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Abstract: This paper is an experimental study of the quasi-

static mechanical compressive properties of the reinforced

closed-cell aluminum alloy foams with di�erent cell orien-

tations at di�erent strain rates. The reinforced foam sam-

ples were obtained via the powder metallurgical route. The

results of the compression tests revealed that the deforma-

tion behavior and mechanical properties of foamed alu-

minum composites are highly dependent on the orienta-

tion of the reinforcingmesh. Di�erences in the deformation

behavior of foams appear to be in�uenced by the mechan-

ical properties of the matrix material, by foam deforma-

tion mechanisms, and by the mechanical properties of the

reinforcement. The yield stress, plateau stress, densi�ca-

tion stress, and energy absorption capacity of unreinforced

foam samples improved linearly with increasing strain rate

due to dynamic recrystallization and softening of the foam

matrix material. The reinforced foam samples exhibit non-

linear deformation behavior. It was also found that the

mechanical properties reduction of transverse reinforced

foams was slightly lower compared to foams with longi-

tudinal reinforcement at varying strain rates because of

the large contribution of the mechanical properties of the

reinforcement. The results of the present study can be em-

ployed to modelling and obtain impact-resistant �llers for

complex structures in transport construction.
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1 Introduction

At present, impact resistance plays a vital role in ensuring

the structural integrity of metal structures under impact

loading, e.g., in a vehicle to protect passengers and reduce

the likelihood of damage during vehicle-barrier collisions

[1, 2]. Over the past decade, themajor challenge facing engi-

neers and researchers has been that of seeking lightweight

materials with a high speci�c strength, an excellent vibra-

tion damping capacity, high energy absorption properties,

and a high crushing strength performance [3, 4]. These

materials include various alloys, metal and polymer com-

posites, and metal foams [5]. The most popular candidates

are aluminum foams and tubular structures, which due to

their excellent mechanical properties and low weight are

appropriate for use in a limitless range of structural and

functional applications. Thanks to their excellent proper-

ties, including good resistance to corrosion, high sound

and vibration damping capabilities, and high energy ab-

sorption, aluminum foams are widely used in aerospace,

motor vehicle production, aircraft, and shipbuilding [6, 7].

The mechanical properties of aluminum foam rely on

structural features, namely the relative density, pore topol-

ogy (open or closed), cell size, cell shape, and cell distribu-

tion [8]. Such porous materials (foams) either are made of

pure aluminum or incorporate it as a matrix, which makes

them aluminum matrix syntactic foams (AMSFs) or com-

posite aluminum foams (CAFs) [9]. When investigating the

microstructure and quasi-static compression properties of

AMSFs reinforced with glass cenospheres, it was found that

their hardening mechanisms were in�uenced not only by

the cell size, but also by the physical properties of the ma-
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trix and cenospheres [10]. Another observation was that

the values for speci�c energy absorption and plateau stress

of glass cenosphere-reinforced syntactic foams tended to

increase with a greater volume fraction of cenospheres,

a smaller interface thickness, and a speci�c alloy. Hence,

it appears that besides pore morphology, the impact re-

sistance of composite foams is in�uenced by the amount

of reinforcing agent and its mechanical properties. As for

CAFs reinforced with silicon carbide (SiC-15, 30, 45, and 60

wt.%) [11], their values for hardness and transverse rapture

strengthwent upwith increase in the volume fraction of SiC.

In addition to that, they exhibited better ballistic perfor-

mance as they absorbed the kinetic energy of the projectile

with the lowest penetration depth.

Aluminium alloyed with silicon, AlSi10Mg, is one of the

most used �ller materials for making metal pipes because

Si addition improves the �owability of powder and thus

helps to avoid exfoliation and hot cracking. At the same

time, Mg addition helps to suppress the oxidation of Al

matrix during fabrication and reacts with Si to form Mg2Si

phase, which is associated with the age-hardening e�ect

[12, 13]. Another excellent �ller that is appropriate for fabri-

cating metal pipes is aluminum foam as it helps to increase

the impact resistance of tubular structures. Filling metal

pipes with foam also improves the crushing force response

of the tube [14] and gives the pipe additional strength to

withstand oblique loading [15]. Given the above, it is very

important to examine and enhance the mechanical proper-

ties of aluminum foams.

