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ABSTRACT: The rapid advancement of aerospace and transportation technologies toward weight
reduction and harsh thermal environments has imposed a stringent demand for Al alloys that can sustain
excellent performance at 200400 °C. Heat-resistant Al alloys have thus garnered strategic significance as
a premier class of lightweight structural materials for elevated-temperature applications. This review
critically assesses the current state of heat-resistant Al alloys from the perspectives of strengthening
strategies and processing technologies. Three representative strengthening strategies have been summarized,
including multi-element microalloying, incorporation of nanoparticles, and formation of nano-eutectic
skeleton. Meanwhile, a systematic comparative analysis has been conducted on microstructural regulations
and mechanical properties of alloys manufactured by permanent mold casting (PMC), powder metallurgy
(PM), and laser powder bed fusion (LPBF), with particular emphasis on the processing-structure-property
correlations unique to each route. On this basis, the principal technical bottlenecks currently constraining
the further advancement of high-performance heat-resistant Al alloys have been identified and critically
discussed, thereby outlining prospective research directions to overcome these limitations.

Keywords: Heat-resistant Al alloy; Strengthening strategy; Processing technology; Microstructural
regulation; Mechanical property

1. Introduction

With the rapid advancement of aero-engines and other high-end equipment, there is an increasingly
urgent demand for metallic materials with excellent high-temperature resistance [1]. These practical
applications require materials that combine high strength, low density, and outstanding high-temperature
performance. Although Ni-based superalloys still dominate for service above 600 °C (such as aero-engine
combustion chambers), the demand for dedicated structural materials targeting the 200400 °C temperature
window keeps rising. Table 1 summarizes the extreme-service conditions of representative components
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from different industrial fields. Lightweight heat-resistant Al alloys are core structural materials for high-
end aerospace components operating at 200400 °C, offering significant weight reduction advantages over
Ti alloys and steel components [2—4]. Conventional 2xxx, 6xxx, and 7xxx series cast Al alloys rely
primarily on nano-scale precipitates such as 0', B, Q, and Q' for strengthening [5—7]. However, these
precipitates undergo severe dissolution and Ostwald ripening above 200 °C, leading to a dramatic
degradation in tensile strength and creep resistance. The insufficient thermal stability of these precipitates
restricts the maximum service temperature of current commercial Al alloys to only ~150 °C, far below the
high-temperature requirements of supersonic aircraft and aero-engine components.

Table 1. Alloys are commonly employed for components under different service conditions.

Field Component Operating Temp. (°C) Loading Type Environmental Resistance References
Aircraft engines Combustion 600-1000 High-temperature static High-temperature [8-10]
(Ni-based alloys)  chamber load/Cyclic thermal fatigue oxidation/Corrosion
Aircraft engines . . . High-temperature

. F k 400— lic th 1 f: LT .

(Ti alloys) an dis 00-600 Cyclic thermal fatigue oxidation/Corrosion (8]
coﬁflzlslzlon High-temperature
engines Piston —30-250 Cyclic thermal fatigue oxidation/Corrosion/Abrasive [11,12]
(Al alloys) weat
New energy Vibration load/Mechanical Corrosion/Sealing
battery Battery case -30-80 impact load/Cyclic thermal failure/Thermal runaway [13]
(Al alloys) fatigue impact

In recent years, with deepening research and the emergence of new technologies, the service
temperature of heat-resistant Al alloys has been progressively elevated, and novel alloys capable of
operating at 400 °C have been successfully developed, laying a solid foundation for the heat-resistant and
high-strength Al alloys urgently needed in the aerospace field. Enhancing the high-temperature mechanical
properties of Al alloys depends on two principal routes: introducing thermally stable strengthening phases
and innovating processing technologies to achieve microstructural regulations. Currently, microalloying
remains the mainstream strategy in research on heat-resistant Al alloys, i.e., introducing minor alloying
elements either to form new heat-resistant strengthening phases that pin dislocations and grain boundaries
or to suppress precipitate coarsening through interfacial segregation, thereby enhancing high-temperature
mechanical properties [14,15]. Meanwhile, laser powder bed fusion delivers cooling rates far higher than
those of traditional solidification techniques, enabling refined microstructures and near-net-shape
manufacturing of large-scale complex aerospace components [16,17], which has become a leading
technology for fabricating eutectic heat-resistant Al alloy components [18-20].

