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Abstract
This study focuses on the fabrication and characterization of aluminum foam reinforced with nanostructured γ-Al2O3, utilizing 
AA5083 plates. The fabrication process involved the integration of TiH2 foaming agent particles and reinforcing nanoparticles 
via the friction stir process (FSP), resulting in the creation of precursor specimens. Subsequently, a separate foaming stage 
was conducted within a laboratory furnace. The integration of these particles was achieved through the machining of parallel 
grooves in a single aluminum plate. The initial phase of the experimental study focused on investigating the effect of varying 
amounts of the foaming agent. Large-scale foams were then produced, achieving a medium porosity of 70%. Electro-discharge 
machining was employed to prepare specimens for compression testing to analyze their stress–strain response. The results 
revealed a plateau stress of 27 MPa, a relative Young’s modulus of 4.44 × 10−3, and an energy absorption close to 17 MJ/m3 
at 50% strain. Significantly enhanced plateau stress was observed in the manufactured reinforced aluminum foam compared 
to similar foams produced through conventional methods.

Keywords  Porous metals · Composite metal foams · Friction stir processing · Friction stir welding · γ-Al2O3 nanopowder · 
Mechanical properties

1  Introduction

Cellular metallic materials offer a blend of versatile proper-
ties within a lightweight structure, making them well-suited 
for diverse applications across industries such as automotive, 
aviation, vibration control, and structural components [1].

The production of cellular metallic materials encom-
passes a diverse range of manufacturing approaches. Some 
of these methods share similarities with techniques used in 
creating foams from aqueous or polymer liquids. Conversely, 
others are uniquely crafted to harness the inherent proper-
ties of metals, such as their sintering capabilities or their 
suitability for electrical deposition [2]. Specifically, when it 

comes to crafting aluminum foams, a variety of techniques 
are available. Among these methods, the precursor-based 
indirect approach emerges as a noteworthy method for gen-
erating closed-cell porous aluminum. In this process, a blow-
ing agent, typically TiH2, is integrated into the aluminum 
matrix, resulting in the formation of a precursor specimen. 
Subsequently, the precursor undergoes a heat treatment pro-
cedure, causing the blowing agent to decompose and release 
gases that lead to the expansion of the aluminum alloy [3, 4].

It is worth noting that the precursor-based indirect 
approach primarily employs base materials in the form of 
powders, necessitating the application of powder metallurgy 
techniques. However, the use of powders introduces various 
challenges in the production of aluminum foams. In response 
to these challenges, the friction stir process (FSP) method 
emerged as a novel solution. FSP stands out as an innovative 
metalworking technique rooted in the fundamental principles 
of friction stir welding (FSW) [5–7]. This method facilitates 
localized manipulation and precise control of microstruc-
tures within the near-surface layers of metallic components, 
resulting in the development of tailored microstructures 
and nanocomposite materials [8–10]. By harnessing high 
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temperatures and strain rates, FSP induces microstructural 
modifications, establishing itself as a versatile and envi-
ronmentally friendly solid-state fabrication approach [11, 
12]. In the FSP process, a cylindrical tool equipped with 
a shoulder and a pin traverses the workpiece’s surface [13, 
14]. The tool’s shoulder engages with the surface, gener-
ating frictional heat that softens the material underneath. 
The rapid rotation of the pin subjects the softened material 
to high strain rates, inducing deformation and prompting a 
transformative shift in its microstructure. The versatility of 
FSP extends to its applicability in diverse industrial sectors, 
including aerospace and automotive industries [15, 16].

Hangai et al. [17, 18] introduced the development of 
aluminum foams using the FSP process. Their approach 
involved the application of FSP to AA4045 and AA1050 
alloys, resulting in the creation of aluminum foams. The pro-
cess involved the stacking of two aluminum plates and plac-
ing the blowing agent and stabilizing/reinforcing agents in 
the middle. Through the FSP process, they effectively inte-
grated the blowing and stabilizing/reinforcing agents into the 
aluminum plates, forming precursor materials. Subsequently, 
these precursor materials underwent controlled heat treat-
ment to initiate the foaming process. This approach elimi-
nates the reliance on powder metallurgy techniques, address-
ing challenges associated with powder usage. The outcomes 
of the study revealed a direct relationship between increased 
foaming temperatures and a higher number of FSP passes, 
leading to a corresponding increase in porosity. A similar 
methodology employing stacked plates was also adopted 
by Utsunomiya et al. [19] for the production of metal foam 
from AA6061. Additionally, Saito et al. [20] employed this 
approach to fabricate functionally graded aluminum foam, 
combining A1050 and A6061 aluminum alloys.

