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Abstract

High-strength and high-thermal-conductivity Mg/Al alloys are pivotal for lightweight
thermal management applications in aerospace and electric vehicles, yet their
development is hindered by the intrinsic trade-off between solute strengthening and
electron scattering. This review summarizes the evolution of alloy design approaches from
empirical trial-and-error methods to advanced artificial intelligence (Al)-driven strategies.
First, the physical mechanisms governing strength and thermal conductivity (TC) are
examined, identifying “matrix purification” and specific precipitation architectures as key
microstructural design goals to minimize solute scattering. Then, the review critically
evaluates traditional computational tools, including CALPHAD (CALculation of PHAse
Diagrams) for phase equilibrium prediction and density functional theory for intrinsic
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transport predictions. Crucially, we demonstrate that integrating these physics-based descriptors as input features
into machine learning models significantly enhances prediction accuracy for complex multicomponent systems.
Subsequently, the integration of these approaches for the concurrent optimization of strength and TC is discussed,
highlighting the role of multi-objective optimization algorithms in mapping the Pareto frontier. Finally, the review
discusses the future potential of emerging frontiers in Generative Al, such as generative adversarial networks
(GANSs), variational autoencoders (VAEs), and inverse design, highlighting the critical role of expert
knowledge-guided constraints and physics-informed priors in steering model training and generation. Such hybrid
frameworks are envisioned to autonomously navigate high-dimensional compositional spaces while maintaining
physical interpretability and thermodynamic consistency, thereby accelerating the discovery of next-generation
multifunctional alloys.

INTRODUCTION

The contemporary materials engineering landscape is defined by an uncompromising demand for
multifunctionality. In the automotive, aerospace, and consumer electronics sectors, the era of selecting
materials based on a single dominant property - be it strength, density, or thermal conductivity (TC) - has
largely passed!"”.. We are now in a regime of concurrent optimization, where structural components must
effectively double as thermal management systems. For instance, electric vehicle (EV) battery enclosures
require exceptional crashworthiness to protect volatile electrochemical cells while simultaneously dissipating
the substantial heat generated during rapid charging cycles'. Magnesium (Mg) and aluminum (Al) alloys are
natural candidates for these applications due to their lightweight nature (approximately 1.8 g/cm® for Mg
alloys and 2.7 g/cm’ for Al alloys). Notably, these cast alloys demonstrate a combination of high ultimate
tensile strength (UTS), exceeding 300 and 350 MPa, and excellent TC, surpassing 150 and 220 W/(m-K) for
Mg and Al alloys, respectively [Figure 1]

However, a fundamental physical contradiction lies at the heart of their development: the microstructural
features required to strengthen these alloys are inextricably linked to the mechanisms that degrade their TC.
Strength enhancement is typically realized by introducing microstructural defects such as solute atoms,
precipitates, or grain boundaries to impede dislocation motion, thereby improving mechanical performance.
However, these defects inevitably act as electron-phonon scattering centers, leading to a pronounced
reduction in TC"'?. This intrinsic negative correlation between strength and TC gives rise to a natural
performance trade-off in multi-objective alloy design. Consequently, breaking this trade-off and realizing the
concurrent optimization of strength and TC not only demands precise control over the type, size, and
distribution of second phases, but also requires a holistic consideration of multiple strengthening
mechanisms, including solid-solution strengthening, precipitation strengthening, and grain boundary
engineering. This challenge has emerged as a critical bottleneck in the development of high-performance Mg
and Al alloys, as well as other lightweight metallic materials.

Historically, navigating this “strength-conductivity trade-off” has been an exercise in empirical persistence
(trial and error), a strategy limited by high costs and long development cycles"*. Although the CALPHAD
(CALculation of PHAse Diagrams) approach can be applied to predict phase constitution and
microstructural evolution, thereby assisting in the design of strengthening precipitates and thermally
conductive phases, and density functional theory (DFT) can evaluate the strength and thermal transport
properties of individual systems at the atomic scale to provide theoretical guidance for the design of
high-strength and high-thermal-conductivity alloys, these computational methods have largely been
employed as auxiliary tools within traditional research frameworks and have not yet been systematically
integrated. When addressing conflicting properties such as strength and TC, conventional methods often
only achieve improvements in a single property or simple compromises among multiple properties.
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Figure 1. The UTS and TC of (A) cast Mg alloys and (B) cast Al alloys. Adapted from Ref.t8). Copyright 2024, OAE Publishing Inc. UTS:
Ultimate tensile strength; TC: thermal conductivity.

Moreover, it remains difficult to accurately elucidate the complex mapping relationships within the
composition-processing-microstructure-performance (CPSP) framework, making it impossible to find
globally optimal solutions.

In response to the challenges associated with traditional methods, the materials informatics paradigm

14,15

centered on machine learning (ML) offers a transformative path forward!"*'?. Its core value lies in
transforming materials research and development from an experience-driven model to an efficient
data-driven paradigm"®'”. By deeply mining existing experimental and simulation data, ML algorithms can
effectively decipher the complex, high-dimensional, and nonlinear intrinsic relationships within the CPSP
framework of alloys"®'\. This enables researchers to conduct large-scale virtual screening and quickly
evaluate tens of thousands of potential alloy compositions and processing combinations, greatly reducing the
cycle time and cost of experimental verification. Therefore, ML has not only accelerated the research and
development process of high-performance Mg/Al alloys, but has also made it possible to achieve synergistic
optimization of multiple conflicting properties such as strength and TC. Despite the widespread application
of these computational methods in alloy design, systematic integration has yet to be achieved in the design of

high-strength and high-thermal-conductivity Mg/Al alloys.

This review provides a critical analysis of computational strategies for designing high-strength and
high-thermal-conductivity Mg/Al alloys. First, we dissect the physical basis of the strength-conductivity
conflict by analyzing strengthening mechanisms alongside electron and phonon transport behaviors. We
then compare single-objective methodologies - from rigorous CALPHAD and DFT thermodynamics to
rapid ML predictions. The core of our analysis focuses on Multi-Objective Optimization frameworks that
explicitly map the Pareto frontier of optimal compromises. Finally, we explore the emerging frontier of
generative artificial intelligence (AI), such as generative adversarial networks (GANs), variational
autoencoders (VAEs), and inverse design, positing a future where alloys are not merely screened but
autonomously generated by computational agents. The success of this transition hinges on human-centric
decisions, specifically the expert-driven establishment of high-fidelity datasets to ensure that AI-generated
designs remain grounded in scientific reality.



