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Abstract: The self-foaming method offers a promising approach for producing AlCuFe
metallic foams without the need for external foaming agents. Although it is well estab-
lished that both alloy composition and heat treatment play a fundamental role in pore
formation, the specific influence of annealing time on the resulting microstructure and
physical properties remains insufficiently explored. In the present study, the effects of
annealing time on the microstructure, phase evolution, and magnetic properties of self-
foaming AlsgCupyFes5 alloys are investigated. Metallic foams were synthesized using the
self-foaming method, heat-treating the samples at 850 °C for 6, 9, 15, and 24 h. X-ray
diffraction (XRD), differential thermal analysis (DTA), and scanning electron microscopy
(SEM) reveal that prolonged annealing increases porosity, reaching 64% and 61% after
15 and 24 h, respectively. The porosity formation mechanism was attributed to a peritectic
reaction involving the liquid metastable T phase and the solid A and 3 phases. Magnetic
measurements indicated complex behavior consistent with the Curie-Weiss law, influenced
by phase composition and interactions between Coulomb forces, Hund’s rule exchange,
and Fe 3d—Al s, p orbital hybridization.

Keywords: AlCuFe metallic foams; self-foaming method; quasicrystalline phase; Fe 3d-Al's;
p orbital hybridization

1. Introduction

Metallic foams are a class of advanced materials that have garnered significant atten-
tion in recent years due to their remarkable combination of properties, such as low density,
high strength-to-weight ratio, and excellent energy absorption capacity [1-4]. Consisting
of a highly porous metal matrix with a foam-like structure, these materials can exhibit
either closed pores (closed-cell foams) or open pores (open-cell foams), forming diverse
structural networks [1,2,5]. Metallic foams typically exhibit porosity levels ranging from
50% to 95%, depending on the production method and desired structural properties [4,6].
This characteristic results in a material with significantly lower density than solid metal
while having unique mechanical and physical properties [6]. Due to their low-density, high-
energy absorption capacity and excellent thermal and acoustic properties, these materials
find applications in diverse industries, including aerospace, biomedical, automotive, and
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construction, as lightweight structural components, impact-absorbing components, heat
sinks, and acoustic damping materials [1-4,6,7].

Beyond their structural benefits, metallic foams are increasingly valued for their large
surface area, enhanced catalytic activity, and ability to interact with electromagnetic radia-
tion [8-13]. These features make them suitable for a wide range of functional applications, such
as electrocatalysts, fuel cells, batteries, supercapacitors, and biomedical implants [3,7,14-18].
Furthermore, recent studies have highlighted the potential of metallic foams in electromagnetic
and magnetic applications, including electromagnetic interference (EMI) shielding, magnetic
scaffolds for biomedical imaging, and magnetically responsive systems [19-22].

Generally, metallic foams can be fabricated by bubbling gas through the molten metal,
adding foaming agents such as metal oxides, hydrides, or carbonates, or using sacrificial
agents like waxes or polymeric foams [3,23]. However, alternative routes that allow the
manufacture of metallic foams without using external agents such as gases or sacrificial
materials for pore formation are still being explored. In this sense, the self-foaming method
is an innovative procedure to obtain AlCuFe metallic foams with porosity percentages
ranging from 30% to 65% by volume [24,25]. The pore formation mechanism in this system
is correlated to the presence of an icosahedral t-phase formation by a peritectic reaction
between a liquid phase and the solid phases (3-AlFe(Cu) and A-Al;j3Fe4 [24-28]. Due to
the crystalline and quasicrystalline phases exhibiting significant composition and atomic
volume differences, the pore formation has been reported as a consequence during the
solidification process [29].

While diverse studies in the field have explored the synthesis of AICuFe metallic foams
across a wide range of stoichiometric compositions, providing detailed insights into the
porosity formation mechanism, thermal, structural, and mechanical properties [24-26], the
effects of time annealing on the microstructure, phase evolution, and magnetic properties
have not yet been studied.

Although the magnetic behavior of dense AlCuFe crystalline and quasicrystalline
phases has been extensively investigated, typically revealing diamagnetic, antiferromag-
netic, or weak ferromagnetic responses influenced by structural order and defect con-
centration [30-39], the magnetic properties of their porous counterparts remain largely
unexplored. In foamed systems, porosity inherently introduces a high density of structural
defects. It alters the local electronic environment, which can significantly impact magnetic
interactions and, consequently, the overall magnetic response.

