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ARTICLE INFO ABSTRACT
Keywords: Based on their special stochastically distributed pores, Composite Metallic Foams (CMFs) represent a promising
Composite metallic foams alternative to the conventional high-density solid structures. However, due to their high sensitivity to temper-

Compressive properties
High temperatures
Collapse mechanisms

ature changes, the effect of testing temperature on the compression behaviour of CMFs should not be neglected.
In this paper, the compressive response of expanded metal mesh (EMM) reinforced metallic foams, manufactured
by powder metallurgical route, were evaluated under impact tests (strain rate 95 s™1) as a function of testing
temperature (i.e. 25, 75, 150, 250 and 350 °C). The impact properties of high-strength CMFs including strength
properties and energy absorption performances, are measured and compared with those obtained under quasi-
static (strain rate 5.77-10° s 1) loading conditions. The effect of EMM reinforcements on the CMFs properties
and collapse mechanisms at the cell-level were discussed according to the testing temperature. The deformation
behaviour of the lightweight CMFs was found to be strongly temperature-dependent, highlighting a brittle-to-
ductile transition with increasing testing temperature. Finally, based on the quasi-static experimental results,
empirical formulae are proposed to predict the impact properties of newly-developed CMFs, i.e. compression
strength and energy absorption.

construction and improve the crashworthiness performances. All of
these controllable and easily predictable features lead to the use of MFs
on a large scale in energy absorptions, impact mitigation and blast
protection applications [17,18].

The main use of MFs is under compression loads, and especially
under impact conditions [19-21]. Most of the published works on the
compressive crushing response were focused on quasi-static loads
[22-24], while impact studies are significantly reduced [25-27].
Moreover, the majority of these impact studies were performed at room
temperature (RT). However, due to a high sensitivity to temperature
changes, the effect of testing temperature (TT) on the compression
behaviour of MFs should not be neglected. Linul et al [28,29], Cady et al.
[30], Yu [31], Fiedler et al [32], investigated the effect of cryogenic
temperatures (CT) on foam properties (compressive strength, opyax and
energy absorption, W), under quasi-static testing conditions. Regardless
of the type of foam used (regular MFs [28,30], MSFs [32], reinforced
MFs [28] or polyurethane foams (PUFs) [29,31]), the authors observed a
properties enhancement as TT decreases. For example, Linul et al [28]

1. Introduction

High-performance engineering materials that can withstand high
operating temperatures, without failure or damage, are required for a
wide range of critical structural engineering applications in various in-
dustries [1-3]. Following the continuous demand for reducing the
weight of the structural components, the bio-inspired cellular materials
with metallic [4-6], polymeric [7-9] or ceramic [10,11] matrix repre-
sent a promising alternative to the conventional high-density solid
structures (e.g. steel, aluminium, etc.). Compared to other types of
cellular materials [12,13], metallic foams (MFs) are excellent candidates
for this purpose due to their unique properties — high stiffness-to-weight
ratio, high ability to absorb impact energy, good formability and
corrosion resistance, recycling potential, etc. — that can be attained by
controlling their microstructure or pore distribution [14-16]. Based on
their special structure, MFs consist of a 3D network of stochastically
distributed pores with the potential to achieve the lightweight
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Nomenclature

A Sample cross-sectional area
BM Brittle Matrix

CaH, Calcium hydride

CMF Composite Metallic Foam
CNT Carbon nanotube

CT Cryogenic Temperature
DM Ductile Matrix

EDM Electric Discharge Machining

EMM Expanded Metal Mesh

F Load

LR Longitudinal Reinforced

Ip Sample height

MF Metallic Foam

MSF Metallic Syntactic Foam
MWCNTs Multi-wall carbon nanotubes
P1-P9 Pores

PM Powder Metallurgy

PUF Polyurethane foam

RT Room Temperature

R? Coefficient of determination
SiC Silicon carbide

SiCp Silicon carbide particles

TEM Transmission Electron Microscopy

TiH, Titanium hydride

TR Transversal Reinforced

TT Testing Temperature

UR Unreinforced

w Energy absorption

Wy Energy absorption corresponding to densification strain
Wi Energy absorption corresponding to 50% strain

Wis09,d, Ws00,qs Impact and quasi-static energy absorption
corresponding to 50% strain