One way to improve the mechanical properties of an

aluminum foam is to internally reinforce it. Some exam-

ples of internal reinforcements are ceramic spheres, steel

wires, sheets, and grids [16]. AMSFs reinforced with mixed-

oxide ceramic hollow spheres have demonstrated excellent

compressive elasticity [17], and those reinforced with rect-

angular pieces of wire mesh wrapped around the precursor

had greater strength properties [18, 19]. Some structures

are reinforced with net-shape steel sheets [20]. This is done

by foaming of a precursor material through the powder

metallurgical pathway. The steel netting is in�ltrated with

molten material and thus forms a bond with the aluminum

foam [21, 22]. This reinforcement improves not only the

mechanical properties of the aluminum foam, but also its

energy absorption capability. However, the position of the

reinforcement may a�ect the result.

Therefore, it is crucial to understand how the mechani-

cal behavior of composite materials changes depending on

the orientation and location of a reinforcing object in the

matrix to obtain new knowledge and generate new strate-

gies for creating reinforced lightweight composite struc-

tures. This study aims to investigate how the orientation of

a thin reinforcing steel mesh a�ects the compression prop-

erties of porous metal-matrix composites. For this, porous

aluminumalloys reinforcedwith a stainless steel wiremesh

located in di�erent places were tested for impact resistance

and energy absorption under quasi-static compression at

di�erent strain rates.

2 Materials and methods

2.1 Materials and composite fabrication

method

For this study, three kinds of 50 mm × 500 mm × 500 mm

aluminum foam specimens were fabricated: a unreinforced

specimen, a specimen reinforced with a steel wire mesh in

transverse direction (transverse reinforced), and a speci-

men reinforced with a steel wire mesh in longitudinal direc-

tion (longitudinal reinforced). The closed-cell aluminum

alloy foams were prepared by powder metallurgical route

from AlSi10Mg and stabilized using 10 wt% SiC particles

as a thickener and titanium hydride (TiH2) powder as a

foaming agent. Some composites were reinforced with a

stainless steel wire mesh embedded either longitudinally

or transversely in the precursor, as depicted by Figure 1.

Figure 1: Orientation of reinforcement cells in the aluminummatrix
along the y-axis (according to the loading direction). The insert is to
show cell dimensions.

The reinforcements with a speci�c gravity of 3.5

kg/m2 had a diamond shape (6 mm × 3 mm) and a 0.6

mm × 1 mm wire. The mesh was from EN 1.4301 stain-

less steel (X5CrNi18-10) [23], containing 0.12% carbon, 18%

chromium, 10% nickel, and up to 1% other impurities.

The reinforcements were inserted into a specially prepared

mold together the precursors. During foam expansion, the

mesh sheets were in�ltrated with molten material, thus
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forming a strong bond (due to the reaction between the

liquid foam alloy and the wire mesh). For this, the AlSi10Mg

alloy with 10 wt% SiC (size, 20 mm) was placed inside a

ceramic crucible and heated at 680 ∘C in a furnace. The

melt was then mechanically stirred for 2 minutes at 850

rpm to ensure proper mixing. Afterwards, 0.8 wt% of TiH2

was added to themelt for foaming and stirred at about 1000

rpm for 1 minute. Then, a reinforcing mesh was inserted

and melt expansion was maintained at 640 ∘C for 2 min-

utes. After foaming, all samples were cooled down under

air atmosphere [24].

Samples were cut into smaller sheets (geometry 30 mm

× 30 mm × 30 mm) using an electric spark cutter. The densi-

ties of these samples were measured using the Archimedes

method from the mass and volume. The porosity was cal-

culated by the following formula:

p =
ρ0 − ρf
ρ0

× 100% (1)

where: p is the porosity, ρ0 is the density of the parent

alloy, ρf is the density of the alloy foam.

