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Abstract Machine learning has accelerated the prediction

and screening of crystal structures, while automation has

increased the number of compositions and processing

conditions that can be explored experimentally. However,

identifying a structure near the zero-temperature convex

hull or detecting its signature in a synthesis product does

not, by itself, establish materials discovery. In this per-

spective, we argue that finite-temperature phase equilibria

and transformation kinetics should guide these eff orts

from the outset. CALPHAD, combined with diff usion

data, provides a framework for selecting compositions and

processing conditions capable of producing the required

phase constitution, including metastable states whose for-

mation and persistence depend on the processing path.

Rigorous characterization is then needed to establish what

was produced and whether its properties and stability meet

the intended requirements. Progress should be measured by

reproducible processing windows that yield the required

phase constitution, microstructure, and properties under

manufacturing and service conditions.
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More recently, advances inmachine learning and automation

have extended this paradigm from high-throughput calcu-

lation and screening toward increasingly autonomous dis-

covery.Machine-learning-guided crystal-structure searches,

such as GNoME, can propose and screen vast numbers of

plausible structures and estimate their energetic stability.[[1]]

At the same time, autonomous synthesis laboratories, such as

A-Lab, integrate artificial intelligence, robotics, and auto-

mated synthesis and characterization to produce and test

proposed compounds.[[2]] These developments have sub-

stantially increased the rate at which hypothetical com-

pounds can be proposed and evaluated. However, these

computational approaches commonly assess stability using

predicted zero-temperature energies relative to an approxi-

mate convex hull. Identifying a hypothetical compound on,

or arbitrarily close to, the 0 K ground-state convex hull does

not, by itself, constitute materials discovery. Similarly,

compounds produced in autonomous laboratories require

rigorous structural, compositional, and functional verifica-

tion before a discovery claim can be made. Virtually gen-

erating a potentially stable crystal structure, or synthesizing a

compound whose novelty and phase constitution have not

been properly established, is not equivalent to discovering a

material under finite-temperature processing and operating

conditions.

This distinction is important because a crystal structure

is not the same thing as a material. High-throughput cal-

culations at the crystal structure level typically represent

idealized, periodic, and often fully ordered phases with

fixed compositions and few or no defects. Engineering

materials, by contrast, exist at finite temperature and

pressure, may be compositionally disordered or multiphase,

and contain defects, interfaces, residual stresses, and

microstructures inherited from arbitrarily-defined process-

ing protocols. Their stability is governed by the Gibbs
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energy (or other relevant potentials, depending on the

thermodynamic boundary conditions), including configu-

rational, vibrational, magnetic, and electronic thermally

excitable degrees of freedom, and by competition with

every relevant phase in the system. A structure on the 0 K

convex hull may not remain stable under synthesis or

operating conditions, whereas a structure above the 0 K

hull may become stable at finite temperature or may be

accessible as a metastable state through kinetic stabiliza-

tion. Zero-temperature screening is therefore useful, but it

is not a substitute for knowledge of finite-temperature

phase equilibria of a given materials system. CALPHAD

(calculation of phase diagrams) provides the practical

framework for connecting these predictions to finite-tem-

perature phase stability, processing, and phase constitution.

Autonomous synthesis does not eliminate these consid-

erations. The detection of diffraction peaks (or any other

structural signature) consistent with a target structure is

only an initial indication of synthesis. A convincing claim

of materials discovery should establish composition, phase

purity or phase fractions, structural disorder, reproducibil-

ity, processing history, and properties relevant to the

intended application. It should also determine whether the

resulting phase is stable, metastable, or transient under the

conditions of synthesis and use. These requirements

become especially important when automated platforms

employ processing routes that differ substantially from

those used in commercial manufacturing.

High-throughput experimentation itself is not new.