ZrH, Zirconium hydride

A Displacement

€ Strain

€q Densification strain

c Stress

o4 Stress corresponding to densification strain
Omax Compressive strength

Gpl Plateau stress

Gy Yield stress

Gy,d> Oy,qs Impact and quasi-static strength
G20%, G409 Stresses corresponding to 20% and 40% strain

reported that the quasi-static properties of regular MFs increase by
42.91% (0max), respectively 49.40% (W) with the decrease of TT from 25
to —196 °C. The authors observed the same tendency for the reinforced
foams, highlighting an increase of over 44% for both properties. The
quasi-static and dynamic properties of closed-cell aluminium foam
(ALPORAS) are presented by Cady et al. [30] at different TTs (-196,
—100 and 22 °C). They found that 6. exhibit a high dependence on TT,
increasing from ~2.0 MPa (22 °C) to 3.6 MPa (-196 °C) — an 80%
change. Furthermore, compared to RT, a 70% increase of the W per-
formances of the foam material was obtained when exposed to low TTs.
Recently, Fiedler et al [32] investigated the compressive behaviour and
mechanical properties of treated and untreated A356 and ZA27 Metallic
Syntactic Foams (MSFs) at CT. Their analysis shows a significant
embrittlement of MSFs, with a more pronounced effect for the ZA27
matrix. Compared to RT, an initial 6,5 and W increase of both MSFs was
observed at CT. The thermal treatment (applied to increase the matrix
ductility) proved no significant improvement of ZA27 foam properties,
while a distinct performance enhancement at CT was achieved for A356
foams.

On the other hand, the main physical and mechanical properties
under high TTs were reported on regular MFs [33-35], on MSF [36-38],
and on reinforced MF [28,35]. Their results show that increasing TTs
significantly affect all properties of the foams. These property changes
are attributed to the different collapse mechanisms (brittle-to-ductile
transition) that take place in the samples with the increase of TT
[28,33-38]. The results of Aakash et al. [39] indicates a linear trend of
increasing limit/plateau stresses and densification strain of open-cell
aluminium foam with the increase of TT (20, 150, 200, 250, and
300 °C). Wang et al [34] observed an increased rate-sensitivity as the TT
increases from 25 to 500 °C, while Movahedi et al [40] mentioned a
linear degradation of the MFs plateau stress and the W as TT increases
(25, 150, 300, and 450 °C). Furthermore, Linul et al [33] investigated
the combined effect of temperature (25, 150, 300, and 450 °C) and
anisotropy (axial and lateral loading) on the compressive behaviour of
cylindrical closed-cell aluminium foams and found that high tempera-
tures highlight a significant degradation effect. The compressive prop-
erties of expanded perlite/A356 MSFs were investigated by
Taherishargh et al. [38] at different TTs, in the range of 25-500 °C. They
observed that the elastic stiffness, omax and W of MSF samples

significantly decrease with increasing TT. In addition, a linear variation
of MSFs energy absorption capacity with TT was reported. Yang et al
[35] evaluated the high temperature compressive properties and W
response of in-situ grown carbon nanotube (CNT) reinforced composite
metallic foams (CMFs). The authors observed that both the 6, and W
capacity decrease with increasing TT (from 25 to 250 °C), but increase
with the increment of CNT content. Also, they found that, at 25 °C, the
yield and plateau stresses of CMFs are about 1.6 and 0.8 times higher
than that of the pure aluminium foam, respectively

As mentioned by Yang et al [35], Taherishargh et al. [38] Linul et al
[28,37], Orbulov et al [41-43] and Katona et al [44,45], the use of
various reinforcements for high-strength CMFs are crucial to optimize
the crush and energy absorption response of these newly-developed
composite structures. The crashworthiness performance and light-
weight optimization design of CMFs is based on the research on the best
geometric parameters and material configuration to obtain the most
appropriate properties during the crushing process. In the literature, to
the best of the authors’ knowledge, impact properties of lightweight
CMFs at high temperatures have not yet been reported. Therefore, this
paper investigates the impact compressive response of unreinforced and
reinforced metallic foams under extreme thermomechanical conditions
(elevated temperatures and different strain-rates). Moreover, the sam-
ples collapse mechanisms are discussed together with a microstructural
analysis of the foams. In addition, comparisons are made between dy-
namic and quasi-static data in terms of the strength properties and the
absorption energy performances, in the range of 25-350 °C.

2. Materials and methods
2.1. Materials

2.1.1. Aluminium foams

The powder metallurgical (PM) route was used to prepare expanded
metal mesh (EMM) reinforced metallic foams. The EMM reinforced
metallic foams were prepared in one technological step during the
foaming of powder metallurgy (PM) foamable precursor in a mould also
containing expanded metal meshes. The foamable precursor was pre-
pared from AlSi10 powder (Mepura GmbH, Austria) mixed with 0.4 wt%
of TiHy (Titanium hydride) (Chemetall GmbH, Germany) as a foaming
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agent. After 30 min of mixing in a Turbula mixer it was cold isostatic
pressed at 300 MPa and subsequently hot extruded via direct extrusion
at 450 °C. The final PM foamable precursor has almost 100% theoretical
density. During foaming of foamable precursor there is no significant
reaction inside foam so the final composition is identical with the
composition of used powders. Composition data are taken from powder
providers and correspond to the precursor composition (see Table 1).

