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Advanced synthesis and
multifaceted characterization of Al-
Mg alloy foams reinforced with TiH,
incorporation through friction stir
processing
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This study reports the fabrication and characterization of aluminium 5052 (Al-5052) alloy foams using
TiH, as a foaming agent processed through friction stir processing (FSP). A multi-pass FSP strategy
was utilized to ensure uniform incorporation of TiH, particles. Results reflected that TiH, particles

were evenly dispersed throughout the Al-5052 matrix using multi-pass FSP, then activated to promote
foaming under specific thermal conditions. Phase analysis via XRD confirmed the coexistence of
aluminium and titanium phases, while microstructural examinations revealed homogeneous particle
dispersion and significant grain refinement. Mechanical characterization illustrated the improvement
in tensile strength (from 263.2 MPa to 318.3 MPa) and microhardness (from 85 HV to 103 HV). Foaming
heat treatment at 725 °C and 750 °C led to the formation of uniform pore structures, with average pore
diameters of 256 pm and 219 pm, respectively. A foam density of 1,266 kg/m3 and porosity of 53.28%
were achieved, validating the effectiveness of TiH,-induced gas expansion. These findings establish Al-
5052/TiH, foams produced by FSP as a promising pathway for lightweight, high-performance materials
suitable for aerospace, automotive, and thermal management applications.
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Aluminium and its alloys are widely used in various sectors, including aerospace, marine, construction, chemical,
military, automotive and so on, owing to their low density, exceptional corrosion resistance, high specific
strength, good thermal conductivity, etc!®. Due to these characteristics, aluminium alloys are extensively used
as precursor material for metal foams (MFs)”8. MFs are among the unique materials in advanced structural
materials, possessing lightweight properties, high specific strength, and a natural ability to reduce damping.
Due to this, their applications include impact-resistant panels, crash absorber systems, aerospace sandwich
structures, defence parts such as bullet-resistant inserts, as well as nuclear and marine components®~'!. The term
‘foam’ refers to the “uniform dispersions of a gaseous phase in either a liquid or a solid” When gas bubbles are
present in a liquid, it’s called foam, and when gas bubbles are present in a solid, these are called ‘solid foam'!2.
Metal foams are porous materials with generally 40-90% porosity, depending on their fabrication method and
application. Foams can be classified into two types: closed-cell pored foam and open-cell pored foam. The
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development of foams is mainly achieved via two broadly classified routes, the solid route and the liquid route.
Liquid-state methods commonly produce closed-cell structures, while solid-state routes more readily facilitate
open-cell foams; however, each route can produce either type of structure depending on process parameters'.

Various methods have been engineered to produce aluminium-based foams. The Alcan process introduces
gas into the molten aluminium pool using a specialised injector to form dispersed bubbles, resulting in a solid,
stable foam layer'®. In the Alporas process, developed by Shinko Wire Co. (Japan), a foaming agent, such as
hydride, is added to the molten pool of aluminium alloy at around 700°C, leading to the hydrogen evolution
and pore formation'“. The Gasar process involves saturating molten metal with hydrogen under pressure, then
applying directional solidification to create anisotropic, elongated pores'®. Another widely used method is the
powder metallurgy route. In this method, metal in powdered form is combined with a foaming agent and then
compacted through a specific process. The precursor is then heated to a temperature below the melting point of
the base matrix, allowing foaming agents to generate pores®.

A more recent advancement in this direction is friction stir processing (FSP), which works on a solid-state
principle. Hangai et al.'” successfully developed metallic foams using FSP. It was reported that the TiH, foaming
agent can be embedded between aluminium (Al-4045) plates and homogenized via FSP. A multi-pass strategy
was used to improve the uniformity of dispersion, and subsequent thermal foaming produces controlled pore
formation!”. A similar methodology can be extended to other aluminium alloys, such as Al-1050 and Al-6061'°.
In addition, several other studies have been reported for the fabrication of metal foams using various alloys of
aluminium as base matrix!8-2!. To date, limited investigations have utilized Al-5052 as a precursor material for
foam generation, particularly through TiH, incorporation via FSP.

In this study, Al-5052 was utilised as the base matrix and TiH, as the foaming agent. Multi-pass FSP was
used to develop a foamable precursor. The precursor and resulting foamed structures were characterized using
optical microscopy, XRD, and field emission scanning electron microscopy (FESEM). Microhardness, ultimate
tensile strength, and density-based porosity determination were carried out to demonstrate the viability of using
Al-5052 as a base alloy for foam production via FSP.