Page 4 of 27 Chen et al. J. Mater. Inf. 2026, 6, 31

PHYSICAL BASIS OF STRENGTH AND TC

Strengthening mechanisms

As lightweight structural metals, the key to strength enhancement in Mg and Al alloys lies in establishing a
multi-scale barrier system within the microstructure through alloy design and processing techniques, thereby
effectively hindering dislocation movement and improving alloy strength. These strengthening mechanisms
mainly include grain refinement strengthening, solid solution strengthening, precipitation strengthening,
and dislocation strengthening. Essentially, these mechanisms introduce corresponding microstructural
features into the matrix, such as grain boundaries, solute atoms, second-phase particles, and high-density
dislocations. These multi-scale obstacles act synergistically to provide strong resistance to dislocation
movement, ultimately enhancing the strength and hardness of the alloys. The total yield strength (YS) of the
alloy is expressed as™:

Ototal = 00 + Ogs + Ogs + OPPT (D

where g, is the yield stress of the pure alloy, g, is solid solution strengthening, s, is grain size strengthening,

and o,,, is precipitation strengthening.

Solid solution strengthening

Solid solution strengthening refers to the addition of solute atoms to a metal matrix to form a solid solution,
causing lattice distortion and thereby increasing the resistance to slip of dislocations in the lattice, which
improves the strength of the material®*?!. The variation in solid solution strengthening (s, ) with solute

concentration can be expressed as follows'*:

o =K-C™ @)

where C is the atomic concentration of the solute, and K and m are constants related to the properties of the
matrix and alloying elements; the value of m ranges from 0.5 to 1. Based on known element interaction
mechanisms, the proportions of major alloying elements, trace elements, and impurity elements are selected
and adjusted to design the alloy composition. Various alloying and microalloying elements, such as Ce, Nd,
Y, Si, Ca, Ti, B, Sr, Sb, Bi, and Pr, have been demonstrated to enhance the mechanical properties of AZ91 and
AMse0 alloys. Among these elements, Ce, Nd, Y, Bi, and Sb are particularly effective in improving the tensile
performance of AZ91 and AMeo alloys™**.

Grain refinement strengthening
The classic Hall-Petch relationship is used to describe the relationship between grain size and strength””:

Ogs =k -d71? )

where d is the average grain diameter, and k is the stress concentration factor of grain boundaries acting as
slip obstacles. Grain refinement is mainly achieved by promoting nucleation and controlling solid-state
phase transformations .. The core principle is to promote nucleation while suppressing grain growth,
thereby enabling grain boundaries to act as effective barriers to dislocation motion, which enhances strength
while maintaining toughness. In cast Mg/Al alloys, grain refinement is generally achieved by adding refiners,
which increase the number density of heterogeneous nucleation sites during solidification, thereby
enhancing the mechanical properties of the alloy. The most common chemical grain refinement approaches
are Zr addition™ " and Al addition”***. In cast Al alloys, the most common chemical grain refinement
approaches are Al-Ti-B addition” and Al-Ti-Nb-B addition.
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Precipitation strengthening
Precipitation strengthening is achieved through the formation of finely dispersed second-phase particles
within the metallic matrix, which impede dislocation motion either by forcing dislocations to shear the
precipitates or by causing them to bypass the precipitates through the Orowan mechanism, thereby
significantly enhancing the strength of the material™'.

Gb dy
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2nAN1 —v 1o @
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where G is the shear modulus of the Mg matrix phase, b is the magnitude of the Burgers vector of gliding
dislocations in Mg, v is Poisson’s ratio, 7 is the effective planar interparticle spacing, d, is the mean planar
diameter of the particles, and r, is the core radius of the dislocations. This mechanism is considered a
standard strategy for designing materials with high TC: precipitating solute atoms out of the matrix purifies
the lattice for electron transport, while the precipitates simultaneously provide strengthening.

In the shear mechanism, dislocations interact with shearable precipitates through a variety of mechanisms,
giving rise to distinct strengthening effects. The primary types include chemical (interfacial) strengthening,
stacking-fault strengthening, modulus strengthening, coherency strengthening, and order strengthening.
This relationship can be simply expressed as follows'*:
9 F\3/2
Ar=—— . [= 5)
Lpb\T ( 2 )

where T is the dislocation line tension in the Mg matrix, F is a measure of the resistance of the precipitates to
dislocation shearing, and L, is the dislocation pile-up length. The CRSS contributed by shearable precipitates
is related to T and F. Consequently, for given precipitates and dislocation types, the precipitate size

determines which interaction mechanism is activated. Precipitates smaller than a critical size undergo the
shearing mechanism, whereas those larger than the critical size are bypassed.

Dislocation strengthening

Strain hardening arises during plastic deformation as the density of dislocations increases, leading to
enhanced dislocation interactions and entanglements that impede further dislocation motion and
consequently increase the flow stress and strength of the material*!. In industrial production, this
strengthening effect is mainly achieved through cold working processes such as cold rolling, cold drawing,
forging, and stamping. As this work primarily focuses on casting alloys, this section is not discussed further.

TC mechanism

The total TC of an alloy consists of two parts: electronic TC (k,) and phonon TC (k,), with electronic heat
conduction being the dominant mechanism. Figure 2A shows the microscopic physical processes in which
electrons and phonons participate in thermal and electrical conduction, respectively'**. Based on a
first-principles calculation framework incorporating electron-phonon coupling, the electron and phonon
TCs of more than a dozen metals and intermetallic compounds at room temperature were calculated by
considering electron-phonon interactions, as illustrated in Figure 2B!**). The results indicate that the
electronic TCs of Mg and Al account for 96.14% and 97.60% of their total TCs, respectively. In contrast, in
transition metals and intermetallic compounds, stronger electron-phonon coupling leads to a more
significant reduction in electronic TC, thereby increasing the relative contribution of phonons™*.