The pieces of foamable precursor were further foamed in computer
controlled special foaming equipment, together with expanded metal
meshes positioned on the top and at the bottom of the inner space of the
mould. The precursor was heated above the melting temperature of used
AlSi10 alloy. The EMM reinforced metallic foam was created by cooling
the mould down to room temperature after the foam filled the mould.
The final size of EMM reinforced metallic foam plates was 500 mm x
500 mm x 30 mm, and the density of foam core of prepared composites
was in the range of 400-440 kg/m®.

2.1.2. Expanded metal mesh (EMM)

Fig. 1 presents the pattern of EMM reinforcement together with the
geometrical parameters of the EMM unit-cell (purchased from ITALI-
NOX Slovakia, s.r.o.).

For the experiments, stainless steel X5CrNi 18-10 was used due to
considered industrial application of the investigated composite foams in
trains. The reason is that this steel is austenitic Cr-Ni stainless steel with
corrosion resistance to most oxidizing acids and also salt spray. How-
ever, cheaper steel grade EMMs can be used for less corrosive environ-
ment. The chemical composition of the EMM is received from the
manufacturer and is presented in Table 2. (Table 2).

As was mentioned above, the EMM sheets were inserted into the
mould together with foamable precursors. When foam is expanding
above the melting temperature of an alloy, the inner pressure inside
foam infiltrates molten foam surface skin into the unit cells of EMM
reinforcement and even behind it. Further, the reaction between the
liquid foam and reinforcement material during foaming takes place.
Basically, Si from molten aluminium foam react with Fe and Cr. The
thickness of the interface is around 60-80 pm (see Fig. 2). Thanks to this,
a strong metallurgical bond is formed between the foam alloy and
reinforcements.

Moreover, Simancik et al [46] observed metallurgical bond between
EMM and AlSi12 aluminium foam. Using transmission electron micro-
scopy (TEM), the authors identified the Al12Fe3Si interfacial phase
between stainless steel and foam. They concluded that this interfacial
layer does not represent “the weakest 1ink™; as its properties are usually
better than the properties of highly porous and brittle foam matrix. The
similar effect can be expected for the investigated composite metallic
foams.

2.2. Sample preparation

In order to prevent any damage to the foam cellular structure, an
Electric Discharge Machining (EDM) was used for cutting of smaller
samples from large foamed plates (Fig. 3a). Therefore, cubic EMM
reinforced foam samples (geometry 30 mm x 30 mm x 30 mm), with an
average density of 420 kg/m® were obtained. The samples with density
below or above the 10% range were excluded prior to experiments. The
density of the samples was calculated as the ratio between their mass
and volume.

Finally, three types of metallic foams were obtained, these being
noted as follows: unreinforced (UR), transversal reinforced (TR) and
longitudinal reinforced (LR). Fig. 3b and 3c show the detail regarding

Table 1

Chemical composition of aluminium foam core in composite metal foam.
Si [wt. %] Ti [wt. %] Fe [wt. %] Al [wt. %]
10 0.4 0.1 Bal.
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the loading mode according to the positioning of the EEM
reinforcements.

2.3. Experimental setup

The experimental program was designed to investigate the impact
and quasi-static compressive properties of EMM reinforced metallic
foams at five different testing temperatures (TTs), i.e. 25 °C, 75 °C,
150 °C, 250 °C and 350 °C. The compression tests were performed in an
automatically controllable thermal chamber with a standard deviation
of + 3 °C from each TT. In order to ensure a thermal equilibrium and to
obtain a homogeneous distribution of temperature throughout the mass
of the samples, before the impact and quasi-static tests, the samples were
kept in the thermal chamber for 20 min at desired TT. Moreover, to
prevent the temperature reduction after preheating, all samples were
tested inside the thermal chamber. The tests were performed and main
properties determined according to the ISO 13314-11 standard [47].

2.3.1. Impact tests

The impact crashworthiness performances of unreinforced (UR) and
reinforced (LR and TR) foams were investigated by using an Instron
Dynatup instrumented drop tower system, equipped with a thermal
chamber. The used testing machine was equipped with data acquisition
software and a maximum 45 kN force transducer. A compression strain
rate of 95 s ! was adopted to ensure that all samples have a deformation
of over 80%. This strain rate gave an initial velocity equal to 2.8 m/s. In
order to obtain the desired velocity and the deformation of the samples,
a hammer with the mass of 5 kg was used.

2.3.2. Quasi-static tests

The identical experimental procedure (testing temperatures, shape
and size of samples, loading directions) was adopted for the quasi-static
mechanical characterization of the obtained samples. After a preload of
0.01 kN was applied to remove any surface irregularities, compressive
loading was applied quasi-statically using displacement control at a
constant nominal crosshead speed of 10 mm/min (0.17~10'3 m/s).
Uniaxial compression tests were carried out on a 100 kN LBG TC100
electromechanical computerized universal testing machine, equipped
with a thermal chamber. The quasi-static results were used for the
impact-static comparative study.

