EPJ Web of Conferences 344, 01003 (2025)
AIPTEC 2025

https://doi.org/10.1051/epjconf/202534401003

Influence of thermal stress relief parameters on crystallographic
distortion and energy absorption behavior of closed-cell
aluminium alloy foams

Dewi Puspitasari'", Mazli Mustapha?, Turnad Lenggo Ginta’, and Andita Nataria Fitri Ganda'

' Applied Mechanical Engineering, Faculty of Vocational Studies, Universitas Negeri Surabaya, East Java, Indonesia
2Mechanical Engineering Department, Faculty of Engineering, Universiti Teknologi Petronas, Perak, Malaysia
3Research Center for Process and Manufacturing Industry Technology, National Research and Innovation Agency, Banten, Indonesia

Abstract. Aluminium foams offer lightweight structural advantages for energy absorption applications;
however, residual stresses from foaming processes can degrade mechanical reliability and crystallographic
integrity. This research addresses the problem by examining how thermal stress-relieving parameters affect
the structural and energy-absorption performance of closed-cell aluminium alloy foams. The research
contribution is the establishment of a clear correlation between lattice distortion, precipitate evolution, and
compressive energy-absorption characteristics following low-temperature stress-relieving treatments. Three
conditions were evaluated: as-received foam, stress relief at 500 °C for 60 min, and stress relief at 550 °C
for 120 min. Mechanical behavior was examined through quasi-static compression tests, while
crystallographic modifications were analyzed using X-ray diffraction and Williamson-Hall calculations. The
500 °C-60 min treatment improved compressive strength from 1.35 N/mm? to 2.88 N/mm? and enhanced
energy absorption by 95%, attributed to refined and uniformly distributed precipitates that increased lattice
integrity and reduced internal stresses. In contrast, excessive exposure at 550 °C for 120 min led to
precipitate coarsening and a reduction in strength. XRD peak shifts confirmed changes in lattice strain
resulting from thermal exposure. This study demonstrates that optimized thermal stress relief significantly
improves mechanical reliability and provides insights for designing crash-resistant, load-bearing aluminium
foam structures.

weaken the foam's load-bearing capacity, leading to
premature local collapse and decreased energy
absorption during dynamic or compressive loading [5],
[6]. For applications where crashworthiness or vibration
resistance is critical, managing residual stress becomes
an essential design factor.

Thermal treatments are widely applied to improve

1 Introduction

Aluminium foams have received growing attention as
multifunctional materials in engineering systems where
weight savings, safety performance, and energy
efficiency are critical design priorities [1]. Their ability
to combine low density with superior energy absorption
and thermal resistance makes them attractive in the microstructural uniformity in aluminium-based systems.
aerospace and automotive sectors, especially in Methods such as solution heat treatment and artificial
protective elements such as crash absorbers, stiffened aging can increase strength through controlled
panels, and lightweight load-bearing components. precipitation hardening [7]. Yet, higher-temperature
Unlike dense aluminium alloys, the mechanical treatments risk over-aging, pore distortion, and
characteristics of aluminium foams originate from a undesirable phase evolution that may degrade the
combination of cell geometry, solid-state deformation mechanical stability of the cell walls [8]. A more
mechanisms, and crystallographic behavior at the suitable alternative is thermal stress-relieving, which

cellular scale [2]. This interplay between architecture
and crystallography makes aluminium foam a
compelling platform for studying the physics of
deformation in porous metals.

However, the fabrication of aluminium foam—
whether through casting, powder metallurgy, or gas-
based expansion—often introduces residual stresses,
uneven solute distributions, and crystallographic defects
due to rapid thermal gradients and gas entrapment [3],
[4]. These internal stresses reduce the lattice spacing and
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aims to relax residual stress at lower temperatures while
preserving the pore architecture and supporting
microstructural refinement [9], [10]. In aluminium
foam, the highly heterogeneous pore network leads to a
heat-induced microstructural response that differs from
that of fully dense alloys, making a systematic
investigation essential.

Previous studies have indicated that variations in
pore wall thickness, precipitate distribution, and
porosity affect hardness, compressive strength, and
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plateau behavior [11]. Analytical techniques such as X-
ray diffraction (XRD) and elemental mapping enable
direct observation of lattice strain relaxation, changes in
crystallite size, and solute redistribution during thermal
exposure [12], [13], [14]. However, the combined
influence of stress-relieving parameters on both
crystallographic distortion and energy absorption
capacity in closed-cell foams remains insufficiently
investigated.