An alternative approach to manufacturing aluminum 
foams through the FSP process was implemented by Papan-
toniou et al. [21, 22]. This method introduces a distinctive 
innovation wherein a single aluminum plate serves as the 
foundational material, with foaming and reinforcing par-
ticles strategically placed within a machined groove. This 
approach enabled the creation of localized, reinforced 
foamed regions within the metal components, thereby cus-
tomizing the mechanical and physical properties of these 
parts.

However, while the single-plate approach presents nota-
ble advantages in tailoring these properties, it encounters 
limitations when determining the mechanical response due 
to the relatively confined volume of the foamed region. 
Hence, in our present investigation, we have undertaken the 
development of large-scale foams by incorporating mul-
tiple grooves within a single aluminum plate. This evolu-
tion in methodology serves a dual purpose: first, to analyze 
the mechanical compressive response of specimens on a 
larger scale, and second, to explore the capabilities of the 

single-plate approach in producing extensive reinforced alu-
minum foams.

2 � Materials and methods

2.1 � Materials

The base metallic alloy selected for this study was the 
AA5083-H111, provided in the form of 6 and 8-mm-thick 
plates. AA5083 was chosen for its work-hardened charac-
teristics, with the anticipation of minimal softening during 
the FSP. However, it is acknowledged that there might be a 
slight softening effect due to the potential compromise of 
work-hardening effects. Secondly, the high magnesium con-
tent (> 4%) in the alloy is anticipated to enhance the bonding 
and wetting of the reinforcing particles [23].

In this research, laboratory-produced nanosized γ-Al2O3 
powder (with an average particle size of 5 nm) was used as 
reinforcing and stabilizing agents. Additionally, the blowing 
agent employed for the foaming process was commercially 
available titanium hydride powder, characterized by a parti-
cle diameter of less than 45 μm.

2.2 � FSP‑based manufacturing procedure

The research comprises two distinct phases. The initial pre-
liminary phase of the experimental study focused on explor-
ing the effects of varying the foaming agent’s quantity. In 
this phase, single grooves (1 mm wide, 3 mm deep) were 
precisely machined parallel to the rolling direction of the 
6-mm-thickness plates and aligned with the centerline of 
the rotating pin. Different amounts of TiH2 were employed 
(0.3% w/w, 0.5% w/w, 0.7% w/w, 0.9% w/w, respectively) 
to examine their impact on the final porosity. FSP was uti-
lized for the integration of the particles into the aluminum 
matrix, and a separate foaming stage was conducted within 
a laboratory furnace. The manufacturing process is illus-
trated in Fig. 1 and is further analyzed in the corresponding 
research [22].

Building upon the results of the preliminary phase, the 
research’s second and main phase involved the development 
of large-scale foams. As depicted in Fig. 2, multiple grooves 
were machined at the 8-mm-thickness plates at a consistent 
distance of 7 mm (center to center). The precursor speci-
men/plate was created by blending blowing agent powder 
(0.9% w/w TiH2) and stabilization agent nanopowder (2% 
w/w γ-Al2O3). This mixture of TiH2 and γ-Al2O3 nanopo-
wder underwent initial mixing for 1 h in a powder mixer 
and was then inserted into the grooves, ensuring uniform 
filling. To prevent particle ejection during the process, the 
grooves were initially covered using a pinless 20-mm shoul-
der tool, with one covering pass for every two grooves. After 
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the grooves were covered, three FSP passes were executed 
sequentially within each closed groove, maintaining the 
same direction, and ensuring that the samples did not cool 
down to room temperature between passes (the process is 
illustrated in Figs. 1 and 2). The higher number of FSP 
passes was chosen as it leads to a more uniform distribu-
tion of nanoparticles within the nugget for the AA5083. 
Subsequently, 1 mm was machined from the upper surface 
of the final precursor plate to eliminate introduced surface 
roughness and to avoid the “flow arm” area. The “flow arm” 
consists of thermomechanically affected material transferred 
from the retreating side of the stir zone to the advancing 
side material; thus, no reinforcing and foaming particles are 
integrated in the flow arm region.

The FSP experiments were conducted using a modified 
milling machine. The FSW tool was crafted from heat-
treated steel, featuring a flat shoulder and a cylindrical 
threaded pin with a 22-mm shoulder diameter, a 5-mm pin 
diameter, and a 5-mm pin height. The choice of pin height 
was crucial as it determined the thickness of the layer 
enriched with reinforcing/stabilizing and foaming particles. 
In this particular instance, the pin height was intentionally 
selected to be 3 mm shorter than the thickness of the alu-
minum plate. This decision was made to create an aluminum 
skin on the surface of the foamed plate. The FSP parameters 
were configured based on prior research studies, with the 

adopted operational parameters set at 1000 rpm rotational 
speed combined with a 13 mm/min transverse speed [22].