2.4. Microstructure analysis

The microstructural analysis was used to identify the type, size and
shape of the foam cell structure. In addition, investigations were carried
out regarding the deformation modes of the unreinforced and reinforced
foams at different testing temperatures. For this purpose, an Insize ISM-
M1000 metallurgical inverted microscope was used. In order to be
morphologically characterized by SEM imaging, the tested foam samples
were first cut in half using a water jet-cutting machine. Then, the cut
samples were embedded in self-curing acrylic resin (Duracryl Plus),
followed by their polishing until a mirror gloss surface was obtained.
Further, to obtain a finer surface, abrasive discs with different granu-
lations (320, 600 and 1200) were used successively. Finally, a felt disc
with a colloidal alumina suspension of 0.05 um was used, leading to the
final surface to be analyzed.

3. Results and discussions
3.1. Impact behaviour

Load (F) - displacement (A) curves were collected during the
experimental tests by the software linked to the testing machine and
were converted into stress (¢ = F/A) and strain (e = A/lp) using sample
dimensions; where F and A are the load/displacement measured by the
compression-tension load-cell, 1y is the initial high and A is the effective
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Fig. 1. Pattern (a) and unit-cell dimensions (b) of the EMM reinforcement.

Table 2

Chemical composition of EMM steel X5CrNi 18-10.
Cr [wt. %] Ni [wt. %] C [wt. %] Si [wt. %] Mn [wt. %] Fe [wt. %]
17-19.5 8-10.5 <0.07 <1.0 <2.0 Bal.

Fig. 2. The interface between stainless steel X5CrNi 18-10 and AlSi10 foam.

cross-sectional area of the samples. A similar pattern of stress-strain
behaviour can be observed between UR (Fig. 4a), TR (Fig. 4b) and LR
(Fig. 4c) metallic foams as the TT rises.

This F-A — ¢-¢ conversion provided a typical compression behav-
iour, being similar to most cellular materials [47,48]. From Fig. 4, the
compression behaviour of both reinforced and unreinforced metallic
foams exhibits three characteristic regions: linear-elastic, plateau and
densification region. The effective stiffness of the foam is obtained from
the slope of the first linear elastic region, while the foam compressive
strength (omax) is given by the end of the first region where the first
maximum in the stress-strain curve is identified. Previous investigations
of closed-cell metallic foams [49,50] have found that the linear-elastic
response is related to the face stretching and edge bending in closed-

(2)

cell foams. It can be observed that all 6-¢ curves show a maximum
visible and easily identifiable point. In the case of cellular materials
(metallic, polymeric and glass foams), this compressive strength is
associated with the yield stress (cy). As the stress gradually increases, the
foam cells begin to collapse by yielding, elastic buckling, bending and
fracture. Of course, depending on the test conditions and foam type,
these failure mechanisms occur individually or in groups. After the yield
point, the investigated foams have a long plateau region, from which the
plateau stress (op)) is determined. The initial stress drop between the
elastic and the plateau regions is marked by the appearance of the first
deformation band in the sample [51]. The oy is determined as the
arithmetic mean between the stresses corresponding to deformations of
20%, respectively 40% strain (more precisely 6290, and 6499). The shape
and size of the plateau area can be controlled by the collapse mecha-
nisms that occur during compression tests (e.g. yielding/buckling/
bending/fracture of cell walls), by the type of foam (reinforced/unre-
inforced foams, closed/open cell foams, etc.) and by the test conditions
(low/room/high temperature, impact/quasi-static tests, etc.). In this
case, the dominant deformation mechanisms that affected the shape of
the 6-¢ curves were governed by the impact loading condition and the
testing temperature. The o-¢ curves had relatively large oscillations
considering the type of the foam and testing temperature. These oscil-
lations are associated with the more brittle nature of the AlSi10 matrix
under impact loads, the appearance of the inertia effect and the pro-
gressive development of the already formed deformation band [52,53].
The plateau region is very important for the engineering materials used
in energy absorption applications, especially impact applications. In
fact, because this region spans over 80% of the entire 6-¢ curve, the
absorption energy (W), which is represented by the area underneath the
curve, is high. Finally, the end of the plateau region is preceded by the
onset strain of densification. The identification of this point, common to
the two regions, leads to the determination of the main specific prop-
erties of the onset strain of densification, namely densification strain
(eq), stress corresponding to densification strain (6q) and absorption
energy corresponding to densification strain (Wq). The steeper slope of
the c-e¢ curve within the densification region is defined as the foam
densification modulus. In this region the cell walls come into contact

e oo
(b) ©)

Fig. 3. Foam panel (a), EMM reinforcement (b) and unit-cell orientation (c), according to loading direction.



E. Linul et al.

Stress, o [MPal
Stress, o [MPa]

Composites Part A 149 (2021) 106516

Stress, o [MPal
(=)

30 40 50 60 10 20 30
Strain, & [%)]

Strain, & [%]

40
Strain, € [%)]

40 50 60 30

Fig. 4. Influence of TT on ¢ - € curves of UR (a), TR (b) and LR (c) metallic foams (strain rate 95 sH.

with each other, and the foam begins to behave as a solid material (the
solid material from which the foam is made).