This review systematically summarizes three mainstream strengthening strategies for heat-resistant Al
alloys, including multi-element microalloying, incorporation of nanoparticles, and formation of nano-
eutectic skeleton (Figure 1). It thoroughly compares intrinsic differences among permanent mold casting
(PMC), powder metallurgy (PM), and laser powder bed fusion (LPBF) processes in terms of solidification
characteristics, microstructural regulations, and mechanical properties. Furthermore, it summarizes current
bottlenecks and future directions for development, aiming to provide a systematic theoretical basis for the
design of novel heat-resistant Al alloys for use in extreme thermal environments.
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Figure 1. Schematic diagram illustrating the overall research framework of heat-resistant Al alloys, including typical
strengthening strategies (Reprinted with permission from Ref. [21-23]. Copyright 2025, and 2026, Springer Nature), (the red
dashed lines denote microalloying elements optimized via theoretical calculations), mainstream processing technologies
(Reprinted with permission from Ref. [24-26]. Copyright 2022, 2026, and 2025, Elsevier, Taylor & Francis, and MDPI), and
mechanical properties (Reprinted with permission from Ref. [18,21]. Copyright 2026, Springer Nature).

2. Strategies for Improving Heat-Resistant Properties of Al Alloys

As shown in Figure 2a—d, conventional strengthening approaches widely adopted for Al alloys consist
of solid solution strengthening [27], grain boundary strengthening [28,29], precipitation strengthening [30],
and dislocation strengthening [31]. All these methods achieve superior material performance by enhancing
the resistance to dislocation motions. The high-temperature strengthening mechanisms of heat-resistant Al
alloys exhibit great similarity to the conventional mechanisms described above. This section reviews the
most representative design strategies for improving heat-resistant properties of Al alloys developed under
various manufacturing routes, including PMC, PM, and LPBF. In this review, the three strengthening
strategies are classified according to the formation mechanisms and the morphological features of
strengthening phases. Multi-element microalloying produces in-situ nano-sized precipitates or interfacial
segregation from supersaturated solid solutions during aging, relying on heat treatments. Nanoparticle
incorporation achieves extrinsic dispersion strengthening by mechanically embedding externally
synthesized, thermally stable ceramic nanoparticles. Nano-eutectic skeleton construction generates
interconnected nano-eutectic networks in-situ through eutectic solidification under the extreme non-
equilibrium conditions of LPBF, forming continuous reinforcing frameworks that are distinctly different
from discrete precipitates or isolated extrinsic nanoparticles. Although the three strategies are not mutually
exclusive and may be combined in principle, they differ fundamentally in the origin and morphology of the
main strengthening phases. Accordingly, they are treated as three independent paradigms in this review.
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Figure 2. Schematics illustrating four strengthening mechanisms: (a) solid solution strengthening; (b) grain boundary
strengthening; (c¢) precipitation strengthening; (d) dislocation strengthening. Arrows in (b) show the rising trend, while those in
(d) indicate the direction of dislocation motion.

2.1. Microalloying

Microalloying introduces trace solutes into heat-resistant Al alloys to precisely tailor the type,
morphology, and number density of precipitates, substantially boosting their high-temperature mechanical
performance. Three dominant microalloying strategies have been established: (i) constructing
multicomponent thermally stable precipitates via synergistic interaction between major and trace solutes
[32]; (i1) stabilizing nanoprecipitates by interfacial solute segregation [15,33]; (iii) inhibiting precipitate
coarsening via solute-vacancy interaction [21].

2.1.1. Thermally Stable Precipitate Type Design

Conventional nanoprecipitates in age-hardened Al alloys, such as 6', B’, Q’, Q, and n’ precipitates
(Figure 3a—d), deliver substantial strength at room temperature. However, they undergo severe coarsening
and dissolution at temperatures above 200 °C, which limits their use in aerospace components. Commercial
high-strength Al alloys currently offer a maximum service temperature of only ~150 °C. The core limitation
lies in the difficulty of obtaining coherent nanoprecipitates that simultaneously exhibit outstanding thermal
stability and a high volume fraction. Although the addition of trace elements such as Sn [34] and Cd [35]
can promote dense, dispersed precipitation through heterogeneous nucleation, such alloying strategies yield
only marginal improvements in high-temperature performance and fail to fundamentally overcome the
intrinsically poor thermal stability of precipitates.