Materials and methods

The base material used in this study was aluminium 5052 alloy (Al-5052). It exhibits high corrosion resistance,
good thermal conductivity, and low density, making it suitable for lightweight structural applications®?2. The
chemical composition of Al-5052 is shown in Table 1.

A rectangular plate with dimensions of 200 x 70 x 6 mm® was prepared from an Al-5052 sheet. The accuracy
(dimensions) and flatness of plates were ensured using CNC machining. TiH, was utilized as a foaming agent
and was compacted in the grooves (2 mmx2 mm) machined in the centre of each plate, along the length for
about 180 mm, using an in-house developed punch. The volume of TiH, compacted in the groove was 180 x 2 x 2
mm? which is roughly around 1% of the volume of base metal. The grooves were initially sealed using a cover
pass FSP with a pin-less tool. FSP was then performed on a modified vertical milling machine using an H13
steel tool with a shoulder diameter of 14 mm and a threaded cylindrical pin diameter of 4 mm. A schematic
illustration of FSP is shown in Fig. 1a. The speed of rotation was maintained at 900 rpm, while a travel speed of
40 mm/min was employed. A tilt angle of 2° and a plunge depth of 0.25 mm were kept constant throughout the
experimentation. Four passes of FSP were performed in order to achieve uniform dispersion.

After all FSP runs, samples were cut using wire electrical discharge machining from the FSPed region of the
plate as per the scheme depicted in Fig. 1b.

The dimensions of the extracted samples are provided in Table 2. To visualize the microstructure of the
fabricated surface composite, the microstructure samples underwent a polishing process. Initially, all specimens
were ground using emery paper of grades 400 to 2500. In the second stage, diamond paste (0.1-0.5 um) on a
polishing cloth was used, ensuring the required surface finish has been achieved. Ultimately, the specimens
underwent etching using Poulton’s modified reagent (21.25 ml distilled water, 20 ml HNO,, 15 ml HC], 1.25 ml
HF and 6 g of CrO,) for 15 s. Both optical microscopy (OM) and field-emission scanning electron microscopy
(FESEM) were used to examine the microstructural evolution and distribution of TiH, particles in the Al-5052/
TiH, composite.

X-ray diffraction (XRD) analysis offered qualitative insights into the crystallography of the fabricated samples,
enabling the identification of the diverse lattice-structured compounds present. Tensile and microhardness
tests were carried out using universal testing machine (UTM) as per the ASTM E8M standards and Vickers
Microhardness testing machine as per the ASTM E92 standard procedures respectively.

Results and discussions

Phase analysis

Figure 2 presents the comprehensive XRD analysis results of the base metal and the FSPed surface composite.
The analysis revealed distinct crystallographic signatures that confirm successful material integration in the
surface composite. The most prominent aluminium peaks were observed at 20 angles of 38.23° and 44.78°
corresponding to crystallographic planes (111) and (200) respectively, and a small peak at 82.34° corresponding

Element |[Mg [Cr |Si |Fe (Mn |[Zn |Cu |Al
% 24 |0.15 | 0.24 | 0.42 | 0.11 | 0.10 | 0.12 | Balance

Table 1. Elemental composition of Al-5052 by weight%.
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Fig. 1. (a) Schematic illustration of FSP; (b) Sample extraction scheme.

1 Microstructure 10 mm x 16 mm
2 Foam fabrication 15 mm x 15 mm
3 Tensile L;:70 mm, L;: 30 mm, W2 12 mm, W;: 6 mm, T: 3 mm
4 Microhardness 10 mm X 16 mm

Table 2. Extracted sample nomenclature and dimensions. Ly Total length, Lg: Gauge length, W Total Width,
W Gauge width, and T: Thickness.

to crystallographic plane (222), in both the base metal and surface composite specimen. These peaks demonstrate
the preservation of aluminium’s fundamental crystal structure throughout the processing. A decent peak of
3-Al,Mg at 26 angle of 65.02° corresponding to crystallographic plane (200), also present in both the base metal
and surface composite specimen justify the alloying element presence in the base matrix. In surface composite
specimen, traces of titanium were distinctly identified at 26 angles of 36.92° and 77.23° corresponding to
crystallographic planes (222) and (311) respectively, providing conclusive evidence of the presence of both base
material and reinforcement components within the composite structure. These findings significantly validate the
successful incorporation and retention of both constituent materials in the studied composite system.