Alloying enhances the strength of alloys while reducing their TC. The fundamental reason is that the
microdefects introduced during alloying hinder dislocation movement while simultaneously scattering
electrons and phonons, thereby impeding their directional transport. From a microscopic perspective, the
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Figure 2. (A) Schematic diagram of the microscopic processes involved in thermal and electrical conduction in metals. Adapted from
Ref.141, Copyright 2024, Science Press; (B) Contributions of electron and phonon TC to the total TC of metals below 300 K. Adapted from
Ref.1#*1, Copyright 2019, American Physical Society. TC: Thermal conductivity.

main factors that reduce TC include solute atoms, second phases, grain boundaries, dislocations, and
defects***). Figure 3 shows the four factors affecting TC.

Solute atoms

Solute atoms, acting as point defects, disrupt the long-range periodicity of the crystal lattice and give rise to
elastic scattering of charge carriers, thereby reducing the electronic contribution to TC. When alloying
elements are dissolved into the Mg/Al matrix in the form of solute atoms, the associated atomic size
mismatch and local bonding perturbations induce lattice distortions and elastic strain fields. These
distortions serve as effective scattering centers for both electrons and phonons, impeding their coherent
transport through the lattice, shortening the carrier mean free path, and ultimately leading to a pronounced
degradation of TC. Moreover, as the solute concentration increases, the cumulative scattering effect becomes
increasingly significant'*”, further exacerbating the trade-off between alloying-induced strengthening and
heat transport efficiency.

The TC of Mg/Al alloys decreases with increasing solute atom content, and different solute atoms exert
varying degrees of influence on TC. Figure 4A shows the variation in TC of binary Mg alloys with different
solute elements and concentrations*". It can be observed that the addition of alloying elements reduces the
TC of Mg alloys. At low alloying concentrations, the relationship between composition and TC is
approximately linear*”. However, once the maximum solubility limit is exceeded, the linear trend deviates
and the slope decreases. The weakening effects of common alloying elements (Zn, Al, Ca, Sn, Mn, Zr) on the
TC of Mg alloys follow the order: Zr > Mn > Sn > Ca > Al > Zn. Figure 4B shows the variation in the
electrical conductivity of binary Al alloys with different solute elements and concentrations. It can be seen
that the electrical conductivity of Al decreases with increasing alloying element content in solid solution, and
different alloying elements exert different inhibitory effects. The weakening effects of common alloying
elements (Si, Cu, Mg, Zn) on the TC of Al follow the order: Si > Mg > Cu > Zn, while trace elements such as
Cr, V, Mn, Ti, and Li exhibit much stronger suppressing effects'*). Similar results have also been observed for
the TC of binary Al alloys"™.
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Second phases

Second-phase particles act as physical obstacles to charge transport, introducing both elastic and inelastic
scattering events that hinder electron mobility and consequently reduce the electronic contribution to TC"'\.
The precipitation of second phases inevitably generates additional phase interfaces. Owing to lattice
parameter mismatches between the intermetallic compounds and the Mg matrix, localized lattice distortions
and interfacial strain fields are formed in the vicinity of these interfaces"””. Nevertheless, in contrast to solute
atoms that are randomly distributed throughout the matrix, the lattice distortions induced by well-defined
intermetallic compounds are spatially confined and structurally ordered. As a result, their overall scattering
efficiency for electrons and phonons is comparatively limited. When an equivalent amount of alloying
elements is introduced, solute atoms dissolved in the matrix exert a substantially stronger influence on both
electrical and thermal resistivity than that arising from the formation of second-phase particles, primarily
due to their pervasive distribution and cumulative scattering effects'*****”.. This distinction highlights the
critical role of solute state and phase morphology in regulating heat and charge transport in Mg/Al alloys.

For as-cast and solution-treated Mg-La, Mg-Ce, Mg-Sm, and Mg-Al alloys, the relationship between TC and
the nominal concentration of excess secondary phases was fitted using the least-squares method, yielding
conductivity-excess phase concentration curves'®. The TC of the solution-treated alloys was lower than that
of the as-cast alloys, and the absolute value of the slope increased. This may be attributed to the
decomposition of secondary phases during solution treatment, leading to the diffusion of alloying atoms into
the Mg matrix. These results further indicate that solute atoms exert a greater influence on TC than second
phases. Figure 5 presents the experimental thermal diffusivities of the as-cast Mg-Zn-La/Ce alloys®*. A
comparison of Figure 5A and C reveals that the thermal diffusivity of the alloy containing the LaMg,, phase
is approximately 11.8-15.4 mm?/s higher than that of the alloy containing the 1, phase, indicating that the t,
phase exerts a more detrimental effect on the thermal diffusivity of Mg alloys than LaMg .. A similar trend is
observed in the Mg-Zn-Ce system [Figure 5B and D], where the thermal diffusivity of the CeMg,,-containing
alloy is 2.5-3.6 mm?*/s higher than that of its r,-containing counterpart. To design Mg and Al alloys with high
TC, the solute content in the matrix should be minimized. By introducing sacrificial elements, detrimental
solute atoms can be precipitated as separate second phases, which effectively reduces lattice distortion and
enhances overall TC.

Grain boundaries

Grain boundaries are planar defects characterized by disrupted atomic periodicity and locally disordered
atomic configurations. The breakdown of lattice continuity at grain boundaries gives rise to
mismatch-induced strain fields and vibrational disorder, which act as effective scattering centers for both
electrons and phonons, thereby suppressing thermal transport”®>*. As the grain size decreases, the volume
fraction and density of grain boundaries increase markedly, leading to more frequent electron-boundary
interactions and enhanced carrier scattering. In particular, phonons, whose mean free paths are often
comparable to or larger than typical grain sizes, are strongly affected by grain boundary scattering. Grain
refinement therefore results in a pronounced reduction in lattice TC, especially at intermediate and low
temperatures where phonon transport dominates. These effects underscore the critical role of grain size
engineering in balancing mechanical strengthening and TC in Mg/Al alloys. Tong et al. investigated the
effect of grain size on the TC of as-cast pure Mg and found that the TC increased with increasing grain
sizel”’.

