminium foam (Wang et al.,
2009)

Aluminum — 0.09 23.73 GPa 2.61 MPa 0.34

The mechanical properties and modeling of a sintered hollow
sphere steel foam (Szyniszewski et al., 2014)

Steel — 0.15 650 MPa 4.0 MPa 0.0003

Experimental and numerical study of double-skin aluminium
foam sandwich panels in bending (Latour et al., 2021)

Aluminum 0.51 g/cm3 0.18 1000–5000 MPa 2.5–7.6 MPa 0.043

The effect of core thickness on the flexural behaviour of
aluminium foam sandwich structures (Styles et al., 2007)

Aluminium 0.23 g/cm3 — — — —

Characterization of metal grid-structure reinforced aluminum
foamunder quasi-static bending loads (An et al., 2017)

Aluminium 0.26 to
0.36 g/cm3

0.09–0.13 300 MPa 2.81 MPa 0.004

Deformation and fracture of aluminium foams under
proportional and non proportional multi-axial loading:
statistical analysis and size effect (Blazy et al., 2004)

Aluminium 0.045 to
0.26 g/cm3

0.016–0.096 — 1.85 MPa —

Characterization of close-celled cellular aluminum alloys (Lu
and Ong, 2001)

Aluminium — 0.11–0.17 0.5 GPa 2.5 MPa 0.007

Mechanical properties of 17-4 PH stainless steel foam panels
(Raj et al., 2007)

Steel — 0.06–0.13 17–258 MPa 16.3–21.3 MPa 0.006
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FIGURE 10
Stress-Strain curve from above mentioned works.

FIGURE 11
Load-Deformantion curve from above mentioned works.
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FIGURE 12
Values obtained from the aforementioned works for Relative Shear Strength of foams against Relative density. Circles indicates hollow sphere
foams, rhombuses indicate open-cell foams, and squares indicate closed cell foams. The scale in both axes is logarithmic.

FIGURE 13
Comparison of theoretical values with the values obtained from the aforementionedworks for Relative ShearModulus of foams against Relative
Density. Circles indicate hollow sphere foams and squares indicate closed cell foams. The scale in both axes is logarithmic.
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τ*/σys � 0.21(ρ*
ρs
)

1.5

(open cell),

τ*/σys
� 0.23( ρ*

ρs
)

2

+ 0.3( ρ*
ρ
)(close cell),

τ*/σys � 0.54(ρ*
ρs
)1.36(hollow sphere) (Sanders and Gibson,

2003).

Figure 12 indicates the deviation between the theoretical curves

and the experimental values. Linearity is observed between the

values of the experimental specimens in the case of closed-cell

foam. However, there is no match in the size of the specimens. Also,

from Figure 12, it appears that no value is identical to the theoretical

curves. Something like this is expected, but at what distance from the

theoretical one can a value be accepted since these values have

emerged from experimental tests based on different standards. There

is also a relatively smooth dispersion of values on both axes with the

exception of the value associated with Szyniszewski et al. (2014).

Figure 13 shows data for relative Shear modulus of foams,

G/Εs
, plotted against relative density, ρ*/ρs. The solid light blue

curve represents the theory for open-cell foam. The solid dark

blue and red curve represent the theory for closed-cell foam with

φ = 0.8 and φ = 0.6, respectively. The above lines are described

from the following mathematical relation:

G*/Es
� 3 /

8 [φ2(ρ*/ρs) + (1 − φ) ρ*/ρs], where φ = 1 for open-

cell foam and φ = 0.6 or φ = 0.8 for close cell foam (Gibson and

Ashby, 1997). The experimental values are outside the expected

limits of the theoretical values. Something expected based on

Martin research (2021). Furthermore, the experimental values

are all in a very small segment of relative density (0.09–0.18). Ιt is
observed that the two works deviate significantly from the

theoretical curves. There is also an identification of the value

of two works related to closed type foam works with the

theoretical open type foam curve. There are no data

demonstrating that these projects fall into the category with

φ = 0.6 or in the category with φ = 0.8, so that the extent of the

deviations can be accurately determined.

Discussion

The current research work aims to collect different

experimental studies on the mechanical properties of metal

foams, particularly in tension and shear.

For metal foams and other porous materials under tension,

one of the main deductions from Table 2 is that there is no

connection between the cell size and the loading rate. Even

though a significant number of the above works use ASTM

E8, this is conducted broadly with diverging geometric

specimen parameters and loading rates. ASTM E8 is a

standard for metallic materials, so for this reason parameters

pertinent to the cell size of the specimens were not considered.