Understanding how annealing time influences microstructure and phase stability is
thus crucial for optimizing the self-foaming process and tailoring the resulting functional
properties. In this sense, the present study investigates the effects of annealing time on the
microstructure, phase evolution, and magnetic properties of self-foaming AlCuFe alloys,
particularly emphasizing the AlsgCuyyFe s composition.

The results indicate a direct correlation between annealing time and the simultaneous
evolution of porosity, phase composition, and magnetic response. Notably, the study
identifies the key role of the metastable T liquid phase in facilitating the formation of the
icosahedral quasicrystalline t-phase. Furthermore, the study shows that the structural
disorder induced by porosity enhances the development of localized magnetic moments
on Fe atoms. This results in a complex magnetic behavior characterized by the coexistence
of ferromagnetic, antiferromagnetic, and diamagnetic contributions.

2. Results and Discussion
2.1. Structural Characterization

Figure 1 presents the XRD results for conventionally solidified AlsgCuyyFeys alloys. The
as-cast condition sample shows five crystalline phases: monoclinic A-Alj3Fey (A) [40,41],
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icosahedral quasicrystalline t-AlgCupFe (1), monoclinic n-AlCu (1) solid solution [42], and
the CsCl type cubic 3-AlFe(Cu) (3) and t-AlCu(Fe) (T) phases [24-27,43-45]. As previously
reported in the literature, the XRD technique cannot reliably distinguish between the stable 3
and the metastable T phases due to their similar CsCl-like cubic structures and nearly identical
lattice parameters [24,27]. Therefore, the XRD data collectively label them as the (3(t) phase.
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Figure 1. (Color online) As-cast condition and heat-treated XRD data for AlsgCuyyFe;s alloys.
Standard reference patterns (COD ID) are shown for 3 and T phases, highlighting their structural
similarity and overlapping diffraction peaks. The inset compares the XRD patterns for the as-cast
condition and the sample heat-treated for 24 h.

The samples exhibit noticeable microstructural changes with progressive and prolonged
heat treatment at 850 °C. After six hours of heat treatment, the XRD analysis revealed the
presence of three distinct phases: 1-AlgCuyFe, 3(1), and A-Alj3Fe4. Notably, the 1 phase was
not detected, although trace amounts below the detection limit cannot be excluded.

As the heat treatment time increases, the quasicrystalline  phase in the samples be-
comes more prominent. This results from stabilizing the icosahedral phase at elevated
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temperatures over extended periods, promoting its formation. In the 20 range between 30°
and 50° (highlighted in grey), the intensity of the peaks corresponding to the 3(t) and A
phases progressively decreases, while the peaks associated with the 1 phase become nar-
rower and more intense. This suggests a phase transformation and improved crystallinity
of the thermodynamically stable  phase. The inset of Figure 1 compares the XRD patterns
for the as-cast condition and the sample heat-treated for 24 h.

According to the literature, the formation of the icosahedral t phase is driven by interac-
tions between solid phases, such as A or 3, and a surrounding liquid phase through a peritectic
reaction [24-27]. Gogebakan et al. further describe this phenomenon, reporting that the
melting of the metastable T phase in the presence of the 3 phase facilitates the development of
the icosahedral  phase [27]. Consistent with these observations, the present study identifies
the interaction between the A and 3 phases and the partially melted T phase as a crucial factor
in the emergence of the quasicrystalline ¢ phase. This transformation is evidenced by the
gradual decrease in the XRD reflection intensities of the A and 3(t) phases with increasing
heat-treatment time, indicating their consumption during t phase formation.