Surprisingly, Sc substantially improves the thermal resistance of Al alloys. Differing from simple
interfacial segregation, Sc participates in in-situ phase transformation at elevated temperatures. In Al-Cu—
Mg-Ag-Sc alloys [32], a high-volume fraction of Q nanoprecipitates forms via fast-diffusing Cu solutes.
Following two-stage ageing, slow-diffusing Sc atoms penetrate the interior of Q precipitates through
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coherent ledges, occupying interstitial lattice sites and fully transforming Q into thermally robust V-phase
nanoparticles. The phase transformation retains a high precipitate number density and drastically improves
intrinsic thermal stability. It retains a high number density of precipitates while substantially improving
their intrinsic thermal stability.

While conventional precipitates (0, ', Q") provide substantial room-temperature strength, they suffer
from rapid coarsening at temperatures exceeding 200 °C. By contrast, the {2 phase maintains coherency up
to 200 °C. Additionally, the V phase forms via Sc interstitial ordering, extending the stable service
temperature to 400 °C. At 400 °C, its coarsening rate is nearly two orders of magnitude lower than that of
the 6’ phase. This significant disparity highlights the essential roles of solute diffusion control and interfacial
engineering in surmounting the persistent temperature limitation of precipitation-strengthened Al alloys.

Precipitatesiiniconventionaliheat-resistant/Alialloys s,
b

p //(SDI)T ©02)4
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Figure 3. The TEM and HRTEM results of precipitates in conventional Al alloys: (a) 6’ precipitates in Al-Cu alloy (Reprinted
with permission from Ref. [36]. Copyright 2020, Taylor & Francis); (b) Q precipitates in Al-Cu—Mg alloy (Reprinted with
permission from Ref. [37]. Copyright 2026, MDPI); (¢) Q' precipitates in Al-Si—Cu—Mg alloy (Reprinted with permission from
Ref. [5]. Copyright 2023, Elsevier); (d) n’ precipitates in Al-Zn—-Mg—Cu-Si alloy (Reprinted with permission from Ref. [38].
Copyright 2025, Taylor & Francis).

2.1.2. Interfacial Solute Segregation for Precipitate Stabilization

Solute segregation at precipitate/matrix interfaces can effectively improve the strength and thermal
stability [39]. In Sc-modified Al-Cu alloys, as a representative alloy, a high-volume fraction of plate-like
0’-Al>Cu nanoprecipitates forms after aging. Three-stage heat treatment introduces Sc-segregated layers at
precipitate interfaces, forming sandwich thermal barrier structures that significantly suppress precipitate
growth (Figure 4a). This structure serves as a thermal barrier and markedly enhances high-temperature
mechanical properties [36]. Additionally, Ag has also been found to segregate at precipitate/matrix
interfaces in Al-Cu alloys [15,40]. The fully coherent (001)¢//(001)ar interface is decorated by an ordered
double Ag atomic segregation bilayer, which suppresses the lateral growth of 0’ precipitates (Figure 4b).
Nevertheless, single-solute segregation layers cannot fully restrain Ostwald ripening under long-term high-
temperature exposure. Composite multi-solute interfacial structures represent a more promising solution.
In Al-Cu-Mg-Ag-Si-Sc alloys [33], Sc segregation layers, C/L phases, and y-AgMg interphase
collectively coat 0’ precipitates (Figure 4e). This multi-layer sandwich structure further reduces interfacial
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energy via solute synergies. After thermal exposure at 210 °C for 100 h, the average thickness of the 6’
precipitates only slightly rises from 2.8 + 0.8 nm to 2.9 = 0.7 nm. It shows negligible coarsening, verifying
the excellent stabilizing effect of composite segregation (Figure 4c,d). This design strategy of coating
nanoprecipitates with a hybrid network of multi-type interfacial phases and solute segregation layers
delivers an effective framework for developing a broad range of heat-resistant Al alloys.

A Singlelinterfacialisolute segregationilaye i
' (a) (b)

Sc segregation

C-/IMgSiCu phase at coherent 0'//! interface

Figure 4. HAADF and EDS results of single interfacial solute segregation layer in Al-Cu alloys: (a) Sc solute segregation
(Reprinted with permission from Ref. [36]. Copyright 2020, Taylor & Francis); (b) Ag solute segregation (Reprinted with
permission from Ref. [40]. Copyright 2025, Taylor & Francis). HAADF and APT analyses of multiple solutes interfacial segregation
layers in Al-Cu—Mg—Ag—Si—Sc alloys (Reprinted with permission from Ref. [33]. Copyright 2023, Springer Nature); (c) the peak-
ageing state; (d) thermal exposure at 210 °C for 100 h; (e) multiple interface phases and segregation layers at 0'/Al interfaces.