Dislocations

Dislocations, as line defects associated with long-range strain fields and localized lattice distortions, act as
effective scattering centers for both electrons and phonons"*®. For electrons, strain-induced perturbations of
the periodic potential lead to enhanced elastic scattering, resulting in increased electrical resistivity and a
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Figure 5. Thermal diffusivities of as-cast (A and C) Mg—Zn—La and (B and D) Mg—Zn—Ce alloys. Adapted from Ref.t*, Copyright 2022,
Elsevier.

corresponding reduction in the electronic contribution to TC. For phonons, the dislocation core and its
surrounding strain field disrupt lattice vibrational coherence, strongly impeding phonon propagation and
shortening the phonon mean free path, thereby degrading lattice TC. The influence of dislocations on
thermal transport is particularly pronounced in deformed or heavily strengthened alloys, where high
dislocation densities amplify carrier scattering effects and exacerbate the trade-off between mechanical
strengthening and TC.

SINGLE-OBJECTIVE DESIGN OF HIGH-STRENGTH AND HIGH-THERMAL-CONDUCTIVITY Mg/Al

ALLOYS

Design of high-strength Mg/Al alloys

CALPHAD and DFT have become major pillars of computationally assisted alloy design. With the rapid
advancement of computational materials science, ML is emerging as a new paradigm for materials design.
The CALPHAD method, centered on thermodynamic databases, enables the calculation of critical
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Figure 6. CALPHAD- and DFT-assisted design of strengthened alloys. (A) Solidification paths of the Al-Mg-Si-Ti alloy calculated using the
Scheil-Gulliver model; (B) Mechanical properties of AA6061 and Al-Mg-Si-Ti alloys. (A and B) adapted from Ref.t¢3, Copyright 2024,
Taylor and Francis Ltd; (C) 3 X 3 X 6 Mg supercell model, twin boundary model, and free-surface model; (D) Calculation results for Mg
twin boundaries doped with common alloying elements. (C and D) adapted from Ref.t¢72, Copyright 2025, Nonferrous Metals Society of
China. CALPHAD: CALculation of PHAse Diagrams; DFT: density functional theory; YS: yield strength; UTS: ultimate tensile strength; EL:
elongation.

parameters such as solidification pathways, equilibrium phase constitutions, and phase fractions"”**'". This
provides a quantitative basis for tailoring the type and volume fraction of secondary phases, as well as for
assessing the potential contributions of solid-solution and second-phase strengthening. By incorporating
expert domain knowledge, this approach streamlines the design process by prioritizing these dominant
strengthening contributors, thereby providing a focused strategic framework for the compositional design of
high-strength Mg/Al alloys. For example, by employing the CALPHAD approach to construct the Al-Fe-Si
ternary phase diagram, the mechanical properties of key secondary phases can be systematically
investigated'*”. Through directional solidification, millimeter-scale particles were prepared, and the elastic
moduli of the a-AlFeSi, g-AlFeSi, and Mg,Si phases were successfully measured to be 183.81 + 8.64, 174.13 +
6.81, and 116.38 + 4.06 GPa, respectively. The corresponding Vickers hardness values were 883 + 64, 765 + 21,
and 475 + 22 HV. Notably, a-AlFeSi exhibited more pronounced hardness anisotropy than p-AlFeSi,
reflecting differences in crystal structure and bonding characteristics. The CALPHAD approach was also
utilized to assist in the design of a high-strength and crack-free Al-Mg-Si-Ti alloy. The solidification pathway
of the Al-Mg-Si-Ti alloy was calculated using the Scheil-Gulliver model [Figure 6A]. The Al Ti phase formed
during the initial stage of solidification, whereas the Mg Si phase began to precipitate when the solid fraction
(fs) reached 49.7%. Owing to its low lattice mismatch with the a- Al matrix and high growth restriction factor,
the AL Ti phase effectively refined the grains. Compared to the AA6061 alloy, the designed Al-Mg-Si-Ti alloy
exhibited a high YS of 362.4 MPa, a UTS of 447.8 MPa, and an El of 9.1% [Figure 6B], successfully
maintaining an excellent strength-ductility synergy'*.
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These results demonstrate the capability of CALPHAD-based thermodynamic modeling to guide the
identification of strengthening phases for the design of high-strength alloys'*>**). However, despite its
effectiveness in predicting phase stability and composition, the CALPHAD framework remains limited in
directly predicting mechanical strength, underscoring the need for its integration with data-driven and
physics-informed materials informatics approaches. It should be emphasized that CALPHAD is inherently
an expert knowledge-driven methodology that relies on physically grounded thermodynamic models,
assessed databases, and metallurgical experience to encode phase equilibria and transformation behaviors,
thereby providing a reliable foundation for coupling with ML and multiscale modeling strategies.

The DFT method operates at the atomic and electronic scales, enabling first-principles calculations of
electronic structure, phase stability, and intrinsic elastic properties. By explicitly resolving atomic bonding
characteristics and electronic interactions, DFT provides quantitative insights into structure-property
relationships that are difficult to access experimentally'****). It elucidates the fundamental physical
mechanisms of alloy strengthening and enables the targeted design of strengthening phases. Systematic DFT
calculations have revealed that while the solid-solution strengthening of solute elements X (X = Li, Al, Mn,
Zn,Y, Zr, Nd, Gd) in Mg alloys primarily originates from lattice distortion with an intensity order of Mn >
Nd>Gd>Y >Zn > Al > Zr > Li, the local ordering of Mg-X complexes becomes the dominant governing
factor at higher solute concentrations!*!. Zhou et al. successfully designed and synthesized low-cost,
high-performance Mg-10Zn-4Al-0.4Mn-xSn (x = 0.0, 0.2, 0.4, 0.6) alloys by regulating the t-Mg,, (Al, Zn),,
phase and optimizing the twin boundaries through DFT calculations. Figure 6C illustrates the Mg supercell
model and the constructed {1012} twin boundary model. By calculating the segregation energies of various
doping atoms at Mg twin boundaries [Figure 6D], the authors demonstrated that all alloying elements except
Si could stably segregate to the boundaries. However, only Sn, Zr, and Sr exhibited negative segregation
energies, suggesting that their segregation effectively enhances boundary strength. The strengthening
effectiveness followed the order of Zr > Sn > Srl*!. Moreover, DFT-derived quantities, such as formation
energies, elastic constants, density of states, and charge density distributions, serve as physically meaningful
descriptors in materials informatics workflows, thereby supporting data-driven modeling and the rational
design of advanced alloys.