At the final manufacturing step, the precursor plate under-
went thermal treatment in a preheated laboratory furnace 
to induce the foaming process, conducted at 700 °C with 
a holding time of 3 min. Following thermal treatment, the 
foamed plate was air-cooled to room temperature.

2.3 � Compressive properties

In order to analyze the foam’s mechanical properties, speci-
mens were machined from the initial foamed plate and 
submitted to uniaxial compression. Thus, electro discharge 
machining (EDM) was used to extract four samples out of 
the foamed plate and to create specimens of specific geom-
etry (30 × 30 mm2 cross-section and max height at 18 mm). 
Tests were performed in a universal testing machine (Instron 
4482) at room temperature and ambient air and with a con-
stant crosshead speed of 10 mm/min. The machine’s axis 
was parallel to the direction of the compression axis, and 
the samples were placed on the steady press base. A preload 
was applied to the samples until the gaps between the sample 
and jaws disappeared. The experiments automatically halted 
when the applied load exceeded the limit of 90 kN. This 
load ensured complete compressive deformation of the spec-
imens, enabling the extraction of force/displacement data 

Fig. 1   Manufacturing process 
for localized (single groove) 
fabrication of precursor speci-
mens

Fig. 2   Manufacturing pro-
cess for large-scale (multiple 
grooves) fabrication of precur-
sor specimens
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beyond the densification point. Recorded force/displacement 
values were converted to stress/strain values based on the 
dimensions of the specimens. From the load–displacement 
acquired data, the stress–strain curves were created. From 
the stress–strain curves, the average compression strength, 
the Young’s modulus, the energy absorption, and the foams 
efficiency were obtained.

2.4 � Macroscopical investigation of the porous 
structure

In both phases of this research, the porous structure was 
assessed through macroscopical investigation. The effective 
porosity was determined using graphical methods. Initially, 
EDM was employed to extract samples from the foamed 
batch, and stereoscopic images taken along the longitudi-
nal axis of the FSP direction were utilized to calculate the 
average porosity of the foamed structures. The open-source 
image processing software, ImageJ, was employed to gener-
ate binary images of the pore structures (as shown in Fig. 4). 
Subsequently, porosity and the circularity of the pores were 
quantitatively evaluated.

3 � Results and discussion

3.1 � Study of the effect of blowing agent percentage

In Fig. 3, cross-sections of foamed specimens are pre-
sented with varying percentages of the blowing agent 

TiH2: (a) 0.3% w/w, (b) 0.5% w/w, (c) 0.7% w/w, and (d) 
0.9% w/w. It is evident that even minor changes in the 
blowing agent percentage have a substantial impact on the 
foaming percentage and pore morphology.

An intriguing observation is that as the blowing agent 
percentage increases, the pores cannot remain confined 
within the foamed mixing zone (initial stir zone) and 
tend to move towards the region of the base material (a 
region without the presence of stabilizing particles). This 
is prominently visible in Fig. 3d, where, in the region 
outside the foamed mixing zone, some larger pores are 
formed. The size of these pores likely results from the 
absence of γ-Al2O3 nanoparticle stabilizers/reinforcers at 
the thermomechanical affected region outside the stir zone. 
This would pose a challenge in the creation of localized 
metal foams. However, in the context of producing large 
surface area reinforced metallic foam, it does not pose an 
issue since each mixing zone is in contact with neighbor-
ing mixing zones and not with the base material.

Table 1 presents the results of porous structure charac-
terization. As expected, the foaming percentage increased 
with higher blowing agent percentages. The circularity 
of the pores did not exhibit significant variation. Conse-
quently, for the large surface area reinforced metallic foam 
production stage, a blowing agent percentage of TiH2 0.9% 
w/w was selected.

Fig. 3   Foamed specimens with 
TiH2 blowing agent percent-
ages: a 0.3% w/w, b 0.5% w/w, 
c 0.7% w/w, d 0.9% w/w
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3.2 � Uniaxial compression study

Initially, within the foamed plate, porosity (as shown in 
Fig. 4) was calculated using graphical methods. The foam 
exhibited a porosity level of 70%, with a pore circularity 
of 0.71. The decrease in circularity is logical, as the poros-
ity has increased, and there is no adjacent matrix material 
for the pores to spread and develop spherically. The upper 
“skin” layer had an average thickness of 2.2 mm.