For analysis, 90 sampleswith an average density of 440

kg/m3 were selected. Other samples with a density above

or below the accepted mean value by 10% were excluded

from further experiments. The porosity value varied in the

range between 78% and 83%.

2.2 Quasi-static compression tests

The quasi-static compression tests were performed with an

INSTRON FastTrack 8800 test control system.Measurement

data were displayed on a computer screen and interpreted

using a FastTrack DAX data acquisition software. To as-

sess the energy absorption capability, all samples were sub-

jected to di�erent loads under di�erent strain rates, namely

0.0025, 0.025, and 0.25 s–1. All tests were carried out at room

temperature following the ISO13314 standard [25].

To obtain reproducible and reliable results, 10 samples

were used for each test conditions. The sample was placed

on a special platform and subjected to unidirectional axial

loading. Those samples that were reinforced were loaded

along the y-axis, as shown in Figure 1. In order to avoid

friction between the sample and crosshead, molybdenum

disul�de (lubricant) was used.

Themechanical properties of sampleswere determined

from a typical strass-strain curve of a porous metal com-

posite (Figure 2) [26].

The stress-strain curves in point exhibit three distinct

regions: the linear elastic region, the yield region, and the

densi�cation region. In quasi-static compression tests, the

Figure 2: A typical stress-strain curve for determining mechanical
properties of porous metal composites in compression tests [26].

followingmechanical characteristics were thus determined.

The slope of the �rst region represents a quasi-elastic mod-

ulus Eqe, which was used to determine the compressive

yield stress σy and the corresponding strain εy. As it can be

seen, the compressive yield stress σ20% and σ40% is associ-

ated with 20% and 40% compressive strain, respectively.

The plateau stress σpl is de�ned as the arithmetic mean of

stresses at σ20% and σ40% compressive strain. The compres-

sive deformation σD is a point on the stress-strain curve

that equals

σd = 1.3σpl (2)

and the related compressive strain is εD.

The speci�c energy absorptionW is the amount of en-

ergy required to deform a test sample, which can be ex-

pressed as follows [26]:

W =

ε∫

0

σdε (3)

where: ε is the applied stress and σ is the strain (defor-

mation of the material that results from applied stress).

The speci�c energy absorption WD at densi�cation

strain is given as follows:

WD =

εD∫

0

σdε (4)

3 Results

Figure 3 is a display of stress-strain diagrams for three com-

posite samples under di�erent loading conditions.
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Figure 3: Stress-strain curves of unreinforced (type 1), transverse reinforced (type 2), and longitudinal reinforced (type 3) foam samples for
di�erent strain rates.

As it can be seen from the Figure 3 above that the re-

sulting stress-strain curves exhibit the same three distinct

regions regardless of the position of the reinforcement used

and the strain rate applied. Namely, there is a narrow linear

elastic region, followed by long yielding (during which the

critical mechanisms of fracture emerge) and by densi�ca-

tion with a sharp increase in stress σ at almost constant

deformation ε. The stress-strain curve of unreinforced sam-

ples shows a smooth transition from the linear elastic re-

gion to the yield region and to the densi�cation region. A

higher strain rate led to an extension in the linear elastic

region and an almost straight line in the plateau region

without a signi�cant change in stress. This was due to the

progressive and controlled deformation of the cell walls in

the foam [27]. In contrast, the stress-strain curves of trans-

verse and longitudinal reinforced samples show a peak

in yield stress at the end of the elastic region. In addition

to that, the longitudinal reinforced samples exhibit stress

�uctuations in the yield region and an abrupt transition to

the densi�cation region. The �uctuations can be related to

folds that appear on the sides of reinforced samples during

loading. They (�uctuations) are seen between yield point

and compressive deformation.