The ML method is inherently data-driven, integrating large and heterogeneous datasets encompassing alloy
compositions, processing parameters, as well as mechanical and TC properties. By learning complex,
high-dimensional correlations from experimental and computational data, ML models enable rapid
prediction of material performance and efficient exploration of composition-process-property spaces!**"!.
These data-driven correlations, extracted through advanced algorithms, facilitate the construction of
accurate predictive models, thereby enabling accelerated screening and optimization of alloy compositions. A
Mg alloy database was developed, and twelve ML models were trained for the prediction and discovery of
Mg alloys with superior mechanical properties'””. Based on the optimal gradient boosting regression (GBR)
model, an Adaptive Synthetic Minority Over-sampling Technique (A-SMOTE) algorithm was employed to
balance the data distribution. By further incorporating solubility constraints, an inverse design strategy was
implemented, ultimately enabling the design of high-strength Mg alloys. Zhu et al. developed a multimodal
fusion learning framework that integrates image processing and ML techniques to construct a multimodal
dataset combining textual information and microstructural images”. Based on this dataset, ML models were
successfully trained to predict the mechanical performance of high-strength Al alloys. This approach enabled
a systematic exploration of composition-microstructure-property relationships, demonstrating the potential
of multimodal data-driven strategies for advanced alloy design”?!. However, throughout the ML process,
expert knowledge must be incorporated to identify microstructures requiring analysis. This involves
translating microstructural information into features that are recognizable by ML models, enabling
subsequent model construction and prediction.
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Design of high-thermal-conductivity Mg/Al alloys

The design philosophy of high-thermal-conductivity Mg and Al alloys is opposite to that of high-strength
alloys. While high-strength alloys achieve strengthening by introducing various microstructural obstacles -
such as solute atoms, grain boundaries, and precipitates - to impede dislocation motion,
high-thermal-conductivity alloys instead aim to minimize microstructural defects to reduce the scattering of
heat carriers, including electrons and phonons. This intrinsic trade-off poses a significant challenge for the
simultaneous optimization of mechanical and thermal properties. The CALPHAD method has been
successfully applied to the calculation of TC in Mg and Al alloys”>”*.. The incorporation of TC parameters
into thermodynamic databases has enabled quantitative prediction of heat transport properties in
multicomponent alloy systems. For instance, reliable computational models have been established for
systems such as Mg-Al-Zn"" and Al-Cu-Mg-Si", allowing systematic evaluation of the effects of alloying
elements and secondary phases on TC. Based on this approach, high-thermal-conductivity alloys with
face-centered cubic (FCC) structures, including Al-Zn, AI-Mg, and Al-Zn-Mg series, have been successfully
designed, providing a transferable CALPHAD paradigm for the rational design of multicomponent alloys
with enhanced thermal performance!.

Based on established relationships between reciprocal of thermal diffusivity (RTD) and temperature for pure
components, solid solutions, and multiphase alloys, TC can be calculated within the
“composition-temperature-second phase” space, thereby imparting greater physical significance to existing
TC equations [Figure 7A]. Xie et al. and Li et al. successfully predicted the TC of Mg-Zn/Al-La/Ce alloys'**"®.
As shown in Figure 7B, the TC distribution of Mg-Al-La ternary alloys in different two-phase regions was
calculated using the Mg-Al-La TC database. The results show that the TC of the alloys gradually decreases
with increasing alloying element and second-phase content. In particular, compared with the second phase,
the solid solubility of Al in Mg has a more pronounced effect on reducing TC [Figure 7C]"*. However,
CALPHAD models generally lack explicit descriptions of electronic structure, phonon dynamics, and
defect-induced scattering processes, making it difficult to probe d atomic-scale mechanisms and unravel the
fundamental physical nature of TC regulation. In multicomponent alloy systems, TC within the CALPHAD
framework is typically modeled through semi-empirical formulations that rely on expert-defined parameters.
These parameters are commonly calibrated using limited experimental data, enabling CALPHAD to capture
macroscopic composition-temperature trends.