Therefore, this work examines how different thermal
stress-relieving conditions affect hardness, compressive
energy absorption, and lattice strain in closed-cell
aluminium alloy foam. The primary contribution of this
research is the quantitative correlation between
crystallographic relaxation and improved deformation
stability, offering scientific and practical insights into
tailoring thermal post-processing for lightweight
structures subjected to extreme mechanical demands.

2 Materials and methods

The experimental procedure for this study consisted of
four main stages, as shown in Figure 1. The process
began by preparing aluminium foam (Al-foam) to
ensure controlled porosity and a uniform structure.
Next, thermal stress relief was performed in a furnace to
reduce residual stresses and improve material stability.
The testing phase involved mechanical characterization,
including hardness and compressive strength tests, to
assess the foam’s structural and mechanical behavior.
Finally, data analysis was conducted to interpret the
results, identify trends, and relate microstructural
features to mechanical performance.

Preparation of Al-Foam Thermal Stress Relieving

Testing Sample Data Analysis

Fig. 1. Experimental procedure.

2.1 Material

The material used in this study was a commercially
available closed-cell aluminium alloy foam (Alporas
type), produced by the foaming-melting process with a
chemical blowing agent. The fabrication process began
with the melting of high-purity aluminium, followed by
the addition of 1.5 wt% calcium (Ca) to increase the
viscosity of the molten aluminium, thereby stabilizing
the foam structure during expansion. Subsequently, 1.6
wt% titanium hydride (TiH2) was added as a blowing
agent. Upon thermal decomposition, TiH- released
hydrogen gas, which expanded the molten metal and
formed the foam, while leaving behind a solid titanium
residue dispersed in the matrix.

2.2 Composition and element mapping of
Aluminium Foam Measurement

The bulk chemical composition of the closed-cell
aluminium alloy foam was determined using X-Ray

Fluorescence (XRF). In contrast, the surface elemental
composition of the foam cell wall was analyzed using
the SEM's built-in  Energy-Dispersive  X-ray
Spectroscopy (EDX).

2.3 Stress relieving heat treatment

In this study, a thermal stress-relieving procedure was
conducted using a vacuum furnace. The objective of this
treatment was to alleviate internal residual stresses in the
aluminium foam while maintaining its cellular structure.
The experimental parameters were selected based on a
simplified design matrix comprising specific values for
heating temperature, holding time, and stabilization
temperature.

The process began by heating the specimens from
ambient temperature (25°C) to a predefined
stabilization temperature of 350°C or 450°C at a
constant heating rate of 10°C/min. Once the
stabilization temperature was reached, the samples were
held for 20 minutes to ensure uniform thermal
distribution throughout the foam. The temperature was
then increased—again at a rate of 10 °C/min—until the
target stress-relieving temperature (either 500 °C or
550 °C) was reached. This temperature was maintained
for a designated holding period of either 60 or 120
minutes, depending on the treatment group. This process
is illustrated in Figure 2. Finally, all samples were
allowed to cool gradually inside the furnace (furnace
cooling) to prevent thermal shock and distortion.

Holding Time

Heating

®”

abilization

20 min

Temperature (°C)

Times (min)

Fig. 2. Schematic diagram of stress relieving heat treatment.

All heat treatments were carried out under vacuum
conditions at a fixed pressure of 114 mTorr, which
helped prevent oxidation and ensured a clean thermal
environment. The detailed parameter settings, including
temperature and time segments, are presented in Table
1. This carefully controlled thermal cycle provided a
consistent basis for investigating the influence of stress
relieving on the microstructural and physical behavior
of the aluminium foam, particularly in relation to
hardness, compressive strength, crystallographic
structure, and energy absorption capability.

Table 1. Parameters setting for stress relieving heat

treatment.
Heating Holding Stabilization
Run .
No Temperature Time Temperature
: (Y] (min) (Y]
1. As received A.S As received
received
2. 500 60 450
3. 550 120 350
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2.4 Hardness measurement

Microhardness measurements were performed on the
cell wall nodes of the aluminium foam in accordance
with ASTM E92 using a LM24AT microhardness tester.
A load of 150 mN was applied for 15 seconds. For each
node, five indentations were made to ensure accuracy,
and the average value was used for analysis. During the
test, the load was applied gradually and released
smoothly to prevent surface damage. After unloading,
the two diagonals of the indentation were measured, and
their average was used to calculate the Vickers hardness
(HV) value based on Equation (1) [15].