At all strain rates, the stress-strain curve exhibited a

yield point with an initial peak stress (y) value at the end

of linear elastic region. Figure 3 shows that reinforced sam-

ples exhibit a sharp drop in yield stress after its peak was

attained. At the same time, the transverse reinforced foams

showed a larger stress drop than those reinforced longitudi-

nally. The largest di�erence in stress (≈56% for transverse

reinforced samples and ≈62% for longitudinal reinforced

samples) was obtained at the strain rate of 0.025 s–1. An

increase in the strain rate resulted in slightly smaller stress

drops (≈37%), but this was only the case for transverse rein-

forced samples. The unreinforced foams did not show such

a decrease in stress at either of the strain rates.

The strain rate is an important factor in�uencing the

energy absorption behavior of the composite foam. Figure

4 shows the speci�c absorption energies depending on the

strain rate applied.

The energy absorption increased almost linearly with

increasing strain rate until densi�cation. For the unrein-

forced samples, an increase in the strain rate was accom-

panied by a dramatic increase in W (almost 1.5 times) at

the cross-section with the densi�cation region. This phe-

nomenon is due to the collapse in the microstructure and

friction between the cell walls during the compression test

[28]. The linear relationship between energy absorption and

strain rate in the reinforced samples was observed before

the densi�cation point. The energy absorption capacity of

the transverse reinforced foams increased by approximately

1 MJ/m3 at a strain rate to 0.025 s–1. Further increase in the

strain rate led to minor changes in the W-ε dynamics. In

contrast, the longitudinal reinforced foams demonstrated

the greatest energy absorption capacity at the lowest strain

rate (0.0025 s–1). A higher strain rate led to a decrease in

energy absorption and with the highest strain rate applied

(0.25 s–1) the energy absorption became higher by almost 2

MJ/m3. This enhancement was due to the variation in the

deformation mechanisms.

The deformation sequences for the studied composites

are depicted in Figure 5. As it can be seen, the deformation

mechanisms tend to vary depending on the reinforcement

used. The conventional AlSi10Mg alloy (unreinforced sam-

ple), for example, deforms in a controlled manner, whereas

the reinforced specimens tend to crack on the sides as the

loading increases, which happens because of the appear-

ance of folds. The center of the reinforced composites did

not deform due to a strong bond between the matrix and

reinforcement. The movement of the reinforcing mesh was

conditioned by the movement of the parts of foam with

respect to the rest of the foam. In addition to that, the sam-

ple could be displaced from the loading axis as a result

of poor contact between the sample and the details of the

installation. However, this problem can be solved by proper

geometry of the samples and local deformation of foam.
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Figure 4: Speci�c energy absorption-strain curves of unreinforced (type 1), transverse reinforced (type 2), and longitudinal reinforced (type
3) foam samples for di�erent strain rates.

4 Discussion

The experiments reveal that the yield region of both (trans-

verse and longitudinal) reinforced foams shows a pro-

nounced serrated character after σy, while none stress �uc-

tuations in the case of unreinforced samples were found.

The absence of stress �uctuations in unreinforced samples

may be related to continuous hardening of these samples

on the yield region. The serrated character of stress-strain

curves for reinforced foams is largely due to the plastic de-

formation of the reinforcement, as well as the brittleness of

aluminum alloys used for the production of foam [29, 30].

Due to the orientation of the reinforcements, signi�cant

variation in stress can be observed, speci�cally the longi-

tudinal reinforced foams exhibit a pronounced character

of the jump-like dynamics. This is due to the higher values

of plastic deformation for longitudinal reinforcements (α =

90 ∘) than transverse reinforcements ((α = 0) [31].

Figure 6 depicts the main mechanical properties vari-

ation of the investigated foams with di�erent strains. As

can be seen, the investigated mechanical properties tend

to vary depending on the reinforcement. Foams without

reinforcements were found to present a 7 times lower quasi-

elastic modulus on the linear elastic region than those with

reinforcements (Figure 6a), although the weight of the ma-

terial was only 7-10% lower due to the absence of the mesh.