From Fig. 4 it can be observed that, regardless of the type of tested
foam (UR, TR or LR foam), the intensity of the oscillations significantly
decreases with increasing testing temperature. The same phenomenon is
observed in the case of the compression behaviour, whereby the main
mechanical properties of the foams decrease with the increase of tem-
perature. This is because the elastic, strength and energy absorption
properties are directly linked to the magnitude of the global stress—strain
curves, according to the nature of the test. Moreover, besides the testing
temperature, it was observed that the use of reinforcements completely
changes the main properties of investigated foams. By using expanded
metal mesh (EMM) as a reinforcement, an improvement in the
compression behaviour of the foams is obtained. In addition, the lon-
gitudinal positioning of the reinforcements (LR) seems to have much
better capabilities to withstand the impact loads, at the same weight of
samples.

3.2. Impact properties

In order to describe the analysis and comprehension of the experi-
mental results obtained for UR, TR and LR foams, a comparison of
strength properties (6y, 6, and 64) and energy absorption performances

12 -

@ oy OUR B8TR OLR

i

—
[~ (=]
L 1

Yield stress, oy [MPa]
(=)}

[

(Wg) determined according to ISO 13314-11 Standard [47] was per-
formed (see Fig. 5). It was observed that the obtained properties
monotonically decreases with an increase in TT, and this relationship is
nearly identical for all properties. This phenomenon is associated with
the softening of the cellular structure of the foam with the brittle-to-
ductile transition.

The results from Fig. 5a show that, compared to unreinforced foams,
the use of EMM reinforcements increased the compression strength
(Omax = Oy) of LR foams by 5.88 times and up to 8.50 times for LR foams.
This difference in terms of oy,,x remains almost constant for all tem-
peratures. In terms of the two types of reinforcements, LR foams high-
lights higher compressive strength than corresponding TR foams at all
investigated temperatures. This difference increases approximately lin-
early with increasing TT from 30.75% (at 25 °C) to 40.34% (at 350 °C).
Between 25 and 150 °C, the plateau (o)) and densification (c4) stresses
exhibit the same pattern, having the maximum value represented by the
TR foam, followed in order by LR foam and UR foams respectively
(Fig. 5b and c). At test temperatures higher than 150 °C, LR foam shows
better op than TR and UR foams, while the o4 is higher in the case of UR
foams. In the case of room temperature (25 °C), the oy is higher by up to
2.59% in favour of reinforced foams, this difference decreasing up to
1.75% at 350 °C. On the other hand, all foams have values quite close in
terms of 6g4.
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Fig. 5. Variation of yield (a), plateau (b), densification (c) stress and energy absorption (d) with TT (strain rate 95 s7h.
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Fig. 5d shows the compressive results for the energy absorption
performances at densification strain (Wy). As is obvious from this figure,
the least value of the Wy was 1.26 MJ/m> belonging to the UR foam at
25 °C, with a polynomial decrease between 27.22% (75 °C) and 60.12%
(850 °C) with respect to the TT. The largest Wy value was 3.39 MJ/m3
belonging to the both TR and LR foams at the same TT (25 °C), which
was 62.83% higher than that of unreinforced foam. At all other tem-
peratures (75-350 °C), TR foams showed better Wy properties than LR
foams, while the properties of UR foams were up to 65% lower than for
the other two reinforced foams. The foam samples having a transversal
reinforcement exhibited a better plastic dissipation of the impact energy.
The maximum energy capacity of the Instron Dynatup instrumented
drop tower system is 300 J, energy developed for a maximum velocity of
5 m/s. Taking into account the fact that the experimental tests were
performed with a velocity of 2.8 m/s, the maximum energy developed
by the machine is approximately equal to 160 J. In this case, the total
energy absorbed by the samples is around 150 J. Of course, as previously
mentioned, the amount of this energy depends on the test temperature
and the positioning of the reinforcements. The experimental tests
showed that the foams with reinforcements had a more homogeneous
collapse in the transversal loading direction. Therefore, during the
manufacturing process, the orientation of EMM reinforcements on
structural elements is important, in order to provide the best operating
safety conditions. Regarding the standard deviations of the results that
appear after the compression tests, it can be observed that the LR foams
present higher errors than the UR and TR foams. This phenomenon can
be associated with much greater distance between two consecutive cells
of the EMM reinforcement (large diagonal of the rhombus), which leads
to the unstable deformation of the reinforcement cell (see Fig. 1).

The reduction of the properties for investigated samples at different
TTs was further analysed. For the proper display of this evolution, the
two strength properties (cy and op,]) and the energy absorption perfor-
mance (W4) were normalized with respect to room temperature values.
Fig. 6 compares the percentage reduction of the normalized compressive
strength (Fig. 6a), plateau stress (Fig. 6b) and energy absorption capa-
bilities (Fig. 6¢) for UR, TR and LR foam samples.