2000P sin (%) 1.854 P
dz D

HV = (1)

2.5 Compressive mechanical

determination

properties

A quasi-static compression test was performed using a
universal testing machine (UTM) with a maximum load
capacity of 5 kN, integrated with a computer-based data
acquisition and control system. All compression tests
were conducted at a crosshead speed of 1 mm/s, in
accordance with ASTM D1621-00, which outlines
procedures for determining the compressive properties
of rigid cellular plastics.

From the resulting stress—strain curves, key
parameters, including compressive strength, plateau
stress, and densification strain, were extracted. The
nominal stress was calculated by dividing the applied
load by the specimen's original cross-sectional area. In
contrast, the nominal strain was obtained by dividing the
displacement of the crosshead by the specimen’s initial
height [16].

The compressive strength (o,) was defined as the
maximum stress at the end of the elastic region, just
before the onset of permanent deformation, or
equivalently, the first distinct peak on the stress—strain
curve [17].

The plateau stress (o) was calculated as the average
stress between 5% and 30% strain, representing the
region where the foam undergoes stable plastic collapse
[14]. Additionally, the energy absorption capacity (W)
of the foam was determined by calculating the area
under the stress—strain curve up to the onset of
densification, using Equation (2).

&d
w = f o(e)de @
0

The densification strain (&;) was calculated when all the
cell walls have collapsed and flattened. It was taken at
the intersection of the plastic deformation plateau and
the densification loading [18].

2.6 Lattice strain and crystallite measurement

The lattice strain and crystallite size of the closed-cell
aluminium alloy foam were quantified using a
PANalytical X'Pert* Powder X-ray Diffractometer (Cu

Ka radiation, A=0.15406 nm), measuring diffraction
angles (20) from 10° to 90°. Crystallographic phases
were identified through HighScore Plus software, and
measured d-spacing values were matched with standard
patterns from the ICDD-PDF database. To determine
crystallite size and lattice strain, the Williamson—Hall
plot method was applied, which separates broadening of
diffraction peaks into components arising from finite
crystallite size and micro strain [19].

3 Results and discussion

This section presents the study's results in a structured
manner, starting with the elemental composition of the
closed-cell aluminium alloy foam, then its mechanical
behavior, and finally its crystallographic characteristics.

3.1 Composition of aluminium foam

The chemical composition of the aluminium foam,
analyzed by XRF (Figure 3), reveals aluminium (Al) as
the dominant element at 65.4 wt%, establishing the
alloy’s base matrix. Calcium (Ca) at 18.7 wt% is present
in significant amounts, added to increase the melt’s
viscosity during the foaming process, thereby improving
pore stability. Iron (Fe), titanium (Ti), and zinc (Zn) are
also observed at 6.6 wt%, 3.44 wt%, and 2.29 wt%,
respectively, playing essential roles in modifying
mechanical strength and contributing to the structural
integrity of the foam. Minor elements such as silicon
(Si), phosphorus (P), and magnesium (Mg) are present
in trace amounts (<1 wt%) and may influence grain
boundary behavior and corrosion resistance.

7000%  65,40%
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20,00%

10,00%

= ’ 229%  098%  083% 037%
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Al Ca Fe Ti Zn Si P Mg

Chemical composition

Fig. 3. Chemical composition of aluminium foam.

Complementing the bulk analysis, surface
composition from EDS (Figure 4) indicates the presence
of Al (52.7 wt%), Ca (6.6 wt%), Ti (1.0 wt%), oxygen
(19.3 wt%), and carbon (18.0 wt%). The significant
oxygen and carbon peaks likely originate from oxide
layers or organic residues on the surface, possibly
introduced during processing or exposure to ambient
conditions. These surface oxides can impact bonding
behavior and may affect foam stability or surface
interactions in service.

Together, the XRF and EDS data confirm the alloy’s
composition aligns with the known formulation of
Alporas-type foams, where metallic additives like Ca
and Ti serve dual functions in foam stabilization and
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structural reinforcement, while trace elements fine-tune
the foam's final mechanical performance.