2.2. DSC Characterization

Calorimetric analysis on the AlICuFe alloys complements the XRD findings and pro-
vides further insights into the system’s thermal behavior. For the as-cast condition sample
(Figure 2a), the DTA curve displays four prominent endothermic peaks at 593 °C, 698 °C,
888 °C, and 970 °C. These peaks correspond to the melting points of the n—-AlCu, 1—
AlCu(Fe), -AlgCuyFe, —AlFe(Cu), and A-Aly3Fe4 phases, respectively [24-26]. Unlike the
XRD results, which are limited in distinguishing between the stable 5 and the metastable T
phase due to their similar CsCl-type structures and lattice parameters, the DTA data differ-
entiate these phases based on their distinct melting behaviors. Specifically, the metastable T
phase, characterized by a lower Fe content, melts at 698 °C, whereas the thermodynamically
stable 3 phase melts at a higher temperature of 970 °C [27].
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Figure 2. (Color online) (a) DTA curve of the AlssCuy;Fejs alloy in the as-cast condition. The inset
shows a magnification of the n-AlCu transition region; (b) evolution of DTA curves of the heat-treated
AlsgCupyFeqs alloys; (c¢) DTA curve of the AlssCuy;Fess alloy heat-treated at 850 °C for 24 h. The
inset magnifies the n—AlCu and t-AlCu(Fe) transition region.
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The evolution of heat flow as a function of annealing time for the AlCuFe system
is presented in Figure 2b. As the heat treatment time increases, a gradual reduction in
heat flow associated with the n and T phases becomes evident. Notably, after 24 h of heat
treatment (Figure 2c), the endothermic peaks at 585 °C and 695 °C are almost entirely
suppressed, underscoring the substantial effect of prolonged heat treatments on phase
stability and microstructural evolution in AlssCuy;Fess alloys.

2.3. Microstructural Characterization

Back-scattered SEM images of the as-cast condition and heat-treated AlCuFe alloys are
shown in Figure 3. In the as-cast condition sample (Figure 3a), the phase distribution exhibits a
dendritic structure, with some black dendrites growing in parallel along different orientations.
The enlarged image in Figure 3a highlights distinct contrast areas corresponding to the A,
L, 3, and T phases, with chemical compositions (determined by EDS analysis) as follows:
A-Al7 85Cus 16Fe21.99, 1-Algp 51Cuzz 30Fe10.19, B-Alsg 36Cuse s2Fes 52, and T-Alsp 74Cuys s Feq og.
These measured compositions agree with the expected elemental ranges reported in the
literature [26]. Furthermore, EDS analyses across all AlCuFe alloys investigated consistently
yielded elemental compositions within the following ranges for the identified phases: A-
Alys.71Cus4Fer3 50, 1-Alge60Cung.oFer2.10, B-Algp.58Cuss 3sFesn, and T-Alsy 50Cuyg 44Fes.

d Soym'.‘
o x500

Figure 3. (Color online) Back-scattered SEM images of the self-foaming AlsgCuyyFeqs alloys: (a) shows
the as-cast condition sample, while (b—e) depict the heat-treatment samples at 850 °C for 6, 9, 15, and
24 h, respectively. The inset in each SEM image provides an enlarged view of the area marked in the
main image, where the phases present in the alloy are indicated.
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After resolidification at different heat treatments (Figure 3b—e), porosity develops,
and the phase distribution changes, with the icosahedral 1 and {3 phases predominantly
dominating the resolidified samples in alignment with the previous XRD data presented
in Figure 1. Small amounts of the A and T phases are also observed; however, as the heat
treatment time increases, their presence tends to diminish due to the peritectic reaction
between both phases.

Table 1 summarizes the respective volumetric porosity percentages (determined ac-
cording to the procedure described in [25]), average pore sizes, and the corresponding
densities for each AlCuFe alloy composition. The as-cast condition sample exhibits an
experimental density of 4.45 g/cm? and a volumetric porosity percentage of 7.8%. As the
heat treatment time increases, the density decreases while the porosity percentage increases,
showing a clear inverse relationship between these two properties. This trend suggests that
prolonged heat treatment facilitates the development of pores within the metallic structure
due to the formation of the quasicrystalline phase, which promotes porosity formation [25].
Samples subjected to 15 and 24 h of heat treatment exhibit the highest volumetric poros-
ity percentages alongside correspondingly lower density values. Notably, these samples
feature a porous, multilayered, sandwich-like structure, with apparent interconnectivity
between pores, similar to that reported by D. Wei and co-workers [46]. Such an arrange-
ment could be highly beneficial for applications that require increased surface exposure,
such as catalysis or gas adsorption, since the channels between adjacent AlCuFe layers
enhance the exposure of the facets to the surrounding environment, potentially increasing
interaction efficiency with reactants [46]. A macroscopic view of the porosity distribution
in the samples is provided in Figure S1 of the Supplementary Materials.