2.1.3. Solute-Vacancy Interaction Stabilization Strategy

High-temperature service environments induce vacancy migration and rapid solute diffusion within the
Al matrix, which consequently leads to precipitate coarsening and mechanical property degradation of
LPBF heat-resistant Al alloys [41,42]. Traditional alloy design merely relies on slow-diffusing
substitutional solutes to retard phase coarsening. By contrast, the solute-vacancy interaction stabilization
strategy constructs thermodynamically stable solute-vacancy complexes that suppress diffusion at the
atomic scale (Figure 5a), providing a new microstructural control concept for LPBF heat-resistant Al alloys
[43]. The ultra-fast cooling inherent to LPBF retains a large population of supersaturated vacancies, and
the addition of Cr, Fe, Sc, and Zr enables the formation of multi-element solute-vacancy clusters with high
binding energy (Figure 5b), which trap free vacancies and block rapid atomic diffusion pathways [21].
Simultaneously, segregation of Cr, Fe, Sc, and Zr at L1>—Al3(Sc, Zr) and Alis(Fe, Cr) phase interfaces
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forms diffusion barriers that inhibit coarsening. Cr traps vacancies to form solute-vacancy clusters,
suppressing vacancy-mediated diffusion. Fe/Cr form solute atmospheres that drag dislocations and inhibit
climb. Sc/Zr segregate at phase interfaces, reducing interfacial energy and suppressing Ostwald ripening.
This mechanism achieves a better balance between high-temperature strength and ductility.
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Figure 5. The intrinsic attraction strategy in LPBF-fabricated Al-Fe—Cr—Sc—Zr alloys (Reprinted with permission from Ref.
[21]. Copyright 2026, Springer Nature): (a) diagram for the intrinsic attraction strategy against thermally driven defect
mobilization (to suppress thermally induced defect mobilization, defects (e.g., vacancies, dislocations) are regulated and
anchored by exploiting strong intrinsic solute—defect attractions, thereby retaining sufficient immobile defects at elevated
temperatures); (b) deformation charge density difference maps of monatomic-monovacancy and binding energy.

2.2. Nanoparticle-Incorporation Strengthening Strategy

Nanoparticle-incorporation strengthening relies on thermodynamically stable nanoparticles uniformly
dispersed in the Al matrix to maintain microstructural stability at elevated temperatures [44]. The dominant
Orowan bypass mechanism involves high-melting dispersoids (e.g., TiC, MgO, and Y203) that strongly pin
dislocations and grain boundaries [45]. This imparts nanoparticle-incorporation strengthening Al alloys
with markedly superior thermal stability and creep resistance compared to age-hardened Al alloys. Unlike
precipitates formed by artificial aging, ceramic nanoparticles retain constant size, morphology, and high-
volume fraction even above 450-500 °C, thereby eliminating dissolution and Ostwald ripening.
Conventional mechanical alloying for fabricating high-performance nanoparticle-incorporation
strengthening Al alloys often induces severe agglomeration of nanoparticles, generating micro-void defects
and drastically deteriorating the ductility of the alloy.

Recent advances in powder metallurgy have overcome these limitations. Interfacial modification and
core-shell pre-dispersion strategies (e.g., graphite-coated MgO nanoparticles) reduce inter-particle
adhesion by 2—3 orders of magnitude, enabling homogeneous dispersion of individual 5 nm MgO particles
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throughout the Al matrix [46]. The fully coherent MgO/Al interfaces block vacancy diffusion pathways
along phase boundaries. Consequently, these Al alloys retain a tensile strength exceeding 200 MPa after
thermal exposure at 500 °C. Additionally, Hu et al. [22] fabricated hierarchical AlsTi/Al matrix composites
via controlled in-situ reactions between layered Ti2AIC phase precursor and Al matrix assisted by high-
energy ball milling (Figure 6a). This process creates a dual-pathway diffusion architecture, triggering
internal decomposition of Ti2AIC and producing a hierarchical structure with ~6 vol.% Al3Ti particles
(coherent between AlsTi/Al) uniformly dispersed in Al matrix. (Figure 6b,c), The resulting composites

exhibit outstanding elevated-temperature strength, with ultimate tensile strengths of 632 MPa (at 25 °C)
and 246 MPa (at 350 °C).