From the foamed plate, four specimens measuring 30 × 30 

mm2 were cut, with an average height of 18 mm. Figure 5 
displays a typical specimen of the reinforced metallic foam 
specimen. This specimen is characterized by a homogenous 
porous structure, while the skin surface exhibits slight cur-
vatures, attributed to the geometric characteristics of the 
mixing zones.

Figure 6 presents the four specimens after uniaxial com-
pression tests. In Fig. 7(a), the typical stress/strain curve is 
presented. Overall, the curve exhibits a smoothly evolving 
profile, devoid of significant fluctuations. This behavior sug-
gests a non-brittle response of the foam, despite the presence 
of the ceramic reinforcement phase. More specifically, in the 
initial segment of the stress/strain curve, a relatively linear 
region is observed, extending up to the yield point. This 

Table 1   Results of porous structure characterization

Foaming agent TiH2 
(% w/w)

Max. porosity [95% 
CI = 2%]

Circularity of 
pores [95% 
CI = 0.04]

0.3 49% 0.85
0.5 60% 0.88
0.7 65% 0.89
0.9 68% 0.86

Fig. 4   Porous structure of the 
foamed plate

Fig. 5   Typical specimen of reinforced metal foam

Fig. 6   Post-compression test 
specimens
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region corresponds to the elastic zone of the specimen. As 
depicted in Fig. 7(a), the response in the elastic region can 
be distinguished into two consecutive regions with slightly 
different slopes. For strains from 0 to 0.04 (mm/mm), a 
smaller slope is observed, primarily attributed to the slight 
curvature of the upper specimen skin surface. In practice, 
this region terminates with the smoothing of the upper sur-
face. The second region begins at a strain of 0.04 and stops 
at approximately 0.07 (mm/mm). From this segment, the 
elastic modulus was calculated, yielding a value of 0.310 
GPa (Fig. 7(b)). This calculation was performed by using 
the least-squares method, with a coefficient of determination 
exhibiting a very high value of 0.9997. Correspondingly, 
the relative Young’s modulus was computed as 4.44 × 10−3 
(ratio of Young’s modulus of the foam to the Young’s modu-
lus of the bulk alloy [3]).

The critical stress, indicating the end of the elastic zone 
and the onset of foam collapse, is defined as the compres-
sive strength. According to Ashby [3], this value is cal-
culated differently depending on the shape of the stress/
strain curve. In cases where a post-yield drop in stress is 
observed after the elastic region, it is defined as the peak 
just before the initiation of the drop. In cases where no 
stress drop is present after the elastic region (as in the 
stress/strain diagram in Fig. 7), the critical stress is graphi-
cally calculated from the intersection point of tangents 

drawn to the segments of the σ-ε curve corresponding to 
the foam’s elastic zone and the plateau region. Thus, the 
critical stress was evaluated at 27 MPa.

From the critical yield strength, we transition into the 
plateau region where the gradual collapse of the foam cells 
occurs. In the plateau region, there is plastic deformation 
of the cell walls, which manifests as bending and plastic 
buckling of the foam cell walls. Often, this mechanism is 
accompanied by the creation of macroscopic deformation 
zones. The stress in this region increases slightly. Moving 
from the plateau region, we enter the onset of densifica-
tion region. In this region, there is complete collapse of 
the foam cells, resulting in a sudden increase in load. The 
onset strain of deformation is calculated from the foam’s 
energy yield diagram [3, 24]. Initially, the absorbed energy 
of the foam is calculated using the formula:

The corresponding foam energy absorption diagram, 
which is particularly useful as it provides values of 
absorbed energy for the entire range of deformations, is 
presented in Fig. 8a.

The energy absorbing efficiency (η) is calculated using 
the formula [3, 25, 26]:

Energy absorption
(
ea
)
= �

ea

0

�(e)de, 0 ≤ (
ea
) ≤ 1

Fig. 7   a Stress–strain curve of 
reinforced aluminum foam, (b) 
region for Young’s modulus 
evaluation

Fig. 8   a Absorbed energy 
diagram, b energy absorption 
efficiency diagram
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The densification strain, denoted as ed, is defined as the 
point where the energy absorption efficiency reaches its 
maximum on the efficiency-strain curve, corresponding to 
the maximum value of ei, where ei represents the strain at 
that point[3, 25, 26]:

In the energy absorption efficiency diagram (Fig. 8b), the 
graphical calculation of the onset strain of densification is 
depicted in red, which corresponds to 0.53 mm/mm.

The stages of foam collapse are graphically illustrated in 
Fig. 9. From the test specimen images in the figure, it can 
be observed that in the plateau region, the initiation of cell 
collapse begins with deformation through bending of the 
struts at the larger pores. Subsequently, it gradually extends 
through macroscopic deformation zones and corresponding 
deformation mechanisms to the smaller cells.