M Spectrum 3
Wt% o

Al 527 07

0 193 05

C 180 09
Ca 66 02
Fe 15 01
Ti 10 01

09 02

Fig. 4. Chemical composition of aluminium foam.

3.1.1.  Element mapping run 1

The results are presented in Figure 5. From the SEM-
EDX elemental images, it can be observed that traces of
Ca, Fe, Ti, and Si exhibit a homogeneous distribution in
the Al matrix. Al and Ca were detected from the
dendritic and eutectic regions. Fe and Ti were scattered
in the particle region, while Si was detected at the
particle and eutectic regions. As shown in Table 2, the
concentration of Carbon was dominant in the dark area,
and it was believed to be epoxy resins. The oxygen
analysis revealed that an oxide layer had formed in the
as-received sample (Run 1). The distribution of
elements within the cell wall of run 1 is illustrated in
Figure 6.

Table 2. The concentration of elements in the run one
aluminium alloy foam shown in figure.

Spectrum Concentration of Element (Weight %)
No C 0] Al Si Ca | Ti
1 73.35 | 21.56 | 1.59 1.88 1162 ] 0
2 10.73 | 5.79 1 69.23 | 13.73 1022 ] 0.3
3 624 | 1729 16733 | 2.19 | 694 | O

imm Electron Image 1

Fig. 5. Map of EDX spot analysis of the Run 1 aluminium
alloy foam.
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Fig. 6. EDX image of an area showing the distribution of
elements within the cell wall of the run 1 sample.

3.1.2. Element mapping run 2

The EDX spots analysis was conducted on the dark and
grey regions of the cell wall surface, as shown in Figure
7. The entire cell wall surface was analyzed at three
random locations. The concentration of an element on
each spectrum is summarized in Table 3. From the
results, aluminium was the dominant element, and the
maximum concentration of Si was observed in spectrum
2, while the maximum concentration of Ti was observed
in spectrum 1.

Figure 8 shows energy dispersive X-ray (EDX)
images of the Std 5 specimen. From the EDX images,
traces of Ca, Fe, and Si were uniformly distributed in the
Al matrix. The traces of titanium (T1) formed clusters of
micrometer size. The oxide layer also appeared in this
sample, indicating the presence of the A1203 phase. The
calcium region observed in the specimen was believed
to have originated from CaO and A12Ca0O4. The Al-Ca-
Ti-Fe particle was also found in this sample.

Table 3. The concentration of elements in run 2 aluminium
foam is shown in figure.

Spectrum Concentration of Element (Weight %)
No o Al Si Ca Ti Mg
1 2.15 | 50.04 0 3.69 | 44.11 0
2 1.09 | 56.5 | 4241 0 0 0
3 14.38 | 65.92 0 18.59 0 1.11
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U

z 100pm Y Electron Image 1

Fig. 7. Map of EDX spot analysis of the Run 2 aluminium
foam.
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Fig. 8. EDX image of an area showing the distribution of
element within the cell wall of run 2 sample.

3.1.3. Element mapping run 3

Figure 9 displays the SEM-EDX spot analysis image of
the Run 3 aluminium foam. To determine the elemental
composition within specific regions of the cell wall
surface, EDX spot analysis was conducted. Three
distinct locations—characterized by varying shades of
grey—were randomly selected for this analysis. The
elemental concentrations obtained from these spectra
are summarized in Table 4. Across all measured points,

aluminium was consistently the predominant element,
as further illustrated in the elemental distribution shown
in Figure 10. As anticipated, aluminium showed a high
intensity in all spectra, while spectrum 2 also revealed a
notable concentration of silicon (Si), indicating
localized enrichment in that area.

An energy-dispersive X-ray (EDX) spectrum of the
run sample is shown in Figure 8. EDX images were
employed to investigate the chemical composition of the
closed-cell aluminium alloy foam. For the Run 3
specimen, traces of calcium (Ca), titanium (Ti), and
silicon (Si) were generally distributed in the aluminium
matrix. The Si element was also detected and appeared
as clusters of micrometer size. The A1203 oxide layer
was also detected in this analysis spot. Iron (Fe) was not
detected during the investigation.

v —
10pm Electron iImage 1

Fig. 9. Map of EDX spot analysis of the Run 3 aluminium
foam.
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Fig. 10. EDX image of an area showing the distribution of
elements within the cell wall of the run 3 sample.
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Table 4. The concentration of elements in run 3 aluminium
foam shown on figure.