With the development of electron-phonon coupling calculation tools based on DFT calculation methods
[Figure 7D], it has become possible to indirectly calculate the TC of electrons and phonons by modeling
scattering processes of heat carriers”””**. These approaches provide a mechanistic understanding of how
atomic-scale interactions, lattice vibrations, and electronic states govern heat transport. It has been shown
that DFT-calculated TCs of pure Mg, Al, and Zn in the 300-700 K temperature range are in excellent
agreement with experimental measurements [Figure 7E], confirming the reliability and applicability of DFT
for predicting such properties™. By comparing the effects of different solute elements, it was found that Mn
dissolved in the Mg matrix resulted in the most pronounced reduction in TC, followed by Sn, Ag, and Zn"**.
This variation is primarily attributed to differences in lattice distortion and electron-phonon scattering
induced by solute atoms, indicating that DFT calculations can quantitatively assess microscopic
perturbations caused by alloying elements and provide a theoretical basis for solute selection in the design of
high-thermal-conductivity Mg alloys. Based on DFT calculations and the Cahill model, the minimum TCs of
pure Mg Al , and M-doped (M = Ga, In, Ge, Sn, Pb) Mg, Al , compounds along the [100], [110], and [111]
directions were evaluated. As illustrated in Figure 7F, both pure Mg, Al , and doped systems exhibit
enhanced thermal transport along the [111] direction®. Although DFT can accurately capture microscopic
mechanisms, it struggles to efficiently explore the high-dimensional “composition-processing-performance”
space.
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ML can integrate thermodynamic data from CALPHAD, atomic-scale parameters from DFT calculations,
and experimentally measured performance data, thereby enhancing model predictive performance through
multi-source heterogeneous data fusion'®*°/. Furthermore, by leveraging its ability to handle
high-dimensional inputs and capture complex nonlinear correlations, ML enables rapid exploration of
composition-processing-structure-property relationships that are inaccessible using conventional
approaches. This capability not only accelerates the prediction of alloy performance but also facilitates the
identification of optimal composition-processing combinations, supporting a data-driven and
mechanism-informed alloy design strategy. A novel ML approach integrated with multiscale computations
has been proposed for predicting the TC of multicomponent Mg alloys®®”.. A multiscale feature set was
constructed, comprising elemental properties, thermodynamic parameters, and electronic structure
descriptors, covering 1,139 as-cast Mg alloys. By integrating these key features, the Extreme gradient
boosting (XGBoost) model achieved significantly improved prediction accuracy for the TC of
low-component Mg alloys. Furthermore, the introduction of L1 (Lasso) and L2 (Ridge) regularization
enhanced the extrapolation capability of the ML model for novel quaternary and higher-order systems. A
physically informed symbolic regression method was also proposed to analyze the relative importance of
different features affecting conductivity, while quantifying the contribution of each functional term through
equation decomposition®. Nevertheless, the effectiveness of ML-based alloy design remains strongly
constrained by data scarcity, incompleteness, and heterogeneity, particularly for multi-objective properties
that are difficult or costly to measure. In this context, the systematic incorporation of materials expert
knowledge - such as phase stability criteria and physically meaningful descriptors - has become essential for
guiding data construction, constraining model predictions, and enhancing both the reliability and
interpretability of ML-driven alloy design.

MULTI-OBJECTIVE DESIGN OF Mg/Al ALLOYS WITH STRENGTH AND TC

CALPHAD and DFT approaches for multi-objective alloy design

In the design of multi-objective alloys, the CALPHAD method is primarily employed to transform multiple
property requirements into thermodynamically quantifiable phase characteristics (such as phase type,

89-91

morphology, fraction, and solidification path)"®'. By coupling assessed thermodynamic/kinetic databases
with equilibrium and Scheil calculations, CALPHAD provides a composition-process-phase map that
supports rapid composition screening and constraint setting (e.g., suppression of deleterious intermetallic
phases). Guided by these predictions, candidate Mg/Al alloys are optimized via iterative
computational-experimental validation, where measured phase and microstructure data are fed back to
refine the design space and accelerate multi-objective development. In a previous study, the CALPHAD
method was employed to calculate the phase constitution [Figure 8A] and solidification path [Figure 8B] of
an Al-Fe-Ni alloy, yielding a UTS of 131.2 + 2.5 MPa, an elongation (EL) of 20.2% + 3.6% [Figure 8C], and an
electrical conductivity of 52.0% + 0.1% of the International Annealed Copper Standard (IACS)"*. Similarly,
this method was applied to quantitatively optimize the Y content in both the long-period stacking ordered
(LPSO) phase and the a-Mg matrix. By leveraging CALPHAD-guided phase diagram calculations and
solidification simulations, the strengthening effect of the LPSO phase and the toughening contribution of the
Y-enriched a-Mg matrix can be quantitatively balanced, enabling the design of Mg-Y-Al alloys with a
desirable synergy of high strength and high ductility®”. CALPHAD predictions of secondary-phase types and
volume fractions, together with composition-dependent Zn solubility in the a-Mg matrix, provide an
efficient route to tailoring microstructural partitioning, thereby achieving the concurrent improvement of
alloy strength and TC™",

The DFT method, starting from the atomic—electronic scale, is employed to accurately calculate the
electronic structure, interatomic interactions, and microscopic structural parameters of alloys'”>**. In this
way, the structure-property relationships can be elucidated, enabling targeted regulation of strengthening
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mechanisms and electron transport behavior, thereby achieving synergistic optimization of strength and TC.
First, phase stability is evaluated through phonon dispersion and binding energy calculations to screen
potential strengthening phases. Subsequently, elastic modulus and hardness are calculated to elucidate the
mechanisms responsible for high strength. Finally, Debye temperature and TC are assessed to evaluate heat
conduction performance, and electronic structure analysis is employed to clarify metallic conduction
characteristics'”. For example, Wang et al. employed first-principles calculations to evaluate the mechanical
properties and minimum TCs of strengthening phases (ZnZr, Zn,Zr, Zn,Zr,, and MgZn,) in Mg-Zn-Zr
alloys". The crystal structures of these four intermetallic compounds are illustrated in Figure 8D. As shown
in Figure 8E, the bulk modulus (B), shear modulus (G), and Young’s modulus (E) of Zn-Zr intermetallic
compounds are higher than those of MgZn,, indicating a more pronounced strengthening effect.
Furthermore, the minimum TCs of the four intermetallic compounds are 0.48, 0.67, 0.68, and 0.49 W/m-K
[Figure 8F], respectively. This suggests that the precipitation of Zn atoms from the a-Mg matrix to form
binary Zn-Zr phases can enhance the overall TC of Mg-Zn-Zr alloys.

Both CALPHAD and DFT methods exhibit evident limitations in multi-objective alloy design. CALPHAD is
highly dependent on existing thermodynamic databases, and its predictive capability for unknown systems
or metastable phases remains limited. Moreover, it cannot quantitatively capture critical microstructural
features such as phase morphology and interfacial structure, and only provides indirect inference through
solidification pathways, rather than directly addressing factors governing electron scattering and
strengthening effects. Although DFT can elucidate strengthening mechanisms and thermal transport
behavior at the atomic—electronic scale, its applicability is restricted by computational scale. It cannot
simulate realistic microstructural features such as multiphase coexistence and grain boundaries, and is
typically limited to predicting the properties of individual phases. As a result, it fails to reflect the
comprehensive impact of multiphase synergy on achieving high strength and high TC.