Microstructural characterization

OM and FESEM analysis demonstrated that TiH, particles achieved uniform distribution throughout the
FSPed zone, indicating successful material integration. Figure 3a illustrates the microstructure of base metal,
where individual grains and grain boundaries are clearly discernible, though some grains exhibit elongated
morphologies typical of wrought aluminium alloys?’. Figure 3b-d and 3e, f) shows the OM and FESEM
respectively of the FSPed surface composite. Figure 3b shows the onion ring formation within the FSPed region,
a typical surface morphological characteristic of an FSPed specimen. Figure 3¢ provides a detailed visualization
of the distinct zones formed after FSP processing, with white dotted lines delineating respective FSP zones. The
stir zone (SZ) is the region where the material stirring actually happens by the action of tool-pin. SZ region
exhibited intimate mixing of the base alloy and TiH, particles, achieved through intense plastic deformation that
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Fig. 2. XRD pattern of base metal and fabricated surface composite.

created homogeneous bonding between constituent materials. Thermo-mechanically affected zone (TMAZ) is
the zone adjacent to SZ which is characterized by both deformation (mechanical) and heat (thermal) influence
due to FSP. Heat affected zone (HAZ) lies between TMAZ and base metal and the microstructural variation
in this region happens due to the thermal effects of FSP, The variation in the grain size is clearly evident in the
different zones in Fig. 3c. Figure 3d showcases the reduction in grain size due to FSP between HAZ and TMAZ
zones. Figure 3e clearly shows the distribution of reinforcing material within the aluminium matrix and Fig. 3(f)
shows the uniform distribution of the particles with minimum to no clustering and agglomeration.

Mechanical properties

Tensile test

Figure 4a demonstrates the stress-strain relation of the base metal and the fabricated composite, while Fig. 4b
summarizes the derived properties (Ultimate Tensile Strength, Yield Strength, and percentage elongation). The
improvement in tensile strength achieved through FSP is accompanied by a measurable reduction in ductility,
highlighting an inherent strength—ductility trade-off. The ultimate tensile strength increased significantly
from 263.2 MPa in the base metal to 318.8 MPa for the FSP-processed sample, marking an approximate
21% enhancement. However, this strengthening is associated with a decrease in % elongation from 22.9% to
16.3%. This reduction in ductility can be attributed to the microstructural modifications induced during FSP,
particularly the refinement of grains and the uniform dispersion of TiH,-derived particles within the stir zone.
These reinforcements and the resultant high dislocation density restrict plastic flow by providing numerous
obstacles to dislocation motion, thereby enhancing strength but simultaneously diminishing the material’s
capacity for uniform deformation®*. Such behaviour is typical of particle-reinforced systems, where the improved
load-bearing capacity and inhibited dislocation mobility lead to higher strength at the expense of elongation.
Thus, the observed decline in ductility is consistent with the dominant strengthening mechanisms operative in
the FSPed alloy?>.

The dynamic recrystallization and intense plastic deformation, which are inherent to FSP, break the coarse
grains originally present in Al 5052 and convert them into fine, equiaxed microstructure (refer to Fig. 3(d)),
and significantly enhance grain-boundary strengthening via the Hall-Petch effect. At the same time, the evenly
distributed particles of TiH, act as potent pinning sites that restrict grain growth (Zener pinning) and restrain

Scientific Reports |

(2026) 16:11568 | https://doi.org/10.1038/s41598-026-38973-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

300 pm*

EHT = 10.00 kV Mag= 78X Signal A = SE2 100 um* EHT = 10,00 kV Mag= 200X Signal A = SE2

WD =425mm  System Vacuum = 9.69¢-07 mbar NIT Srinagar I 1 WD =426 mm  System Vacuum = 9.71¢-07 mbar NIT Srinagar

Fig. 3. (a) OM image of base metal; (b—-d) OM images; and (e, f) FESEM images of precursor.

the dislocation motion, promoting Orowan looping and increasing dislocation density. This combined grain
refinement, even dispersion of reinforcement, and increased dislocation density results in a mechanically strong
and hard FSPed region, especially SZ, which leads to the improvement in the tensile strength of FSPed specimen
compared to base metal®.

Microhardness analysis
Comprehensive microhardness analysis revealed significant improvements in localized mechanical properties.
The microhardness of Al-5052 increased from 85 HV (base metal) to 103 HV following TiH, incorporation
via FSP, representing a 21% improvement. Vickers hardness testing employed a standardized load of 0.3 kgf
applied for 10 s per indentation, with 15 systematic indentations made on both FSPed samples and base metal
for statistical reliability.