As the strain rate increases, the Eqe values of foams without

reinforcements and with transverse reinforcements tend

to go up by 23% and 20%, respectively. With longitudinal

reinforcements, however, the Eqe values fell by 16%. Such a

behavior suggests that the reinforced samples have higher

elastic properties, even though the weight of these samples

does not change much due to the high elasticity of the steel

mesh used [32].

The strength properties (σy and σpl) follow a similar

pattern. The yield point values σy of reinforced foams were

4 times higher than unreinforced ones (Figure 6b). The

presence of transverse and longitudinal reinforcements

increased the plateau stress by 2 and 4 times (Figure 6c),

respectively, which indicates an enhancement of strength

properties. However, the di�erences were observed with

increasing strain rates. Foams without reinforcements and

with transverse reinforcements show a linear association,

while the presence of longitudinal reinforcement leads to a

16-19% decrease in σy and σpl at a strain rate of 0.025 s
–1,

followed by a return to initial values with increasing strain

rate. Conclusively, the reinforcement is a contributing fac-

tor in strength performance of AlSi10Mg foams. In addition,

the compressive strength of reinforced composite foams

strongly depends on the orientation of the reinforcement

and is always higher when the foam is reinforced in lon-

gitudinal direction ((α = 90 ∘C). The expanded sheets are

stronger in longitudinal direction because of larger load-

bearing section (Figure 1).

Reinforced foams also demonstrate higher values of

compressive strength and energy absorption (Figure 6d-f).

The compressive strength σD of foams with longitudinal

reinforcements was 2 times the compressive strength of

foams with transverse reinforcements, while the unrein-

forced samples demonstrated higher compressive strength

performances at lower (0.0025 s–1) strain rates (Figure 6d).

However, these values were observed at di�erent densi�ca-

tion strains εD: at 39% for unreinforced foams, at 68% for

transverse reinforced foams, and at 47% for longitudinal

reinforced foams (Figure 6e). The relatively high densi�ca-

tion strains of reinforced samples at low strain rates can

be related to the cellular structure of the mesh, which com-

pensates for the brittle deformation behavior of the foamed

material. The absence of reinforcement increased the den-
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Figure 5: Images illustrating the deformation behavior of unreinforced (type 1), transverse reinforced (type 2), and longitudinal reinforced
(type 3) foam samples at 0.025 s–1 strain rate.

si�cation strain up to 33% strain with increasing strain

rate (Figure 6e). Contrariwise, an increase in the strain rate

lead to a 36% linear increase in densi�cation stress σD with

transverse reinforcement, accompanied by a non-linear

variation of εD values. With the presence of longitudinal

reinforcement, the association between densi�cation stress

and strain is also nonlinear, as evidenced by a 36% drop

in σD following a change in the strain rate by one order

of magnitude, while a further increase in the strain rate

came with a 30% densi�cation stress drop. In cases with

the absence of reinforcement, the strain rate increase by

one order of magnitude enhanced the densi�cation stress

up to 61%,while a further increase in the strain rate reduced

it to 54%. This behavior was due to the softening of the cell

walls, while the presence of reinforcement increased the

σD values at higher strains because of the high strength

properties of the cellular mesh. These results are consistent

with previous research [33], where the strength properties

of composite foams were closely related to the orientation

of the reinforcement and on the shape of the samples. The

present work shows that longitudinal reinforcements lead

to higher strength and densi�cation properties, but the en-

hancement can only be reached if the reinforcing mesh is

rolled into a cylinder.

Figure 6f shows how the speci�c energy absorption at

densi�cation strain of the investigated samples changes

with increasing strain rate. As can be seen, the relation-

ships are almost linear. The energy absorption properties

of reinforced foams are much higher when compared to

unreinforced samples (i.e., 4.5 times with longitudinal re-

inforcement and 3.7 times with transverse reinforcement).