Nanoparticle-reinforced (Al;Ti ) heat-resistant Al alloys

(a)

ofpces ™ g, w «
Qig(,(l. 8 Mixing i Hot-Pressing Al

‘&i > P o > L‘Z;‘\ > |

TRAIC Coarse AL Ti
Composite Al,Ti

W
€ s & § %«
% t Milling Hot-Pressing = = "(;‘
‘ > > 8¢
Qg § &
&

(b)

=2
=

cluster

[ Y
o O

Concentration, at.%

0 5 10 15 20 25
Position, nm

Figure 6. The fabrication and microstructures of nanoparticle-reinforced heat-resistant Al alloys (Reprinted with permission
from Ref. [22]. Copyright 2026, Springer Nature): (a) schematic showing dispersion process by ordinary powder mixing and
mechanical force during ball-milling; (b) HRTEM and EDS images of the coherent between Al;Ti/Al matrix (yellow arrow
denotes the line-scan region); (¢) a magnified view of the white rectangle in (b).

2.3. Nano-Eutectic Skeleton Strategy Enabled by LPBF

The development of LPBF technology has substantially broadened the high-temperature performance
window of Al alloys. The layer-by-layer solidification inherent to LPBF achieves extremely high cooling
rates of 10°~10% K/s, enabling a design strategy for heat-resistant Al alloys based on the formation of
nanoscale eutectic skeleton through rapid solidification [17]. Under such extreme non-equilibrium
conditions, the coarse equilibrium eutectic phases typically formed in conventional casting are effectively
avoided. Instead, a three-dimensionally nano-eutectic network forms within a-Al grains and along grain
boundaries. The rigid nano-framework, composed of rare-earth or transition-metal intermetallics (e.g., Al-
La, Al-Er, AI-Ni), exerts a dual strengthening effect at elevated temperatures (Figure 7). On the one hand,
the high-density eutectic network generates a strong pinning force that inhibits grain boundary migration
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and dislocation climb. On the other hand, the eutectic phases that penetrate the matrix exhibit a portion of
the applied load through load transfer, thereby significantly enhancing the high-temperature tensile strength
and creep resistance of the Al alloy.

Compared with conventional cast eutectic Al alloys that contain a brittle micron-scale intermetallic
network, LPBF refines eutectic spacing to a submicron scale and limits intermetallic size below 200 nm,
achieving balanced room and high-temperature mechanical properties superior to commercial 2xxx and
7xxx wrought alloys [23]. With the further addition of Sc and Zr elements, coherent L12-Al3(Sc, Zr)
nanoparticles can precipitate within the Al matrix, creating a dual-scale synergistic strengthening consisting
of a nano-eutectic skeleton with intragranular heat-resistant precipitates. This hybrid microstructure further
enhances the deformability of the soft a-Al matrix and mitigates high-temperature softening [23].

Nevertheless, the nano-eutectic skeleton strategy based on rapid solidification still faces engineering
limitations. An excessively high-volume fraction of the eutectic phase tends to induce hot cracking during LPBF
processing, whereas an insufficient solute content fails to form a complete and continuous reinforcing network.

-0O- Al Er
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Al matrix? Aly(Er,Mg): Al matrix

-~ Mg
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80
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S

i o
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Figure 7. Microstructures of eutectic skeleton in LPBF-fabricated Al alloys: (a) Al-La—Sc—Zr alloys (Reprinted with permission
from Ref. [23]. Copyright 2025, Springer Nature); (b) Al-Er—Mg alloys (the dashed line denotes the line-scan region). (Reprinted
with permission from Ref. [18]. Copyright 2026, Springer Nature).

Table 2 directly compares core advantages, limitations, applicable temperature ranges, and potential
trade-offs of microalloying, nanoparticle incorporation, and nano-eutectic skeleton strengthening
mechanisms. Each strategy exhibits unique application boundaries and performance characteristics that
determine its applicability to 200—400 °C intermediate-temperature service scenarios.

Overall, microalloying is the optimal choice for low-cost and large-scale components serving below
250 °C. Nanoparticle incorporation is competent for high-temperature service scenarios but is restricted by
poor formability and high cost. Benefiting from the unique non-equilibrium solidification characteristics of
LPBF, the nano-eutectic skeleton strategy achieves the best comprehensive performance in the target 250—
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400 °C temperature window, providing a novel and feasible pathway for the development of next-
generation lightweight high-temperature Al alloys.

Table 2. Performance comparison of three typical strengthening strategies for heat-resistant Al alloys.

