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Design of compositionally modulated 
materials for controlled strain release 
during deformation through phase‑field 
simulations
Dong Wang,   Jiaming Zhu, Tianlong Zhang, and Yunzhi Wang* 

Impurity segregation and solute partitioning, which can lead to microscale concentration 
modulations (microCMs), are common phenomena in materials processed through various 
methods. Traditionally, these microCMs have been viewed as undesirable, necessitating 
costly homogenization treatments for their removal. However, in this study, we introduce an 
innovative alloy design strategy that capitalizes on the potential benefits offered by microCMs, 
as revealed through phase-field simulations. The majority of our simulation predictions have 
received strong support from experimental investigations, and these predictions have guided 
the development of new experimental designs for microCM alloys with exceptional properties. 
We highlight two notable examples. The first example demonstrates how microCMs can be 
strategically employed to regulate martensitic transformations, transforming them from typical 
sharp first-order transitions into broadly smeared continuous transitions. This modification 
results in quasi-linear superelasticity with an exceptionally low apparent Young’s modulus, 
as well as Invar and Elinvar anomalies. The second example showcases how microCMs can 
be harnessed to activate various solid-state phase-transformation mechanisms in distinct 
locations, including congruent transformation, pseudospinodal decomposition, and nucleation-
and-growth, leading to microstructurally modulated materials with excellent comprehensive 
mechanical properties. These studies challenge the conventional view of microCMs as 
unwanted byproducts, demonstrating their potential as a valuable resource for designing 
alloys with outstanding characteristics.

Introduction
Materials prepared through diverse processing methods inher-
ently exhibit both compositional and structural heterogeneity 
at nano- and micrometer scales.1,2 Achieving precise con-
trol over the microstructures of materials, and consequently 
their properties, necessitates the inclusion of homogenization 
treatment as a pivotal step in materials processing. Never-
theless, materials with homogeneous microstructures have 
encountered significant challenges in achieving a substan-
tially improved combination of properties, facing tradeoffs 
between strength and ductility3,4 as well as between yield 
strength and elastic modulus.5,6 To mitigate these tradeoffs, 

various strategies have been employed, such as introducing 
heterogeneous microstructures such as gradient or harmonic 
grain structures,7 hierarchical precipitate microstructures,8,9 
and nanoscale martensitic domain structures.6,10

Looking into the nature of shear deformation of materi-
als, whether it is carried by dislocations, mechanical twin-
ning, or martensitic transformations in crystalline solids, and 
shear transformation zones (STZs) in amorphous solids, we 
recognize some key common features, including autocataly-
sis driven by long-range elastic interactions and the occur-
rence of strain avalanches after yielding. Thus, we hypoth-
esize that if we could mitigate the autocatalysis by appropriate 
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microstructure engineering, we could achieve desired 
stress–strain behaviors for specific applications.

Phase stability and phase-transformation mechanisms 
are sensitive functions of alloy composition and, thus, they 
will modulate in a compositionally modulated material. This 
offers us the opportunity for engineer specific microstruc-
tures to effectively suppress autocatalysis and allow for a 
controlled strain release during either pseudoelastic11,12 or 
plastic deformations13,14 by controlling the wavelength, ampli-
tude, and mean of the composition modulations at nano- and 
micrometer scales (dubbed microCM hereafter). Previous 
studies have shown that concentration inhomogeneities in 
crystalline solids often give rise to inhomogeneities in lat-
tice parameter, elastic modulus, and phase stability that can 
have profound influences on microstructural development 
in microCM alloys and, hence, on their diverse properties.15 
Therefore, microCMs hold significant promises. Nevertheless, 
exploring the design variables of concentration modulations, 
including amplitude, wavelength, and mean, by experiment 
alone can be both costly and time-consuming.

The phase-field method is uniquely positioned to describe 
compositional and structural heterogeneities and their effects 
on phase transformations using continuous field variables (i.e., 
order parameters) to characterize the microstructure, allowing 
one to capture effectively the complex interplay between local 
chemical composition and structural transformations.16–19 In 
this article, we demonstrate that high-throughput phase-field 
simulations could significantly accelerate the design and 
optimization of microCM alloys for functional and structural 
applications. In the first example, we will showcase how to uti-
lize microCMs to regulate martensitic transformations (MTs) 
in shape-memory alloys (SMAs) by suppressing autocataly-
sis and turn the transformations from typical sharp first-order 
transitions with strain avalanches into continuous transforma-
tions with quasi-linear superelasticity and exceptionally low 
apparent Young’s modulus. The simulation predictions seem 
to be supported by experimental findings in the literature. In 
the second example, we demonstrate how microCMs could be 
harnessed to activate distinct solid-state phase-transformation 
mechanisms in different locations of a microCM alloy, lead-
ing to microstructurally modulated materials with exceptional 
comprehensive mechanical properties.