�

(
ea
)
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∫ ea
0
�(e)de

�
�

, 0 ≤ (
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) ≤ 1

d�(ea)
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|
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|
|ea=ei

= 0, 0 ≤ (
ei
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Finally, Fig. 10a illustrates stress values for three char-
acteristic strain levels, and in Fig. 10b, the corresponding 
energy absorption (per unit volume) is depicted for the same 
strain values. The charts also include error bars for the four 
specimens subjected to uniaxial compression. Stress and 
energy absorption values at 25% and 50% strain are particu-
larly useful because they are employed in the comparison 
of foams produced.

3.3 � Comparison of results

In Fig. 11, a correlation chart between the critical stress and 
porosity is presented for ALPORAS-type aluminum foams 
by Miyoshi et al. [27]. The critical stress obtained from the 
experiments in this study is denoted by a red asterisk (*). It 
is noteworthy that the critical stress is significantly higher 
compared to foams of similar porosity like ALPORAS 
foams.

Respectively, Fig. 12 presents the diagram illustrating the 
critical stress variation for different densities of aluminum 
(Al-12Si) foams produced using the IFAM manufactur-
ing technology by Claar et al. [28]. For foams with similar 

Fig. 9   Stages of Collapse in 
Reinforced Foams during Uni-
axial Compression
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density in this research, the critical stress value is also shown 
to be increased.

In Fig. 13, the correlation diagram of relative plateau 
stress (relative critical stress) with relative density for vari-
ous metallic foams from Liu et al. [29] is presented. The 
diagram correlates the values of relative plateau stress for 
different metallic foams with the theoretical values obtained 
from the equation proposed by Gibson and Ashby [3]:

where c is a constant equal to 0.3 [29], σpl is the plateau 
stress, σys is the yield strength of the base material, and ρ*/
ρs is the relative density of the foam. The red (*) denotes the 
relative plateau stress obtained from the experiments in the 
current study. The maximum value provided in the literature 
for AA5083-H111 was chosen as σys. The relative plateau 
stress in this diagram is shown to have high values.

�pl

�ys

= c

(
�
∗

�s

)3∕2

Fig. 10   Graphs of three char-
acteristic strain values: a stress 
diagram, b energy absorption 
diagram

Fig. 11   Logarithmic diagram of the critical stress variation for dif-
ferent porosity values in ALPORAS-type foams by Miyoshi et  al. 
[27] (the red asterisk (*) represents the critical stress value of the 
enhanced metallic foams from this research)

Fig. 12   Logarithmic diagram showing the variation of critical stress 
for different porosities in IFAM-type foams [28] (the value of criti-
cal stress for the enhanced metallic foams from the current research is 
marked with a red asterisk (*))

Fig. 13   Logarithmic plot of the variation of relative plateau stress for 
different porosities [30] (the red (*) denotes the value of the relative 
plateau stress for the enhanced metallic foams of the current study)
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The comparison of the results with those found in the 
existing literature highlights the promising prospects for 
the foam structures reinforced through FSP. The notable 
improvements in mechanical properties observed in the 
composite metallic foams can be attributed to three key 
factors: (i) the inclusion of a reinforcing nano-crystalline 
phase of γ-Al2O3, (ii) the FSP approach, where we initiate 
from a bulk material for precursor development, and (iii) 
the deliberate selection of the non-heat-treatable AA5083 
as the base material.

4 � Conclusions

The successful development of reinforced aluminum foams 
in large dimensions using the single-plate approach and FSP 
process presents a significant leap forward in materials engi-
neering and in particular for developing reinforced metallic 
foams. The critical stress, onset strain of densification, and 
relative Young’s modulus were determined to be 27 MPa, 
0.53 mm/mm, and 4.44 × 10−3, respectively, showcasing sub-
stantial mechanical enhancement compared to convention-
ally produced foams. This approach eliminates the reliance 
on powder metallurgy techniques, addressing challenges 
associated with powder usage.

These advanced foams hold promise for revolutionizing 
industries through lightweight structural components, anti-
ballistic materials, impact-resistant parts for the transport 
sector, and components requiring heightened stiffness and 
vibration absorption. The cost-effective and environmentally 
friendly production process aligns seamlessly with sustain-
able manufacturing practices, opening avenues for broader 
industrial adoption. In conclusion, the fabricated aluminum 
foam composites not only exhibit superior mechanical prop-
erties but also herald a new era of possibilities for industries 
seeking innovative, tailored, functionally graded materials.
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