Strengthenin Applicable
g g Advantages Limitations PP Potential Trade-Offs
Strategy Temperature Range
. o Satisfactory low-
Low cost/Mature process and Thermal instability of temperatu?e,
. . ood formability/Enhances  precipitates above 250 °C .
Microalloying g N preeip <250 °C performance/Poor high-
low or medium-temperature degrades strength and creep
. . temperature structural
strength for mass production resistance s
stability
Complex, costly PM
Stable prex, yEVL Superior high-temperature
. . . process/Poor formability
Nanoparticle nanoparticles/Improving . performance at the cost of
. . . and easy particle 250-400 °C .
incorporation high-temperature .. . reduced ductility and
agglomeration impair .
performance - manufacturability
ductility
_ . Best medium-high
LPBF non-equilibrium High powder and £
N tecti lidification/Balancine high . t cost/L temperature
ano-eutectic solidification/Balancing high-equipment cost/Low _
& gh-equip . 250400 °C performance/Limited by
skeleton temperature performance and efficiency and inherent pore .
. high cost and low
design freedom defects o
scalability

3. Processing Technologies and Mechanical Properties of Heat-Resistant Al Alloys

Driven by the development of industrial technologies, the emergence of diverse innovative processing
technologies has broadened the boundaries of compositional design and achievable mechanical properties
for heat-resistant Al alloys. The following sections focus on three mainstream fabrication technologies for
Al alloys, namely permanent mold casting (PMC), powder metallurgy (PM), and laser powder bed fusion
(LPBF) (Figure 8).

3.1. Processing Technologies

PMC, PM, and LPBF represent three typical fabrication routes for heat-resistant Al alloys, each
exhibiting distinctly different solidification behaviors and microstructural regulations. As an old
manufacturing technology, PMC depends on the slow near-equilibrium solidification. This technique
features ultra-low production costs and great feasibility of fabricating large components with complex
internal cavities. However, its intrinsically low cooling rate inevitably generates coarse dendrites,
remarkable elemental segregation, and characteristic casting defects, including shrinkage porosity and hot
tearing [47]. For conventional age-hardened cast Al alloys, nano-scaled precipitates readily undergo rapid
coarsening and dissolution at temperatures exceeding 200 °C, which makes such alloys inadequate for long-
term service of aerospace structural components working at 200400 °C.

A key branch of PM is the nanoparticle-incorporation strengthening route, which introduces thermally
stable ceramic nanoparticles into the metal through solid-state mechanical alloying and sintering [48].
These homogeneously dispersed nanoparticles exert a strong pinning effect on grain boundaries and
dislocations, giving alloys markedly superior creep resistance compared to cast alloys. However, it is
inherently limited in fabricating complex, lightweight components. Moreover, the traditional powder
metallurgy route comprises several steps: mechanical alloying of composite powders, consolidation by
sintering, post-consolidation heat treatment, and final machining. The complex multi-step manufacturing
process incurs extremely high production costs, hindering widespread industrial adoption. With the
development of additive manufacturing, powder-based AM represents a promising production route for
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nanoparticle-incorporation strengthening materials, as it enables direct near-net-shape consolidation from
customized powder feedstocks, thereby significantly shortening the manufacturing process.

Laser Powder Bed Fusion, LPBF

® Ultrahigh cooling rate 10°-10¢ K/s
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Figure 8. Schematics and processing characteristics of the fabrication route. Laser powder bed fusion (LPBF), powder
metallurgy process (PM) (Reprinted with permission from Ref. [22]. Copyright 2026, Springer Nature), and permanent mold
casting (PMC).

LPBF achieves ultrahigh cooling rates of 10°~10% K/s during layer-by-layer laser melting, which
effectively suppresses the formation of coarse equilibrium intermetallics and facilitates the development of
nano-eutectic and crystalline-amorphous hybrid microstructures with exceptional thermal stability [16,20].
Taking advantage of digital manufacturing, LPBF offers superior dimensional accuracy and outstanding design
freedom, enabling the fabrication of complex high-temperature components with conformal cooling channels
and lattice architectures. Nevertheless, drawbacks include low printing efficiency, high spherical powder and
equipment costs, as well as hard-to-eliminate pore and hot cracking defects that restrict industrialization.