All three properties show almost the same tendency and are thus
discussed together [38]. Up to 75 °C there is a large percentage reduc-
tion of all properties, except the Wy which has this pronounced reduc-
tion up to 150 °C. Beyond these values (75 °C for oy and oy, and 150 °C
for Wy), the percentage reduction of the properties is in a continuous
linear growth, but not as pronounced as before. A similar relative oy
reduction is observed for UR and LR foams, while TR samples shows
higher reduction of up to 12%. The op and Wy reduction of the unre-
inforced foam is considerably below the reduction percentage of the
reinforced samples (see Fig. 6b and Fig. 5¢). As shown in Fig. 6b, the
highest percentage reduction and at the same time the degradation of
the oy is obtained for the TR foam. The Wq property reduction of the LR

Composites Part A 149 (2021) 106516

foam samples is only slightly below the TR sample (Fig. 6¢).

3.3. Microstructural analysis

All the investigated samples displayed good progressive deformation
mechanisms. The mechanical performances of MFs are governed by
their geometrical features, of which the most important are apparent
density (low, medium or high density), manufacturing defects in the cell
structure (micro-cracks, intracellular cavities, micro-pores, etc.), distri-
bution in cell size, cell shape and size, as well as the microstructural
parameters (cell-wall thickness, material distribution between cell-wall
and cell-edge, edge geometry) [33,40,54,55]. The three specific regions
(linear-elastic, plateau and densification), mentioned in Section 3.1,
highlights different mechanisms of deformation. In the linear-elastic
region, the strain concentrations are not obvious, only local plastic de-
formations of the cell walls are observed. Further, during plateau region,
plastic buckling, bending and fracture of the cell walls in weaker cells
(curved cell walls, cracked cell walls or elongated cells) leads to local
stress concentrations in neighbouring cells and finally the appearance of
deformation bands. Once these bands are formed within the densifica-
tion region, their successive collapse occurs, finally leading to the
densification of the foam cellular structure. Of course, depending on the
testing temperature, these collapse mechanisms differ significantly.
Fig. 7 presents a stereographic view of the MF samples obtained after
compression tests. The figure shows details of the collapse mechanisms
for each investigated temperature.

In order to be able to be compared, all the samples are tested up to
the same applied load, and the images are collected to the same
magnification (10x). The UR foam samples exhibit the highest densifi-
cation of structure, then TR foams, finally LR foams are less dense at all
TT. All three types of foams, whether they are reinforced or not, present
the same failure mechanism at a certain temperature, and are thus dis-
cussed together. At room temperature (25 °C), the solid material from
which the foams are made, have a brittle matrix (BM). Due to the high
brittleness of the matrix, many micro-cracks are initiated and later
propagated in the foam structure, resulting in the appearance of a brittle
fracture mechanism. As can be seen in Fig. 7, the fracture of the cell
walls is brittle, without any remaining plastic deformation (see yellow
ellipses with dashed lines at 25 °C). Increasing the TT to 75 °C, it is
observed that the foam matrix begins to slowly lose its brittleness.
Because the temperature is not very high, most cell walls collapse by
brittle fracture (yellow ellipses at 75 °C). However, it can be seen that
between certain neighbouring pores (P1 < P2, P2 & P3, P4 « P5, P4 «
P6, P7 « P8 and P8 « P9), where the cells have very thin walls, there is
a plastic buckling of the walls (see the green arrows at 75 °C). As the TT
rises to 150 °C, the matrix begins to soften more and more, while brittle
failure occurs only in isolated areas. Instead, it is replaced by a pro-
nounced plastic deformation of the cell walls (see the red curved lines at
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Fig. 7. Stereographic view (10 x magnification) of impact deformation process under different TTs tested up to the same applied load.

150 °C). Finally, increasing the TT to 250 °C and then further to 350 °C,
it is observed that foam exhibit a ductile matrix (DM). Due to the dy-
namic recrystallization process and softening of the matrix material, the
cell walls begin to come into contact with each other, and a brittle-to-
ductile transition takes place [56]. In this case, in contrast to 25 °C,
only a high degree of plastic deformation is highlighted, without the
appearance of brittle fracture.

4. Comparison between impact and quasi-static results

This work also presents a detailed comparison of the impact results

with data obtained under quasi-static loading conditions. The experi-
mental program followed the same procedure for both types of tests.

4.1. Compressive behaviour

Fig. 8 illustrates a comparison of impact and quasi-static compressive
stress—strain curves of investigated metallic foams at room temperature.
Comparisons were made at all temperatures used for impact tests (25,
75, 150, 250 and 350 °C), but in order to avoid repeating the graphs,
only curves at 25 °C were presented, as the other temperatures followed
the same trend.
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Fig. 8. Impact (strain rate 95 s 1 and quasi-static (strain rate 5.77-10° s1) 6 - & curves of UR (a), TR (b) and LR (c) metallic foams at 25 °C.