However, an increase in the strain rate led to a decrease in

WD values of reinforced foams (i.e., 33% and 37% from the

initial value). In contrast, the unreinforced samples demon-

strated a linear increase (39%) inWD valueswith increasing

strain rate. Both strength and energy absorption reduction

properties show the same trend with the presence of rein-

forcement. A lower reduction in WD values of transverse

reinforced foams is associated with a more stable deforma-

tion mechanism when compared to foams with longitudi-

nal reinforcements. This feature can be easily seen from

Figure 2, where the stress-strain curves show much lower

oscillation amplitudes for all investigated strain rates with

the presence of transverse reinforcement, especially the

yield region. The smallest di�erence between the energy ab-

sorption properties of unreinforced and reinforced foams is

observed at high strain rates (Figure 6f). The greatest di�er-

ence in stress values was observed at low strain rates. In ad-

dition, there were more di�erences with respect to strength

properties reduction with increasing strain rate in the case

of reinforced foams than in the case of unreinforced. These

di�erences stem from the following e�ects: the mechanical

properties of the foam matrix material, the mechanism of

foam deformation, and the mechanical properties of the

reinforcement. Due to the emergence of dynamic recrystal-

lization and softening of the matrix material at low strain,

the deformation behavior of the foams changed along with

a signi�cant reduction inmechanical properties [34]. As the
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Figure 6: The mechanical properties (Eqe, σy, σpl, σD, εD, WD) of unreinforced (type 1), transverse reinforced (type 2), and longitudinal
reinforced (type 3) foam samples for di�erent strain rates.

strain rate increased, the foam exhibited a brittle deforma-

tion mechanism followed by plastic behavior with plastic-

to-brittle transition. The reinforcements were found to take

up most of the deformation mechanisms, in�uencing both

an increase and reduction of the mechanical properties.

Hence, the positioning of reinforcement in the composite

matrix is also a dominant deformation mechanism besides

foam porosity and foam density.

Further research may involve replacing steel sheets

with more complex three-dimensional reinforcements. The

results of this work can be employed in numerical calcula-

tions to determine the proper structural parameters of the

reinforcing mesh to obtain products with high impact re-

sistance and minimum weight. Further works can focus on

varying temperatures at di�erent strain rates. The obtained

�ndings can be applied in modeling various metal struc-

tures to reinforce foams. The calculated basic mechanical

characteristics depending on the load rate at di�erent ori-

entations of the reinforcing mesh can be used in software

applications to analyze the impact resistance of various

structures made of reinforced composite foams.

5 Conclusions

This work was concerned with the quasi-static compressive

mechanical properties of closed-cell aluminum alloy foams

reinforced with a steel mesh with di�erent call orientations

at di�erent strain rates. The investigated mechanical prop-

erties (i.e, the quasi-elastic modulus, yield stress, plateau

stress, densi�cation stress, densi�cation strain, and the

speci�c energy absorption at densi�cation strain) were ob-

tained from the experimental stress-strain curves. The re-

sults show that the deformation behavior and mechani-

cal properties of reinforced foams strongly depend on the

positioning of the reinforcement according to the loading

direction. The reinforcements were found to a�ect the mag-

nitude of the compressive plateau stress. The foam samples

with longitudinal reinforcement exhibited a high energy ab-

sorption capacity thanks to the high compressive strength.

The strength properties and energy absorption capacity of

unreinforced foam sample improved linearly with increas-

ing strain rate because of dynamic recrystallization and

softening of the foam matrix material. The deformation be-

havior of reinforced foam samples was a function of the cell

orientation. It was found that the mechanical properties

reduction of transverse reinforced foams was slightly lower



Impact of the reinforcedmetal structure on themechanical properties foamed aluminium composites at the load | 325

compared to foamswith longitudinal reinforcement at vary-

ing strain rates. The reinforcements took up most of the de-

formation mechanisms, resulting in a nonlinear behavior

of mechanical properties. The results of the experiments

can be employed to modelling and obtain impact-resistant

�llers for complex structures in transport construction.
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