Table 1. Experimental volumetric porosity percentage, average pore size, and density of AlsgCuyzFe;s
self-foaming alloys.

Sample  Volumetric Porosity (%) Average Pore Size (mm?)  Density (g/cm?)

As-cast 78+13 0.009 + 0.002 4.45 + 0.07
6h 334+26 0.554 £ 0.216 419 £0.11
9h 487 £3.1 0.252 + 0.096 3.76 = 0.09
15h 64.2 £6.7 0.183 £ 0.159 3.46 £0.26
24 h 60.8 +7.3 0.228 = 0.209 312 £0.31

On the other hand, as shown in Table 1, the average pore size follows a non-linear
trend with respect to annealing time. After six hours of heat treatment, a significant increase
in average pore size is observed (0.554 mm?), while in prolonged annealing (15 and 24 h),
the average pore size decreases (0.183 mm? and 0.228 mm?, respectively), suggesting pore
fragmentation and redistribution, maybe due to enhanced stability of the -phase. Notably,
the standard deviations for these conditions are higher, reflecting a broader and more
heterogeneous pore size distribution.

SEM images, Figure S1 (Supplementary Materials), show a morphological evolution—
from a dense, compact structure in the as-cast condition sample to large, irregular pores at
6 h, and finally to more uniform, rounded, and interconnected pores at 15 and 24 h. These
microstructural changes result in a multilayered structure with enhanced surface connectivity.

2.4. Magnetic Properties

The magnetic properties of self-foaming AlCuFe alloys were investigated using pow-
der samples under Zero Field Cooling (ZFC) and Field Cooling (FC) conditions. Figure 4
illustrates the temperature dependence of the inverse molar magnetic susceptibility, x,,* (T),
measured at an applied magnetic field of 1000 Oe in ZFC mode for the as-cast condition
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sample. The inset of Figure 4 compares the x,(T) response in both ZFC and FC modes,
revealing magnetic irreversibility at low temperatures. Below 300 K, the as-cast condition
sample displays complex magnetic behavior that follows the Curie-Weiss law.
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Figure 4. (Color online) Inverse of the molar magnetic susceptibility as a function of the temperature
for the AlsgCupyFeqs5 as-cast condition alloy, measured at 1000 Oe and ZFC mode. The inset shows
magnetic susceptibility as a function of temperature measured in ZFC and FC modes.

Two distinct magnetic contributions are observed: the first, at higher temperatures
(Tc = 273 K), indicates ferromagnetic ordering, while the second, at lower temperatures
(Ty = 48.8 K, Figure 5), suggests antiferromagnetic ordering. Curie-Weiss fitting of the
experimental data (dotted straight lines, Figures 4 and 5) reveals paramagnetic Curie tem-
peratures 6, of 143.3 Kand —181.4 K for the ferromagnetic and antiferromagnetic orderings,
while the Curie constants were 3.42 cm® K/mol and 22.38 cm® K/mol, respectively. That
implies magnetic moments of 5.23 uB and 13.03 uB.

The magnetic properties of AICuFe alloys are mainly attributed to an intricate interplay
of structural and atomic factors intrinsic to their multiphase composition. Two competing
mechanisms influence the magnetic behavior; on the one hand, Coulomb interactions and
Hund'’s rule exchange forces promote the local magnetic moment formation on Fe atoms; on
the other, Fe 3d-Al s, p orbital hybridization strongly weakens exchange coupling, resulting
in a non-magnetic state on Fe atoms [47-52].