The two types of tests show very different behaviours regarding the ¢
- € curves. It can be seen that impact behaviour has excellent compres-
sive strength characteristics (higher load curves, especially for the yield
point), while quasi-static behaviour highlights good and more stable
failure patterns (smaller stress fluctuation ranges). In the case of quasi-
static tests, due to the lack of large oscillations, both the plateau region
and the onset strain of densification are more obvious. Generally, under
impact conditions, the matrix material behaves more brittle compared to
quasi-static due to the sudden change of the collapse mechanisms.
Excluding the UR foam, it is observed that the densification strain pre-
sents higher values in the case of quasi-static tests, the length of the
plateau also being larger. Moreover, the plastic deformation mecha-
nisms and the crushing performance of the reinforced foams occur at
higher compressive stress levels compared to the unreinforced foams.

4.2. Assessment of properties

In order to be able to interpret more precisely the properties obtained
from the two tests, Fig. 9 shows a comparison of the compressive
strength and the energy absorption capacity according to the testing
temperature and the type of foam sample. To have the most conclusive
results, the compressive strength (6max) was associated with the first
peak stress after the linear-elastic region of the stress—strain curve, while
the absorption energy (Wsgo,) was calculated up to 50% strain for all
samples according to ISO 13314-11 standard [47], using the Eq. (1).

50%
WS()% = / ode (1)
0

Fig. 9a—c present measured compressive strength values of UR, TR and
LR samples, obtained by impact and quasi-static compression tests.
These values decrease with increasing TT and were averaged over five
test results. It was observed that the impact compressive strength of the
foam samples showed a polynomial relationship as a function of TT,
while under quasi-static conditions the oy, reveal an almost linear
decrease. The impact tests exhibit a higher compressive strength than
that of the quasi-static tests when subjected to the same TT. The largest
impact — quasi-static opax difference — is found at room temperature
(24.90% for UR, 35.79% for LR and 37.26% for TR), followed by a slight
decrease for 75 °C (14.88% for UR, 18.04% for LR and 29.07% for TR).
With the increase of TT, the compressive strengths of the two tests are
getting closer and closer, showing differences of only 3% at 350 °C.
Conversely, it was found that the absorption energy (area under the
o-¢ curves up to 50% strain) in the case of quasi-static tests is signifi-
cantly higher than in the case of the impact tests. This phenomenon can
be associated with the more stable deformation mode during quasi-static
tests, highlighted by the shape of the o-¢ curves due to the lack of os-
cillations, by the size of the plateau region and by the delayed onset
strain of densification. Regardless of the type of foam (UR, TR or LR
foam), as the temperature increases (25 °C — 350 °C), the absorption
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Fig. 9. Comparison of impact and quasi-static properties (compressive strength and energy absorption) according to TT.
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energy decreases polynomial for impact tests and linear for quasi-static
tests, respectively. As in the case of compressive strength, the biggest
Wsqo, difference, in detriment of impact tests, is obtained at 25 °C
(51.47% for unreinforced foams and about 25% for EMM reinforced
foams). Compared with the strength property (omax), in case of energy
absorption performances (Wsgo,), these differences are somewhat sig-
nificant even at high temperatures (over 15% at 350 °C).

Fig. 10 shows a variation of the main impact properties (i.e.
compression strength and energy absorption) depending on the quasi-
static ones.

The impact compression strength varies polynomially with the quasi-
static one (Fig. 10a—c), while the energy absorption varies according to a
linear function (Fig. 10d-f). Based on the quasi-static experimental re-
sults, empirical formulae are proposed to predict the impact properties
of newly-developed CMFs (see the equations in the graphs). All these
equations show a very good coefficient of determination (R?), higher
than 0.98 for all the presented cases. The proposed equations are very
important for practical applications, because determining the impact
properties at high temperatures is quite difficult to achieve. In addition,
the experimental set-up in dynamic regime is expensive and requires
special equipment. Therefore, using these equations the impact prop-
erties of the CMFs can be determined if the quasi-static ones are known,
the latter ones being determined relatively easily compared to the
impact properties.