Spectrum No Concentration of Element (Weight %)
[0) Al Si Ca Ti

1 3826 | 5242 | 235 | 4.13 | 2.85
3.53 46.47 50 0 0

3 4.38 94.83 0 0.38 | 0.42

3.2 Hardness properties

The investigation into the hardness of aluminum
specimens subjected to different stress-relieving
treatments reveals significant findings that illustrate the
role of thermal processing in microstructural evolution,
particularly regarding precipitation mechanics, as
tabulated in Table 5.

Table 5. Mechanical properties of aluminium foam.

Run Compressive Plateau
No Hardness Str[(:,ngth Stress Energy
HV N/mm? N/mm? J
1 85.16 1.35 1.71 59.82
2 192.78 2.88 2.35 116.79
3 104.68 1.07 1.68 64.52

The specimen that underwent stress relieving at 550
°C for 60 minutes, followed by stabilization at 450 °C,
showed the most remarkable hardness improvement.
Hardness measurements indicated an increase of up to
approximately 120% compared to as-received materials.
This enhancement is attributed to the formation of fine,
uniformly distributed precipitates within the aluminum
matrix, thereby significantly increasing the volume
fraction of these strengthening phases. The literature
supports the claim that fine, needle-like B’ precipitates
contribute effectively to strengthening an aluminum
matrix by improving load transfer and preventing
dislocation movement, which is central to enhancing
hardness [20]. Specifically, Rakhmonov et al. indicate
that uniformly distributed fine precipitates with a
diameter around 4 nm enhance the mechanical
Performance of aluminum alloys through effective
dispersoid strengthening [20].

On the other hand, the treatment that yielded the
lowest hardness involved maintaining the same heating
temperature of 550 °C, extending the holding time to
120 minutes, and lowering the stabilization temperature
to 350 °C. This condition led to the formation of coarser
precipitates, thereby diminishing hardness. The
reduction in hardness is closely linked to the poor
effectiveness of precipitation hardening, caused by
increased spacing between precipitate particles that
hinders the load-bearing capability of the matrix and
dislocation interactions. This observation aligns with
findings from Xu et al. (2020), who noted that prolonged
heat treatment can enlarge precipitates, thereby reducing
their strengthening effects [21]. Furthermore, Kim et al.
support this by emphasizing that larger precipitate
phases may not be as effective at enhancing strength due
to reduced interparticle interaction surfaces, thereby
weakening the overall microstructural integrity [22].

3.3 Compressive mechanical properties

The mechanical performance of aluminium foam under
varying thermal conditions has shown significant
implications for its compressive strength, plateau stress,
and energy absorption capabilities, as shown in Table 2.
In its as-received state, the aluminium foam exhibited
baseline mechanical properties, including a compressive
strength of 1.35 N/mm?, a plateau stress of 1.71 N/mm?,
and an energy absorption capacity of 59.82 J. The
original microstructure of the foam at this stage retains
potential residual stresses and unoptimized cell
morphologies, which influence its performance metrics
[10].

Upon thermal treatment at 500 °C for 60 minutes,
followed by stabilization at 450 °C, substantial
improvements were observed. The compressive strength
increased to 2.88 N/mm?, plateau stress rose to 2.35
N/mm?, and energy absorption capacity nearly doubled
to 116.79 J. This enhancement can be attributed to the
formation of a refined microstructure, likely due to
evenly dispersed precipitates within the aluminium
matrix, which promotes mechanical stability and energy
dissipation during loading. The moderate heating and
sufficient holding time seemingly allowed the internal
structure of the foam to achieve greater homogeneity,
enhancing its load bearing and energy-dissipating
qualities, aligning with previous studies that emphasize
the critical role of thermal treatment in optimizing the
properties of aluminium foams [16].

In contrast, when the foam was treated at 550 °C for
120 minutes, followed by stabilization at 350 °C, the
results were detrimental to its mechanical performance.
The compressive strength decreased to 1.07 N/mm?,
lower than the initial as-received condition, while the
plateau stress only slightly decreased to 1.68 N/mm?,
and energy absorption improved to 64.52 J. These
results indicate that prolonged exposure to excessive
temperatures led to precipitate coarsening and possible
over-aging, ultimately compromising the foam’s
structural integrity [23].