The present study correlates the observed ferromagnetic and antiferromagnetic con-
tributions in the self-foaming alloys with the presence of the quasicrystalline icosahedral
¢ phase and the 3-AlCu(Fe) phase. Prior studies report the observation of soft ferromag-
netism in the mechanically alloyed AlgsCuppFes quasicrystalline phase, suggesting that the
magnetic ordering arises from the compositional short-range order coupled with small rela-
tive changes in local symmetry [47]. These factors weaken the Fe 3d-Al s, p hybridization,
facilitating the formation of localized magnetic moments on Fe atoms, which collectively
establish ferromagnetic ordering by possible Fe clustering.
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Figure 5. (Color online) Inverse of the molar magnetic susceptibility as a function of the temperature
in the region 20-150 K for the AlssCuyyFeq5 as-cast condition alloy, measured at 1000 Oe and ZFC
mode. The inset shows the fitting of the experimental magnetization as a function of temperature for
the AlCuFe as-cast condition sample. Fitting considers the paramagnetic contribution.

On the other hand, the antiferromagnetic contribution is correlated with the antifer-
romagnetic indirect exchange interaction (Ruderman-Kittel-Kasuya—Yosida interaction)
between the localized magnetic moments on Fe induced by intrinsic structural defects in
the 3-AlCu(Fe) phase [48]. Antisite defects characterize the degree of order in the 3(CsCl)
phase; for the ordered state, Fe atoms are localized in the 3d-Me sublattice and have the
maximum of Fe-Al bonds in the first coordination polyhedron. The Fe 3d-Al s, p hybridiza-
tion strongly weakens the exchange coupling and results in the non-magnetic state of Fe
in B-AlCu(Fe) [48-52]. Instead, for the Fey;; localization, exchange coupling splits the
spin-up and spin-down Fe 3d states, enhancing the iron magnetic moment. In addition,
distortions of the coordination polyhedrons Al-Fe(Cu) and the increase in the interatomic
Al-Fe distances can also lead to electron rearrangement from spin-down to spin-up Fe
3d-states and enhancement of magnetic moments on Fe atoms [52].

Additionally, the second-order paramagnetic-to-ferromagnetic phase transition in the
AlCuFe as-cast sample was further analyzed. According to the scaling hypothesis, for
a second-order phase transition, the spontaneous magnetization Mg(T) below T can be
fitted by the expression [53]:

My(T) = Mo(1 — T/Tc)P, 1)

where the § parameter is a critical exponent that describes the behavior of the order
parameter near the phase transition, while My represents the magnetization at 0 K. The
inset of Figure 5 shows these results: the red curve represents the experimental data
measured at 1000 Oe under ZFC conditions, while the black curve indicates the fitted
data. The § parameter was determined to be 0.5, consistent with mean-field theory, which
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suggests that magnetic interactions are influenced by an average field generated by the
neighboring atoms. This behavior, typical of systems with dominant long-range magnetic
interactions, implies a relatively gradual transition to the ferromagnetic state.

Finally, Figure 6 presents the M(H) feature measured at room temperature for both
the as-cast condition and the heat-treated samples. The as-cast condition sample displays
magnetic behavior that tends toward saturation around 1.3 kOe. Beyond this point, a
diamagnetic contribution at higher applied magnetic fields leads the system to exhibit
negative magnetization values with no coercive magnetic field.

as cast condition
4 - ——at850°Cfor6h
——at 850 °C for 9 h
——at 850 °Cfor 15 h
—— at 850 °C for 24 h

JINN AT

\\\ \\

Magnetization (X107 emu/g)

H (k Oe)

Figure 6. (Color online) Magnetization as a function of applied magnetic field M(H) at room tempera-
ture of the AlsgCuyyFe;s system.

As the heat treatment time increases, a notable evolution in magnetization is observed.
The AlCuFe system progressively reaches saturation at higher applied magnetic fields,
exhibiting apparent soft ferromagnetic behavior characterized by increased saturation
magnetization and lower coercivity. The coercive fields for the samples heat-treated for 9,
15, and 24 h were estimated at 162, 180, and 215 Oe, respectively. In contrast, the coercive
field for the sample treated for 6 h could not be determined due to the strong diamagnetic
contribution. It must be remembered that this diamagnetic effect is attributed to the Fe
3d-Als, p hybridization, which strongly weakens the exchange coupling and results in the
non-magnetic state of Fe atoms [48].