Figure 5 shows the microhardness graph of base metal and surface composite, clearly demonstrating
progressive hardness increases toward the stir zone. The increasing hardness trend reflects the differences in
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Fig. 4. (a) Stress strain graph; (b) UTS, YS and % elongation of base metal and FSPed samples.
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Fig. 5. Microhardness graph of base metal and FSPed samples.

microstructural modifications and reinforcement concentration within SZ, THAZ, and HAZ. The enhancement
in hardness in the FSPed samples is primarily attributed to a combination of grain refinement, dispersion
strengthening, and dislocation density elevation, all of which collectively restrict plastic deformation. This clearly
showcases how effective FSP is at enhancing the mechanical properties of the alloys by promoting the uniform
dispersion of reinforcement and at the same time triggering several different strengthening mechanisms.
Theintense plastic deformation and dynamicrecrystallization during FSP significantly refine the grain structure
within the SZ, resulting in a higher resistance to indentation in accordance with the Hall-Petch relationship,
where smaller grains impede dislocation motion more effectively?’. Additionally, the uniform distribution of
TiH, particles within the matrix introduces a pronounced Orowan strengthening effect, whereby the dispersed
particles act as barriers that force dislocations to bow and bypass them, thereby increasing hardness. The severe
thermomechanical cycles of FSP also generate a substantial increase in geometrically necessary dislocations,
which contribute to strain hardening by impeding subsequent dislocation glide. Collectively, these mechanisms
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synergistically enhance the hardness of the processed region, consistent with established strengthening theories
in particle-reinforced aluminium alloys?®.

Foam fabrication
For foam fabrication, FSPed samples underwent systematic heat treatment in a box furnace under two distinct
temperature and time combinations: condition 1, Fig. 6(a-b), at 725 °C for 12 min and condition 2, Fig. 6(c-d), at
750 °C for 8 min, these temperatures were selected after thorough literature survey”?°. The foaming temperature
and holding time selection for the Al-Mg precursor is governed by the thermophysical characteristics of the
base alloy and the decomposition behaviour of the foaming agent. The foaming temperature must be sufficiently
above the solidus temperature to ensure the adequate matrix softening and plastic flow. These are essential for
pore nucleation and growth. The temperature must remain low enough to avoid excessive melt drainage and
pore collapse caused by reduced viscosity. Following heat treatment, samples were sectioned to reveal internal
pore structure development. Cross-sectional OM clearly demonstrated the presence and distribution of pores
throughout the material, as illustrated in Fig. 6.

The fundamental mechanism for pore formation involves the thermal decomposition of TiH, into titanium
and hydrogen gas according to the reaction:

TiHy — Ti+ Ho T

The evolved hydrogen gas becomes entrapped within the heated Al-5052 matrix, creating the characteristic
porous structure. The systematic variation in temperature and time parameters allowed for optimization of
pore formation characteristics. Comprehensive FESEM (Fig. 7) and EDS (Fig. 8) analysis was conducted on the
fabricated aluminium foams from both the fabricating conditions. These analytical techniques provided detailed
insights into the uniformly distributed TiH, particles and their compositional characteristics, as systematically
presented in Figs. 7 and 8a and 8b.

Comparative analysis of samples heat-treated under different conditions revealed minimal morphological
differences, Fig. 7a-d. However, subtle variations were observed; at 725 °C treatment, Fig. 7 ¢, d, average pore
diameter of 256 pm and at 750 °C treatment, Fig. 7c, d, average pore diameter of 219 um was observed. The

Fig. 6. OM of cross section of metal foams fabricated at (a, b) 750 °C; (¢, d) 725 °C.
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Fig. 7. FESEM of cross-section of metal foams fabricated at (a, b) 750 °C; (¢, d) 725 °C.

furnace temperature is a critical factor affecting the foaming behaviour of metal precursors’®*.When the
specimen’s temperature surpasses its melting point, foaming commences®. Higher furnace temperatures
lead to increased expansion height and porosity of the foam?!. The porosity of molten specimens can reach
approximately 80% with increasing furnace temperature. The rate of heating, however, has little impact on the
maximum achievable porosity®2. For Al alloys, the optimal furnace temperatures for foaming processes often fall
within a specific range, such as 780-800 °C, with a best sample temperature between 720 and 740 °C to obtain
uniform pore structures®*2%313334, Within this optimal range, a maximum porosity of 77% and an average pore
diameter of 2 mm with a circularity of 0.8 can be achieved*. This suggests that higher temperatures promote
slightly more compact pore structures, potentially due to enhanced gas diffusion and coalescence effects.