PMC, PM, and LPBF exhibit differences in terms of processing cost, production efficiency, raw-
material cost, scalability, and industrial maturity. PMC presents the lowest raw material and processing
costs, superior production efficiency, and the highest level of industrial maturity, whereas it suffers from
limited compositional flexibility, coarse microstructures, and inherent casting defects. Conventional PM
involves multiple manufacturing procedures, resulting in relatively higher material and processing costs,
while delivering moderate efficiency and scalability for components with simple geometries. LPBF
possesses the highest overall manufacturing cost due to the expensive spherical powder feedstock, low
deposition rate, and extensive post-processing requirements, which severely restrict its industrial scalability.
Although the industrial maturity of LPBF is continuously improving, it still lags behind conventional PMC
and PM technologies. In summary, PMC serves as the most cost-effective solution for mass production.
PM provides a feasible compromise between mechanical performance and manufacturing cost. LPBF
achieves unprecedented structural design freedom and remarkable microstructure refinement at the expense
of high cost and low productivity. The selection of the optimal manufacturing strategy depends on the
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practical application scenario and requires a comprehensive balance between service performance
requirements and economic benefits.

3.2. Tensile Properties

Figure 9 systematically compares the balance between tensile strength and elongation of heat-resistant
Al alloys fabricated by conventional PMC, PM, and LPBF at 25 °C, 250 °C, 300 °C, and 400 °C. At room
temperature, benefiting from the unique process characteristics of LPBF and PM, Al alloys exhibit
substantially higher tensile strength than their cast counterparts while retaining moderate ductility. In the
intermediate temperature regime of 250-300 °C, LPBF demonstrates a superior strength-ductility synergy
over the other two routes. As shown in Figure 9b,c, LPBF Al alloys achieve a more favorable combination
of tensile strength and elongation in the 250-300 °C range compared with their PMC and PM counterparts.
This improved strength-ductility synergy can be attributed to the unique microstructural features induced
by LPBF, including ultrafine cellular structures, supersaturated solid solutions, and refined eutectic
networks, which collectively enhance both work hardening capacity and resistance to localized deformation.
LPBF Al alloys offer a wider range of achievable ductility while maintaining competitive tensile strength,
whereas cast Al alloys suffer a pronounced degradation in high-temperature strength. Although PM Al
alloys exhibit a marginal advantage in high-temperature strength stability, the ductility remains consistently
low at elevated temperatures. Under the extreme condition of 400 °C, both LPBF and PM alloys display
the best strength retention capability, while cast Al alloys exhibit the poorest load-bearing capacity. Overall,
LPBF and PM routes are more suitable for components that demand high strength at room or intermediate
temperatures, provided attention is paid to improving elongation. Conventional casting is appropriate for
parts with modest strength requirements where cost control is the primary concern.

@) 1000 ® 500
= * Cast i * (Cast
_ 8 s M | = A s PM
£ 800 - = LPBF £ 400} = LPBF
> i g E ‘ i d =
o 600f . . k- O 300) i Ay
= L P ‘—rn“ ot W =) ' ‘\ om. ®
(Ve - L4 P = A &\_‘ ' b .om
S ool RN ) €200, & . o
g .. . . . ; “‘“. e )
5 200 S 100 "
0 0 —
0 2 4 6 8101214161820 0 5 10 15 20 25 30
Elongation (%) Elongation (%)
©) 500 (d) 350
¢ Cast *  Cast
7= + pMm | =300}« A PM
a 400} * & | B |
= 1 = LPBH S 250 LPBE
s 200} ,
= ‘,“’;QA ini o o -
2200} . Q150k 4
= R 4 . ” = - e it |
% T 7 10028
5100 S D 50{™ .
00 10 20 30 40 50 60 00 20 40 60 80 100
Elongation (%) Elongation (%)

Figure 9. Performance summary of heat-resistant Al alloys at (a) room-temperature; (b) 250 °C; (¢) 300 °C; (d) 400 °C. (Adapted
with permission from Ref. [2,5,20,21,23,32,46,49-59]. Copyright 2023, 2026, 2025, 2024, and 2025, Elsevier, Springer Nature,

Taylor & Francis).
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3.3. Creep Properties

For a heat-resistant Al alloy component, long-term service under constant loading at 200400 °C makes
creep deformation and stress rupture the dominant failure modes. Accordingly, high-temperature creep
performance is a critical metric for evaluating the practical service capability of Al alloys. Figure 10
provides a summary of the creep properties of various Al alloys.