Prolonged heat treatments likely promote an increase in the concentration of Fe ions
with localized magnetic moments, resulting from the breaking of strong Al-Fe covalent
interactions induced by structural defects and porosity development. Consequently, the
observed progressive enhancement in saturation magnetization with increasing annealing
time can be attributed not only to phase transformations and the higher volume fraction of
the 1-phase but also to the increased structural disorder and porosity, which facilitate the
formation of Fe atoms with localized magnetic moments.

Understanding how controlled annealing treatments influence the microstructure,
porosity, and magnetic properties of self-foaming AlCuFe alloys is crucial, as these materials
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could be used in electromagnetic interference shielding, gas absorption systems, catalytic
supports, and hydrogen generation technologies.

3. Materials and Methods

Metallic foams with a nominal composition of AlssCuy;Fej5 were synthesized in situ
via the self-foaming method [24-26]. This specific composition was selected because it lies
in a strategic location within the Al-Cu-Fe ternary phase diagram, where the t-icosahedral,
A-AlysFey, 3-AlFe(Cu), and liquid phases simultaneously coexist at around 800 °C [54,55].
Analytical-grade elements—Al (99.9%), Cu (99.5%), and Fe (99.9%)—were melted in a
magnetic induction furnace under an argon atmosphere to prevent oxidation. The molten
alloy was gradually solidified at room temperature within the furnace at an average cooling
rate of 0.12 °C/s. The resulting ingot was then cut into several rectangular prism-shaped
samples and subjected to heat treatments at 850 °C for 6, 9, 15, and 24 h in an electric
resistance furnace under an argon atmosphere.

Phase identification and structural analysis were achieved by X-ray powder diffrac-
tometry (XRD) using a Bruker D8 Advance X-ray Powder Diffraction System (Billerica,
Massachusetts, USA) with Cu K, radiation (A = 1.5405 A). Phase identification was per-
formed using Crystal Impact Match 3 software alongside the PDF-3 database (3.2.0 version).
Differential Thermal Analysis (DTA) was carried out on a TA Instruments (New Castle,
Delaware, USA) SDT Q-600 Calorimeter. Microstructural characterization was conducted
using a FEG JEOL JSM-7600F (Tokyo, Japan) scanning electron microscope (SEM) operating
at 15 kV, equipped with an Oxford INCA (Abingdon, UK) X-Act energy-dispersive X-ray
analyzer (EDX). The experimental volume and density of the samples were measured using
a Quantachrome Ultra PYC 1200e gas pycnometer (Boynton Beach, FL, USA). Porosity was
quantified through SEM images, and several slices of highly porous ingots were analyzed
using Image] software (1.51k version). Magnetic properties were evaluated using a Physical
Properties Measurement System (PPMS, Quantum Design Dynacool, San Diego, CA, USA),
studying the magnetic response as a function of temperature and applied magnetic field.

4. Conclusions

The present study investigated the impact of annealing time on the microstructure,
phase evolution, and magnetic properties of self-foaming AlsgCuyyFeqs alloys. Key findings
indicate that prolonged heat treatment at 850 °C promotes porosity formation through a
peritectic reaction between the liquid metastable T phase and the solid A and 8 phases,
which leads to the formation of the thermodynamically stable icosahedral : phase. Samples
heat-treated for 15 and 24 h exhibited the highest volumetric porosity percentages, reaching
64% and 61%, respectively.

Magnetic studies reveal complex magnetic behavior in the AlCuFe self-foaming alloys,
driven by a combination of ferromagnetic, antiferromagnetic, and diamagnetic contribu-
tions. At higher temperatures (T¢ = 273 K), ferromagnetic ordering is associated with
the quasicrystalline icosahedral ¢ phase, while antiferromagnetic ordering observed at
lower temperatures (T = 48.8 K) is attributed to the 3-AlCu(Fe) phase. Two competing
mechanisms influence this magnetic behavior: Coulomb interactions and Hund’s rule
exchange forces favor the formation of local magnetic moments on Fe atoms, while Fe
3d-Al s, p orbital hybridization strongly weakens the exchange coupling, resulting in a
non-magnetic state on Fe atoms. The phase composition and the interplay and balance
between the Coulomb and Hund’s rule forces and the electron coupling are crucial for
understanding the magnetic behavior of the AlICuFe systems.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/inorganics13050149 /s1, Figure S1: AlCuFe foams.
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