EDS mapping of the porous Al-5052 revealed extensive decomposition of TiH,, Fig. 8b, with only minimal
quantities remaining in pure form, which explains the reduced TiH, signatures in compositional analysis.
EDS mapping also demonstrated a significant increase in oxygen content, correlating with increased porosity
development. The Ti component exists in two distinct forms: pure metallic titanium and TiAl, intermetallic
compound formed through reaction with the aluminium matrix.

The presence of Ti and TiAl intermetallic phases detected within the cell walls plays an important role in
determining the final foam morphology. The in-situ formation of TiAl during the high-temperature foaming
stage increases the local rigidity and thermal stability of the surrounding aluminium matrix. TiAl possesses
significantly higher hardness and stiffness compared to the base AlI-Mg alloy, and its distribution along the
cell walls acts as a microstructural reinforcement, reducing wall deformation during gas expansion®*. This
reinforcement effect helps the walls resist excessive thinning and collapse, thereby improving cell wall integrity
and structural stability throughout the foaming process. Moreover, TiAl particles restrict localized grain growth
and stabilize the boundaries, leading to a more uniform cellular architecture. Overall, the formation of TiAl
phase contributes positively by strengthening the load-bearing skeleton of the foam, enhancing its ability to
retain pore shape and preventing premature rupture during expansion®. The presence of oxygen in the Fig. 8b
indicate the formation of oxide phases in the foam specimen which play a crucial rule in the foam stabilization®’.

The average density of foam samples, calculated using Archimedes principle, was measured at 1,266 kg/m?,
representing a substantial reduction compared to the base Al-5052 density of 2,700 kg/m?. This dramatic density
reduction signifies successful foam formation with significant porosity development.

Porosity calculations were performed using the standard formula:
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Fig. 8. EDS mapping of (a) FSPed precursor; (b) the foam.

where:

Porosity % = ((p — ps) /p) x 100

« p =Density of base metal (2,700 kg/m?).
o p;=Density of foam generated (1,266 kg/m?).
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The calculated porosity of 53.28% demonstrates exceptional foam formation efficiency, falling within the optimal
range for most engineering applications?.

Conclusion and future perspectives

Key research achievements

In this study, FSP was used for the development of aluminium-based metal foams, and the results are concluded
as follows:

« OM, FESEM, and EDS tests, conducted before and after the foam formation process, confirmed the presence
of powdered foaming agents uniformly distributed within the A15052 matrix.

o The study revealed a density of 1,266 kg/m® and a porosity of 53.28%, featuring spherical pore morphology
of the foam.

« Additionally, the inclusion of oxygen was observed within the foams.

« Optimization of process parameters such as temperature, holding time, and composition of foaming agents
can significantly enhance the properties of Al foams.

Industrial and scientific implications

The successful development of Al-5052-based foams through FSP represents a significant advancement in
sustainable manufacturing technologies. The demonstrated porosity levels (40-55%) and controlled pore sizes
(200-500 pm) position these materials for diverse applications, including lightweight structural components
in aerospace applications, energy absorption systems in automotive crashworthiness, thermal management
solutions in electronic systems, architectural applications requiring both structural and thermal performance.

Future research directions
The promising results of this investigation open several avenues for future research and development:

i. Process optimization: Further refinement of FSP parameters to achieve even more uniform particle distri-
bution and enhanced mechanical properties.
ii. Multi-scale characterization: Implementation of advanced characterization techniques including X-ray
computed tomography for three-dimensional pore structure analysis.
iii. Performance validation: Comprehensive mechanical testing, including compression, fatigue, and impact
testing to fully characterize foam performance under various loading conditions.
iv. Surface treatment integration: Investigation of combining FSP with surface treatment technologies to devel-
op multifunctional foam materials.
v. Sustainability Assessment: Life cycle analysis of FSP-based foam production to quantify environmental ben-
efits compared to conventional manufacturing approaches.

This research contributes significantly to the advancing field of lightweight materials engineering and
demonstrates the potential of friction stir processing as a versatile, environmentally sustainable manufacturing
technology for next-generation foam materials.
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