Combinatorial thin-film libraries, diffusion couples, and

diffusion multiples have long been used to explore com-

position and processing spaces efficiently.[[3,4]] Robotic

materials discovery also preceded A-Lab. In 2020, Cooper

and coworkers demonstrated a mobile robotic chemist that

autonomously performed and evaluated 688 wet-chemistry

experiments in search of improved photocatalyst formula-

tions.[[5]] More recent powder-synthesis platforms extend

this approach to the synthesis of predicted inorganic

compounds. They increase the number of compositions and

processing conditions that can be examined, but throughput

and automation alone do not make the resulting materials

feasible. Open-loop synthesis campaigns conducted with-

out knowledge of the relevant phase equilibria are unlikely

to yield materials with the desired phase constitution. They

may instead produce phase mixtures, metastable states, or

transient products specific to the synthesis route. Phase

diagrams and diffusion data are therefore needed to select

compositions and processing conditions, design appropriate

heat treatments, and determine whether the desired phase

constitution can be produced reproducibly.

The treatment of chemical disorder illustrates this prob-

lem. Most high-throughput density functional theory (DFT)

workflows evaluate stoichiometric, fully ordered structures

that can be represented using small periodic cells. Experi-

mental phase diagrams, however, also contain nonstoichio-

metric phases and solid solutions with finite composition

ranges and partial site occupancies. A chemically random

solid solution cannot be represented by a single small peri-

odic cell and, in the 0 K limit, will generally order or

decompose into lower-energy states. Describing its stability

at finite temperature requires a statistical treatment of con-

figurational entropy using approaches such as special

quasirandom structures, the coherent potential approxima-

tion, or cluster expansions.[[6–8]] Because these treatments

are not routinely included in high-throughput screening, a

substantial portion of experimentally relevant phase space is

either simplified or omitted.

This limitation also affects how predictions are compared

with experiments performed at elevated temperature. An

ordered structure predicted at 0 K may disorder during syn-

thesis, producing a solid solution with the same parent lattice

but a different thermodynamic state.[[9]] Observation of that

solid solution does not confirm the stability of the predicted

ordered compound. Conversely, a calculation may identify a

distinct ordered compound at a composition that lies within a

broad solid-solution phase field at the temperature of interest.

This distinction is particularly important in high-entropy and

compositionally complex alloys, where predictions based on

a small number of ordered configurations may not represent

the equilibrium phase constitution.[[10,11]] Establishing the

relationship between the predicted and observed states

requires finite-temperature free energies and an explicit

description of the corresponding order-disorder equilibria.

Lab-scale and combinatorial synthesis routes frequently

produce metastable or compositionally inhomogeneous

products. Thin-film deposition can retain amorphous pha-

ses or structures stabilized by substrate strain. Arc melting

can leave segregation or incomplete homogenization, and

additive manufacturing can preserve phases generated

during rapid solidification. The formation of a phase by one

of these methods establishes that it is accessible along that

processing path. It does not establish equilibrium stability.

Its formation, or non-formation, must be interpreted using

the equilibrium phase relations, transformation kinetics,

and thermal history of the experiment. Post-synthesis heat

treatment may be required before the observed phase

constitution can be compared with equilibrium predictions.

Phase diagrams should guide the design of high-

throughput experiments rather than serve only as retro-

spective tools for interpreting synthesis products. They

identify the relevant phase fields, competing phases, solu-

bility ranges, invariant reactions, and transformation tem-

peratures. Diffusion data provide the time and length scales

needed to choose annealing schedules and assess whether

local or bulk equilibrium is plausible. This information

determines which compositions, precursors, temperatures,
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and post-processing treatments should be explored. It also

provides a basis for distinguishing a failed synthesis from a

kinetically inaccessible target or an incorrect stability

prediction. CALPHAD therefore remains an essential ele-

ment of materials discovery. It identifies the composition-

temperature-processing regions capable of producing the

required phase constitution and provides the thermody-

namic framework needed to direct synthesis, heat treat-

ment, and manufacturing.