These findings underscore the need to optimize heat-
treatment parameters for aluminium foams. Moderate
heating temperatures combined with controlled holding
times and stabilization phases can lead to significant
improvements in mechanical performance. Conversely,
aggressive thermal conditions, particularly over
extended periods, can lead to structural inefficiencies
and diminished energy-absorption capabilities. This
body of work highlights the delicate balance required in
the thermal processing of aluminium foam to maximize
its mechanical properties, thereby enhancing its
application potential in fields such as automotive and
aerospace engineering [1], [24].

3.4 Lattice strain and crystallite properties

In the examination of aluminium alloy foam samples
(Run 1, Run 2, and Run 3) using X-ray Diffraction
(XRD), the results are presented in Figure 11. The
observed phase composition revealed the presence of
four primary phases: a-aluminium (oa-Al), aluminium
calcium  (Al«Ca), aluminium iron titanium
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(Alo.oFes.1)Tiz, and silicon oxide (SiO2). The results are
presented in Table 6. The diffraction patterns indicated
that the a-Al phase exhibited the highest-intensity
peaks, suggesting its predominant presence in the alloy.
The lower reflection intensities of AlsCa, (Alo.oFes.1)Tiz,
and SiO2 compared to a-Al reaffirm typical patterns
found in XRD analyses, where the most stable phase
often dominates the diffraction profile [25], [26].

Furthermore, the data illustrated a notable shift in the
main a-Al peak toward lower intensity in the diffraction
patterns from Run 2 and Run 3 compared to Run 1. This
shift can be attributed to subtle variations in the
aluminium lattice parameters, which may have resulted
from induced lattice strain or distortion due to the stress-
relieving heat treatment applied to the samples. Such
alterations in lattice parameters have been documented
in studies exploring structural changes caused by
thermal treatments, in which heat exposure can
significantly modify the crystalline architecture of
aluminium foams and alloys. However, suitable
references specifically addressing these changes in
aluminium foams with heat treatment are not included
in the provided references [26], [27].

The concept of thermal treatment altering the crystal
structure is supported by the literature on the effects of
heat on aluminium materials. Enhancements in
mechanical properties and microstructural refinement
through controlled heating processes are well
documented [28]. The relationship between thermal
exposure and the resulting modifications in the
crystalline structure of aluminium has been reported in
various studies; however, the specific connection to
aluminium foam treatments requires further direct
supporting evidence [29].

Table 6. The details of phases on closed-cell aluminium

alloy foam.
Chemical Crystal
Compound Name Formula System
Aluminum Al Cubic
Aluminum Calcium Al4 Ca Tetragonal
Aluminum Iron (A10.9 Fe3.1) Hexaconal
Titanium Ti2 xag
Silicon Oxide Si 02 Hexagonal
] K Run 1
. Run 2
1 ¢ miu Run3
- *1) :’l
4 —te e ke %

Intensity (counts)

Angle (°)

Fig. 11. X-ray diffraction patterns for Run 1 (as-received
sample), Run 2 and Run 3.

4 Conclusion

Thermal stress relieving markedly shapes the
mechanical and crystallographic response of closed-cell
aluminium alloy foams. The 500 °C/60 min treatment
with 450 °C stabilization (Run 2) produced the best
performance—compressive strength 2.88 N mm™2,
plateau stress 2.35 N mm™2, and energy absorption
116.79 J (=95% above as-received)—via refined,
uniformly distributed precipitates that relax lattice strain
and reduce residual stresses; by contrast, 550 °C/120
min (Run 3) caused precipitate coarsening and strength
loss. These results establish a multiscale link between
stress-relief parameters, lattice-strain relaxation, and
macroscopic energy-dissipation behavior, offering
actionable guidance for designing crash-resistant,
lightweight foam structures. The study is limited to two
temperature—time windows under vacuum, uses
XRD/EDX without TEM/EBSD, and performs
compressive tests only in a quasi-static manner. Future
work should broaden the thermal space (including
cooling rate and atmosphere), apply TEM/EBSD to
resolve precipitate—dislocation interactions, and assess
cyclic and high-rate loading to build predictive process—
structure—property models. Overall, we provide
compact evidence that optimized low-temperature stress
relief enhances mechanical reliability by tuning
crystallographic distortion—adding new knowledge and
a practical pathway for post-processing aluminium
foam.
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