As previously mentioned (see Introduction section), many re-
searchers have studied the effect of reinforcement and strain rate on the
main mechanical properties of aluminium alloy foams, but mostly at
room temperature [25,57,59]. Some have reported contradictory effects
of these factors on the compressive behaviour of their developed CMFs.
For example, Sahu et al. [25], using 10 wt% silicon carbide particles
(SiCp) as reinforcement and AA2014 aluminium alloy as matrix mate-
rial, reported, at 25C, a value of only 34% for densification strain, almost
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half than TR foams. Moreover, they obtained a yield stress 2.83 times
lower compared to LR composite foams. Yadav et al [57,58] observed
that CMFs reinforced with 10 wt% Silicon carbide (SiC) particles are
superior to those reinforced by 1.5 wt% multi-wall carbon nanotubes
(MWCNTSs). Even so, their energy absorption values are up to 24% lower
than EMM-CMFs [57]. However, due to the different collapse mecha-
nisms, Yadav et al [58] obtained values for the plateau stress up to 60%
higher than the CMFs reported in this investigation. Furthermore,
increasing the temperature from 25 to 400C, they have achieved a
decrease of about 30% of the plateau stress for the two types of CMFs,
twice as small as EMM-CMFs. Birla et al. [59] studied the effect of
relative density and cenosphere particle size on the compressive me-
chanical behaviour of aluminium-cenosphere composite foams. They
obtained values of plateau stress and energy absorption performance
similar to those reported by Yadav et al [57] for CMFs reinforced with
10 wt% SiC particles. However, all these differences are mainly due to
different strain rates (0.01 [25,57,59], 1 [58] and 95), the type of
reinforcement (SiC, particles [25], SiC particles [57,58], MWCNTs
[57,58], cenosphere [59] and EMM), reinforcement size (20 to 40 pm
[25], 30 pm 571, 50 pm [58], 50 nm x 25 pm [57], 5.1 mm [59] and 3
mm X 6 mm), matrix material (AA2014 [25], AlSi12CulMgl [57-59],
AlSi10) and foaming agent (ZrHy [25], CaHy [57,59] and TiHy [58]).
The results are provided for the same relative density (0.16) and the
same test temperature (25C), respectively.

Additionally, the relative reduction percentage of the impact and
quasi-static properties for both unreinforced and reinforced foams were
compared. The results are normalized by room temperature value, and
presented according to the TT. Fig. 11 presents the reduction percentage
of omax values as a function of TT between the impact and quasi-static
tests (circular and square blue markers). In the range of 75-350 °C,
the observed o,y trendline is quite similar between the two test con-
ditions. Even if the results show the same tendency, however, it can be
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easily observed that the percentage reduction in impact tests is much
higher than in quasi-static tests. The biggest difference between the two
types of tests (of 8.78 times) is found at 75 °C for reinforced samples (LR
foams), decreasing to 2.52 times for unreinforced ones. With the in-
crease of TT, these differences reduce significantly, being only 1.51
times for LR foams and 1.23 times for UR foams at 350 °C.

Related to the reduction of Wsqe,, the observation was made of a
slightly larger percentage discrepancy between impact and quasi-static
results, which are attributed to the oscillations of the plateau region.
The percentage results in terms of Wsqo,-TT variation are compared in
Fig. 11 (triangular and rhombic red markers). Energy absorption shows
very close percentage reductions for both types of tests. However,
compared to quasi-static data, the W5y, reduction in the case of impact
tests is higher for the reinforced foams, whereby respectively smaller for
the unreinforced ones.

5. Conclusions

The impact compressive response of Composite Metallic Foams
(CMFs) as a function of testing temperature (i.e. 25, 75, 150, 250 and
350 °C) was experimentally investigated. The transversal (TR) and
longitudinal (LR) reinforced CMFs were compared with unreinforced
(UR) ones. Finally, the impact properties (compressive strength and
energy absorption) were compared with the quasi-static results. The
obtained results leads to the following conclusions:

m Regardless of the type of tested foam (UR, TR or LR foam), the
intensity of the oscillations in the plateau region of the
stress—strain curves significantly decrease with the increase of
the test temperature (TT) phenomenon associated with the
foam matrix softening process.

m Due to Expanded Metal Mesh (EMM) anisotropy, the LR sam-
ples demonstrate much better capabilities of withstanding
compressive loads than TR and UR samples.

= Due to the positioning of the reinforcement, the TR samples
collapsed more homogeneously than LR ones.

= Dynamic recrystallization process, together with softening of
matrix material, leads to a brittle-to-ductile transition with
increasing TT.

m The strength properties and energy absorption performances
monotonically decrease with increasing TT in a nearly identical
manner.

m The impact tests exhibit a higher compressive strength than
quasi-static tests at the same TT. As the TT increases, the
compressive strengths of both tests become closer, showing
only a 3% difference at 350 °C.
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m The percentage reduction of normalized compressive strength
in impact tests is much higher than in quasi-static tests.

m The quasi-static energy absorption is significantly higher than
in the case of impact tests. This aspect is due to the more stable
deformation mode (the lack of oscillations, the size of the
plateau region and the delayed onset strain of densification) in
quasi-static tests.

m Empirical formulae are proposed to predict the impact prop-
erties (compression strength and energy absorption) of new-
developed CMFs.

The obtained results are significant for the design of CMFs reinforced
with EMMs. They will be used for the design of CMFs as heat exchangers
covering the entire pitched roof of a building (project APVV-17-0580).
The CMF heat exchangers will not only provide better recovery of the
heat, but also dissipate unwanted excess heat from inside when needed.
The results of the paper are important for the strength and energy ab-
sorption parameters of the development of CMF roof panels.

6. Data availability

The raw data required to reproduce the findings of this work cannot
be shared at this time as the data also forms part of an ongoing study.
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