In alloy design, CALPHAD calculations can define the

feasible region before property optimization begins. A

composition that does not provide the required phase con-

stitution, transformation temperatures, solidification range,

or heat-treatment window should be excluded even if a

property model predicts attractive performance. Earlier

studies formulated this inverse phase-stability problem as the

identification of composition-temperature regions that satisfy

prescribed phase-constitution constraints.[[12,13]] Subsequent

work applied constraints on FCC stability and solidification

range, together with limits on density and thermal conduc-

tivity, to restrict the feasible alloy-design space before opti-

mizing mechanical response. Five design-make-test-learn

cycles identified a three-objective Pareto set after sampling

only 0.15% of the feasible space.[[14]] Senkov et al. similarly

used calculated phases and transformation temperatures to

screen more than 130,000 multicomponent systems and

select candidates for structural-alloy development.[[15]] In

this issue, Endsley et al. applied phase-stability and alu-

minum-activity constraints to tens of thousands of Nb-Mo-

Ti-Al-Hf compositions before synthesis, ultimately identi-

fying alloys that formed continuous, adherent alumina scales

at 1400 �C.[[16]] These studies show that phase-equilibrium

calculations do not merely explain what was synthesized.

Rather, they define the part of composition-processing space

in which optimization is physically meaningful.

Even after a feasible phase field has been identified, a

predicted crystal structure is not yet an engineering material.

High-throughput DFT generally evaluates the zero-temper-

ature energetic stability of a specified periodic crystal

structure.[[17,18]] An alloy used in service may instead con-

tain solid solutions, ordered and disordered domains, sec-

ondary phases, defects, interfaces, and a processing-

dependent microstructure.[[19]] These features often control

performance but are absent from the calculation that moti-

vated synthesis. A low formation energy or small distance

from the convex hull therefore does not establish that a useful

material can be produced.[[20]] The relevant question is

whether a practical processing route can generate and retain

the required phase constitution and microstructure under

manufacturing and service conditions.

Manufacturability imposes another set of thermodynamic

and kinetic constraints. An alloy selected for phase stability

and properties at its intended service temperature may still

have a wide freezing range, form low-melting phases during

solidification, segregate strongly, crack during casting or

additive manufacturing, or require impractical homogeniza-

tion treatments.[[21,22]] These are not secondary questions to be

addressed after discovery. They determine whether a nominal

composition can be converted into a reproducible bulk

material. CALPHAD solidification calculations and diffusion

simulations can be used to assess solidification paths, cracking

susceptibility, and homogenization times.[[21,22]] Process

models can then identify operating conditions that avoid

keyholing, balling, and lack of fusion during additive manu-

facturing.[[23]] A phase that can only be obtained as a thin film,

quenched droplet, or milligram-scale powder under narrowly

controlled laboratory conditions has not yet been shown to be

manufacturable.

None of this excludes metastable materials from con-

sideration. Many engineering materials depend on

metastable phases or microstructures retained by quench-

ing, deformation, deposition, or other controlled process-

ing.[[24,25]] Their use is possible because the transformation

path, kinetic persistence, and limits of the metastable state

are understood well enough to define a reproducible pro-

cessing window.[[24–26]] The same standard should apply to

high-throughput discovery. Producing a phase once is not

sufficient. The process must reliably generate the required

phase constitution at a relevant scale, and the material must

retain it during subsequent processing and service.

Throughput alone does not solve the materials-discovery

problem. A robotic platform can make more samples per

day, but an open-loop search that ignores phase equilibria,

diffusion, and manufacturing constraints will efficiently

explore compositions that cannot produce the required

phase constitution. Automation does not diminish the role

of CALPHAD. It makes thermodynamic and kinetic

models more valuable by directing experiments toward

composition-processing regions in which the desired phase

constitution can actually be produced and retained. Auto-

mated experiments should then test and refine those regions

using characterization sufficient to establish composition,

phases, microstructure, and properties. Success should not

be measured by the number of structures predicted or

samples synthesized. It should be measured by the identi-

fication of reproducible processing windows that yield the

required phase constitution, microstructure, properties, and

stability at a manufacturable scale.
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