ML for multi-objective alloy design

ML offers an effective pathway to bridge the gap between CALPHAD and DFT in multi-objective alloy
design. By integrating CALPHAD-derived thermodynamic descriptors, DFT-based atomic-scale features,
and experimentally measured microstructure-property data, ML can learn nonlinear
composition-process-structure-property mappings and capture complex effects that are difficult to model
explicitly. More importantly, ML provides a practical computational strategy to formulate and solve
multi-objective optimization problems in high-dimensional search spaces, enabling efficient screening
beyond database coverage or first-principles calculations. To address the complexity of multi-objective alloy
design, three distinct ML strategies are commonly employed [Figure 9]. The first strategy simplifies the
problem by converting multiple objectives into a single scalar value. The second strategy constructs
independent predictive models for various properties within a unified virtual design space. The third strategy
leverages genetic algorithms to perform Pareto-based optimization, identifying the optimal trade-offs among
competing alloy properties.

Strategy 1 maps multiple objectives into a single objective and then employs a single-objective optimization
approach to identify the optimal solution, thereby achieving simultaneous optimization of multiple
performance metrics"®'*". This weighted single-objective transformation is selected mainly for its high
computational efficiency in integrating conflicting targets - such as strength vs. TC - into a unified scalar.
However, although this strategy is most applicable when performance priorities are predefined, the weighting
process inevitably introduces subjectivity. In the performance optimization of Mg alloys, a method
combining the light gradient boosting machine (LightGBM, LGBM) model with the multi-objective genetic
algorithm, non-dominated sorting genetic algorithm III (NSGA-III), was proposed. After obtaining the
optimal Pareto front, the mechanical properties of the three objectives were converted into a single scalar
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value (comprehensive performance)!'*’l. By constructing a high-quality database of alloy compositions,
processing parameters, and calculated alloy descriptors, and applying feature selection techniques, high
model accuracy was achieved. This approach successfully generated a three-dimensional Pareto front [Figure
10] and ranked candidate alloys using a comprehensive performance index, leading to the identification of
optimal compositions with superior properties compared to the original dataset.

Specifically, Strategy 2 involves independent property modeling within a unified virtual space, an approach
designed to maximize the utility of non-aligned datasets. By enabling independent modeling of individual
properties - such as strength or TC - this strategy effectively resolves the common challenge of incomplete
multi-property data. In practice, independent ML predictive models are first established for strength and TC,
respectively. Subsequently, optimization algorithms are employed to explore the design space and identify
two distinct sets of candidate alloys: those with optimal strength and those with optimal TC. By comparing
these two sets of solutions, researchers can pinpoint common alloy formulations that simultaneously satisfy
both requirements, thereby achieving a balance between conflicting properties'®’. This strategy has been
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effectively applied in the design of high-strength and high-thermal-conductivity Al alloys, where a dataset of
277 entries was utilized to integrate property-specific information. XGBoost and support vector machine
(SVM) methods were employed to establish predictive models for TC and UTS, respectively, as illustrated in
Figure 11A. Physicochemical features were introduced and processed through feature engineering using the
Lasso method and the Gini impurity criterion. Based on predictions for 800 virtual alloy samples [Figure
11B], a candidate composition (Al-2.64Si-0.43Mg-0.10Zn-0.03Cu) satisfying the target performance criteria
was identified. The predictive results were further validated experimentally, confirming the reliability of the
ML models [Figure 11C]".

The Pareto optimization method has emerged as a more suitable approach for complex alloy design, as it
avoids the need to transform multiple objectives into a single scalar value. Instead, Strategy 3 identifies
non-dominated solutions to construct a Pareto front, thereby yielding an optimal solution set""**'*°. This
model is specifically employed to explore the non-dominated solution set without requiring a priori
weighting. By constructing a diverse decision space, it facilitates the integration of expert domain knowledge,
enabling more nuanced trade-offs between mechanical reinforcement and thermal efficiency. For the
synergistic optimization of porosity, hardness, and compressive strength in Al-Si-Mg nanocomposites,
artificial neural networks have been used as fitness functions within the NSGA-II framework to perform
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multi-objective optimization of these target properties*”. By integrating a support vector regression (SVR)
model with a multi-objective genetic algorithm, Li et al. achieved three-objective optimization of the
mechanical properties of extruded Mg alloys [Figure 12]. Specifically, five Pareto-optimal solutions were
selected for each property. The proposed candidates were grouped by alloy system (Mg-Ca-Zn-Mn,
Mg-Al-Ca-Zn-Mn, and Mg-Al-Ca-Zn-Mn-Sn) and systematically compared against the YS, UTS, and EL
values of existing Mg alloys in the dataset. As shown in the UTS-EL relationship in Figure 12D, the designed
optimization schemes substantially outperform the existing alloys in terms of overall mechanical

performance®.
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These three strategies represent complementary paradigms for multi-objective alloy design, differing in their
assumptions regarding data availability, optimization flexibility, and the degree of human intervention
required. Weighted single-objective transformation offers computational efficiency when performance
priorities are clearly defined, while independent property modeling provides a practical solution to data
incompleteness by decoupling heterogeneous property datasets. Pareto-based optimization, in contrast,
enables a more comprehensive exploration of the trade-off landscape and preserves solution diversity
without imposing subjective weighting. Crucially, regardless of the optimization strategy employed, the
effective incorporation of materials expert knowledge remains essential. Domain knowledge can be
systematically integrated to constrain the design space, screen out non-physical or non-processable solutions,
and guide the final selection of candidate alloys from the Pareto front based on metallurgical feasibility,
phase stability, and processing considerations. By combining algorithmic optimization with expert-informed
decision making, these strategies collectively enable a transition from purely data-driven optimization
toward mechanism-aware, application-oriented multi-objective alloy design.

Potential and challenges of ML in multi-objective alloy design

Advances in materials genome engineering and high-throughput computing highlight the growing potential
of ML for multi-objective alloy design*>"'*). ML can extract underlying patterns from complex CPSP
relationships through large-scale data mining and pattern recognition, thereby providing new approaches for
the simultaneous optimization of multiple properties such as YS, EL, and TC!"". ML models can markedly
accelerate alloy design by generating Pareto front solutions in multi-dimensional performance spaces,
enabling balanced optimization of competing properties such as strength-ductility and mechanical-thermal
performance. Meanwhile, interpretable methods such as SHapley Additive exPlanations (SHAP) and feature
importance analysis elucidate key alloying elements and their interactions, offering theoretical guidance for
experimental design.