For confirmation of this, the conclusions of Figure 6 in the case of

open-cell foam experiments can be considered, where the

deviation between the theoretical curve and experimental

results is highlighted, and the possible reasons for that. The

general conclusion from Tables 2, 4 is that there is no single

standard for this type of material. In the case of shear, no specific

standard was followed in the works mentioned herein. Indeed,

this fact is a reasonable basis for further investigation and

development of specific techniques and methods for studying

the mechanical properties of foams against the effect of shear

loads. A specific standard for shear test, that can produce

reproducible results can provide the industry with confidence

for the uptake of the material from the industry.

According to Tables 2, 4, a small percentage of work that

focused on the mechanical properties investigation of open

cell foams appears. The open cell foam applications are found

it multi areas (medical applications, Noise absorption etc.)

(Quadbeck, 2016). What is quite interesting is that, while this

type of foams could have applications in leading sectors of

industry, currently it attracts such little interest. This may be

occurring due to the adoption of standards that can contribute

to their study in tensile and shear, or possibly the combination

of technical and economic reasons compared to closed cell

foams. A similar small number of works investigated hollow

sphere foams. This may be connected to the complicated

production process of this type of foam as well, which

might be creating scaling challenges.

According to Table 3, as the relative density increases, it leads

to more significant tensile strength. This connection between the

relative density and strength does not follow through under shear

loading, in any case, the number of relevant publications on this

is very small, as in the case of shear, Table 5. For this reason, no

clear deductions can be drawn, and more tests should be

undertaken over a larger range of relative densities, as well as

specimen dimensions.

Another feature that stands out from Figures 3, 5, 10 is that

hollow sphere structures exhibit better behaviour under stress

than the other two types of metal foams. This is confirmed by

higher stability and resistance to deformation that showed on

mentioned Figures.

Figures 6, 7, 12, 13 indicate that the theoretical limits are

conservative and need to include more data from different

relative densities. Also, in order to improve the results and

increase the accuracy, the effect of the microstructure of the

specimens on the determination of the limits, as mentioned

above, should be investigated in future works. Possible

changes in the mathematical formula should also be

considered to consider the differences between the

experimental results and the theoretical calculations made for

ideal samples. The percentage differences experimental results

may present compared to the theoretical values from the curves

within which the former can be accepted should also be defined/

clarified. In other words, the acceptance distance between a

theoretical and an experimental curve must be defined, where

within which the second can be accepted.
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Conclusion

This article provides an overview of findings pertinent to key

aspects of themechanical behaviour of metal foams under two types

of loading. It records essential mechanical parameters of metal

foams such as Young’s modulus, tensile and shear strength, relative

density, etc. Significant gaps were discovered in the experimental

methodology, the theoretical calculation of mechanical properties,

and the evaluation of mechanical properties in tension and shear. In

shear there is a linear relationship between shear strength and

relative density, something similar did not occur in tension. It was

also observed that in works where the specimens have a similar size/

dimensions and obviously the same type of foam had similar values

for theirmechanical properties. In tensile strength the relative tensile

strength is maintained within a certain range despite the variation of

the relative density which can be related to the base material that is

the same in most experimental specimens.

When designing mechanical tests, careful selection should be

made for their geometric features and the metal foam type of

material. This is confirmed by the different characteristics of the

specimens included in Tables 2–5, as well as the other materials

that have been selected, which are also associated with the final

use of the foam. For example, titanium is selected as a structural

material in medical applications, while in heavier structures,

aluminium and steel or their alloys could be used. In other

words, the origin material of metal foams provides different foam

properties connected with tensile or shear strength, Young’s

modulus and Shear modulus.

The current work highlights the difference between the

theoretical and experimental values for some of the main

mechanical properties of metal foams. As a result, the

connection between theoretical and experimental values, needs

further investigation, more specifically regarding the mathematical

relationship limits for calculating the mechanical properties of

foams (Young’s modulus and ShearModulus). One parameter that

may be of interest in future research is the effect of microstructure

on the determination of these limits.

Metal foams have many applications in the industry due to

their physical and mechanical properties. More specifically, they

can be used as core material in open or closed structures, due to

their ability to distribute stress in the specimen under shear

stress. Specifically as a core material in sandwich panels, it can be

a promising solution for bridge decks (Tuwair et al., 2016; Saleem

et al., 2021), or blast walls (Balázs et al., 2017) or other floating

structures under hydrodynamic loading (Grabian et al., 2017),

due to the potential benefits of mitigating buckling in

compression or bending and dissipating energy in collision or

under cycling loading.

This leads to the conclusion that it is helpful to have a specific

methodology or standards for identifying the properties of these

materials. This is not the case now, as the works summarized in

the present study use different standards for specimen

preparation and test protocols. Even in the case where a

particular standard was used, its use was in broad terms

without coherence to loading rates and specimen size. This

may be a reason for the difference between the theoretical and

experimental results presented in Figures 6, 7, 12, 13. The lack of

a specific standard for tensile and shear tests may hamper further

industry use of this type of material, thus a consistent

experimental method/standard exclusively for these two types

of loading is necessary and should be prioritized.
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