For Al-Si alloys, Si precipitates undergo rapid spheroidization and coarsening above 225 °C [58],
thereby significantly accelerating creep rates and degrading creep resistance under prolonged loading. For
Al—Cu alloys, metastable 0’ strengthening precipitates tend to coarsen at elevated temperatures. Meanwhile,
precipitate-free zones form during creep, accelerating creep damage accumulation [60]. The addition of
transition metals such as Sc and Zr can substantially improve the thermal stability and high-temperature
strengthening capacity of Al alloys [61]. For example, Al-Mg—Sc—Zr alloys exhibit outstanding
intermediate-temperature creep resistance, attributed to the L12-ordered Al3(Sc, Zr) nanoprecipitates that
pin dislocations and suppress dislocation climb. However, prolonged high-temperature aging leads to
coarsening of these nano-scale precipitates, thereby weakening creep resistance.

Existing creep investigations have largely focused on eutectic Al alloys, including Al-Ce and Al-Fe
alloys. These eutectic alloys contain thermally stable intermetallic networks (e.g., Ali1Ces, Alo(Ni, Fe), and
quasi-crystalline phases) that effectively impede grain boundary sliding and dislocation climb at 300—
400 °C, imparting superior long-term creep stability [62,63]. For instance, Li et al. [20] have fabricated an
Al-Fe-V-Si-Ti alloy with a steady-state creep rate on the order of 10~* s™! at 300 °C under applied stresses
of 100 MPa and 150 MPa, representing a reduction of one to three orders of magnitude compared with most
other Al alloys. Additionally, although ceramic particle-reinforced Al matrix composites achieve enhanced
room-temperature strength, interfaces between ceramic reinforcements and the Al matrix act as preferential
void nucleation sites during creep, severely degrading high-temperature ductility [64].

Overall, systematic studies on the creep behavior of heat-resistant Al alloys remain insufficient. Most
available creep data originate from short-duration tests, while long-term creep data spanning thousands of
hours are rarely reported. Current alloy systems generally suffer from two key drawbacks: low creep
ductility and excessively high steady-state creep rates under high applied stresses. Future research should
prioritize the regulation of thermally stable precipitates to design novel heat-resistant Al alloys that
simultaneously possess high tensile strength and outstanding long-term creep resistance.
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Figure 10. Steady-state creep rates of Al alloys under various stress levels at 300 °C (Adapted with permission from Ref.
[14,20,41,65-67]. Copyright 2019, Taylor & Francis, Elsevier, and Springer Nature).
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4. Conclusions and Prospects

This review systematically summarizes three mainstream microstructural regulation strategies for heat-

resistant Al alloys, and compares the microstructural characteristics and mechanical performance of heat-
resistant Al alloys fabricated by permanent mold casting (PMC), powder metallurgy (PM), and laser powder
bed fusion (LPBF). The main conclusions are drawn as follows:

1.

Microalloying remains the dominant strategy for improving the thermal stability of Al alloys through
the formation of thermally stable precipitates, composite interfacial segregation, and solute-vacancy
multidimensional confinement. Powder metallurgy-based nanoparticle incorporation provides an
alternative, effective strengthening route via the uniform dispersion of high-melting ceramic
nanoparticles. In particular, LPBF-induced continuous nano-eutectic skeletons create a unique
complementary microstructure design, enabling superior medium-temperature and high-temperature
performance that is inaccessible for traditional fabrication methods.

Three manufacturing techniques exhibit distinct performance and industrial trade-offs. Permanent
mold casting (PMC) delivers outstanding cost effectiveness and high industrial maturity but produces
alloys with coarse microstructures and inferior high-temperature mechanical stability. Powder metallurgy
(PM) achieves excellent elevated-temperature strength via nanoparticle strengthening, whereas its
application is restricted by complicated processing procedures, high manufacturing costs, and limited
structural formability. By ultrahigh cooling rates and non-equilibrium solidification, LPBF enables the
fabrication of heat-resistant Al alloys with well-balanced strength and ductility at 200—400 °C, though
it suffers from high raw material cost, low production scalability, and inherent printing defects.

Future efforts should focus on further promoting the engineering applications of heat-resistant Al alloys
capable of long-term service at 200400 °C. Specifically, five promising research directions are
highlighted: (i) development of low-cost alloying systems with reduced rare-earth or expensive
elemental additions to improve industrial scalability; (ii) exploration of multiscale composite
strengthening strategies by tailoring precipitates and eutectic network structures for upgraded thermal
stability; (iii) establishment of systematic long-term service evaluation systems under thermal-
mechanical coupling and cyclic loading conditions; (iv) control and elimination of LPBF defects
through process optimization and post-treatment modification; (v) construction of standardized
process-microstructure-property databases to support digital alloy design and industrial production.
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