Despite the potential of ML in alloy design, several challenges remain. Data scarcity and heterogeneity
constrain model generalization, particularly due to the limited availability of multi-property datasets, which
undermines predictive accuracy and reliability. To address these issues, domain knowledge is first
incorporated into feature engineering by integrating physically meaningful descriptors (e.g., atomic radius
and electronegativity as intrinsic elemental features). In addition, datasets can be constructed by combining
experimental and simulated data through multi-scale computations such as DFT and CALPHAD. Second,
dimensionality reduction techniques such as principal component analysis (PCA), along with feature
importance analysis, are used to extract low-dimensional and informative representations. Finally, active
learning and multi-objective optimization algorithms are employed to iteratively guide alloy design, enabling
adaptive recommendation of optimal composition-process combinations and efficient exploration of the
global multi-objective performance space.

The lack of interpretability remains a challenge, as most optimization outcomes still rely on black-box
models that provide limited guidance for alloy design. On the one hand, techniques such as
physics-informed neural networks (PINNs) embed known physical equations (e.g., YS formulas,
thermodynamic constraints) as prior knowledge into the training process, ensuring that model predictions
maintain physical consistency. On the other hand, interpretability tools such as SHAP are employed to
explain the decision logic of the model, thereby uncovering complex nonlinear coupling relationships among
composition-processing-performance variables. Crucially, these SHAP-derived insights facilitate scientific
discovery. When interpreted through the lens of domain expertise, they enable researchers to decode
underlying physical mechanisms - such as the synergistic effects between alloying elements and thermal
processing parameters - that govern material behavior, ultimately transforming raw correlations into
actionable design principles for technological innovation. However, the computational complexity of
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multi-objective optimization is often high, raising the need to improve efficiency while maintaining both
solution diversity and accuracy. Furthermore, integrating ML predictions with experimental validation and
physical modeling to establish a “data-model-experiment” closed loop represents a critical direction for
future development in this field.

Moreover, the systematic integration of materials domain knowledge into ML frameworks represents a key
strategy for improving model robustness and ensuring the practical feasibility of multi-objective alloy design.
In contrast to purely data-driven approaches, expert knowledge can guide the learning process across
multiple stages, including data construction, feature engineering, and model constraint formulation. At the
data level, materials knowledge - such as phase diagram information, strengthening mechanisms, and
thermal transport mechanisms - can be leveraged to curate and annotate experimental datasets, thereby
excluding thermodynamically or process-infeasible composition regions and effectively reducing the search
space. At the feature level, incorporating physically informed descriptors closely associated with
strengthening, TC, and plastic deformation mechanisms (e.g., solid-solution strengthening parameters,
precipitate volume fractions, and electronic structure-related descriptors) enables the model to better capture
the underlying drivers of property evolution. At the model and optimization level, domain-informed
constraints reflecting metallurgical heuristics and process feasibility boundaries (such as solubility limits of
alloying elements, phase stability criteria, and heat treatment windows) can be explicitly embedded,
preventing the identification of solutions that are optimal in a mathematical sense but impractical for
experimental realization. By coupling the efficient exploration capabilities of ML with expert-driven
mechanistic insights, a transition from correlation-based prediction toward mechanism-informed alloy
design can be achieved, substantially enhancing the reliability, interpretability, and real-world applicability of
multi-objective design outcomes.

CONCLUSION AND OUTLOOK

The design of high-strength and high-thermal-conductivity Mg/Al alloys has transitioned from empirical
discovery to computational materials engineering. This review bridges physical metallurgy and modern
informatics strategies. The design concept is to precipitate solute atoms from the matrix, thereby restoring
lattice integrity to facilitate electron transport, while simultaneously enhancing mechanical strength through
the introduction of a second phase. This approach provides a viable pathway for mitigating the inherent
trade-off between strength and electrical conductivity. We systematically analyze the computational toolkit
driving this paradigm shift: CALPHAD delineates thermodynamic boundaries, DFT elucidates intrinsic
transport physics, and ML accelerates the exploration of high-dimensional design spaces. While
single-objective methods have laid the foundation, our review highlights that Multi-Objective Optimization
frameworks represent a more robust strategy. These approaches utilize physics-based parameters as
high-fidelity descriptors, enabling efficient mapping of the Pareto frontier to balance conflicting properties.

Despite significant progress, several critical frontiers remain for next-generation alloy design. Foremost
among these is the challenge of data scarcity and high-dimensional feature representation. High-quality
datasets for TC are rare and heterogeneous. In addition, the high dimensionality of composition and
processing spaces renders purely data-driven approaches inefficient. Future work would likely benefit from
Transfer Learning (transferring knowledge from data-rich Al systems to Mg systems) and active learning
loops, which are expected to maximize information gain from limited experiments. Concurrently, expert
involvement in data curation, feature validation, and physical consistency checking remains indispensable,
serving as a critical safeguard for data reliability and model robustness.

A second major frontier involves enhancing physical consistency through explainable Al Black-box models
face limitations in accurately reflecting rigorous physical metallurgy principles. To enhance generalizability
and build confidence in predictive models, the adoption of explainable AI methods, such as SHAP, is
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essential. By integrating algorithmic approaches with expert domain knowledge, the patterns identified by Al
can be interpreted from a domain-informed perspective and translated into meaningful scientific insights
and technological innovations, thereby ensuring that model outputs remain consistent with established
metallurgical principles.

Finally, a pivotal objective for future research is the paradigm shift from discriminative screening and
forward prediction to generative inverse design. Emerging generative Al techniques, such as GANs and
VAEs, hold significant potential for effectively navigating the continuous latent space of material design.
However, the future development of these technologies depends not only on the deployment of complex
algorithms, but more importantly on the establishment of large-scale, high-fidelity datasets grounded in
physical principles and curated with expert guidance. Such efforts are essential to ensure that Al-generated
insights align with scientific reality.
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