Design and optimization of microCM 
ferroelastic materials
Reducing the modulus of metallic orthopedic implants (such 
as Ti alloys) to match that of natural bones (~20 GPa) is criti-
cal for avoiding the longstanding “stress shielding” problem 
in bone implant applications,20–22 but it imposes a great chal-
lenge to physical metallurgy principles.5,23,24 The typical yield 
strength of Ti alloys is on the order of 1 GPa. If the alloy is 
required to have a 20 GPa modulus, then it must have an elas-
tic strain limit of 5% to retain its yield strength of 1 GPa. That 
would be an order of magnitude larger than the elastic strain 

limit observed in most metals (<0.5%). Thus, one must rely 
on alternative recoverable strain carriers, free from the limits 
of true elasticity, such as the pseudoelasticity related to revers-
ible, stress-induced structural phase transformations such as 
MTs in SMAs.25–27 However, the highly nonlinear pseudoe-
lasticity associated with normal MTs with high Young’s modu-
lus and strain avalanche (Figure 1a) makes the conventional 
SMAs unsuitable for such applications.

One of the strategies to solve this critical problem is by 
developing appropriate microCMs to suppress autocatalysis 
and converting the highly nonlinear pseudoelastic deformation 
(Figure 1a) into a linear superelastic deformation (Figure 1b) 
with controlled strain release during MTs. We hypothesize 
that by microCM design (see schematics in Figure 1d) one 
can induce appropriate spatial variations in the starting tem-
perature (Ms) and critical stress (σMs) for thermally induced 
and stress-induced MTs, respectively. The spatial variations in 
Ms and σMs will create nano-confinements to the MT process, 
effectively suppress autocatalysis and fundamentally change 
the MT characteristics from abrupt to gradual, which will lead 
to microCM ferroelastic materials that are superstrong, linear 
superelastic, avalanche- and hysteresis-free, and have ultralow 
modulus. This hypothesis is based on the fact that both Ms and 
σMs are strong functions of alloy composition (see Figure 1c). 
To test this hypothesis, we have carried out extensive phase-
field simulation studies6,28–34 and these studies indeed dem-
onstrate controlled strain release and exceptional properties 
not found in the compositionally homogeneous counterparts, 
including linear superelasticity, ultralow elastic modulus, and 
Invar and Elinvar anomalies in microCM SMAs and multi-
functional metastable β-Ti alloys.6,28–30,32,33,35–40 Detailed 
examples are presented next.

Design of microCM metastable β‑Ti alloys
As a representative group among multifunctional metasta-
ble β-Ti alloys, Ti–Nb-based alloys have emerged as highly 
promising candidates for advanced biomedical applications. 
This appeal is attributed to their exceptional biocompatibility 
and distinctive physical and mechanical attributes, including 
superelasticity across a broad temperature range, low modulus, 
high strength, good ductility, and the ability to fine-tune their 
coefficients of thermal expansion. Notably, the presence of 
nanoscale concentration modulations with Nb-lean and Nb-
rich regions has been identified through 3D atom probe tomog-
raphy (APT).39 However, how the roles played by the micro-
CMs in achieving their outstanding physical and mechanical 
properties are unclear.

To understand the unique stress–strain response of this 
alloy system, high-throughput phase-field simulations have 
been carried out to study stress-induced MT in a microCM 
Ti–Nb-based alloy, Ti2448 (short for Ti–24Nb–4Zr–8Sn–0.1O 
in wt%), with variable wavelength and amplitudes. A miscibil-
ity gap has been reported for Ti–Nb binary system35 and CAL-
PHAD calculations41 using a Thermo-Calc TCTi3 database 
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also show spinodal decomposition in Ti2448, with microCMs 
of Nb, Ti, and Sn within a temperature range of 750–900°C, 
above the β-transus. MicroCMs in the parent β phase of 
Ti2448 have also been reported in recent experimental stud-
ies.35 Spinodal decompositions typically produce microCMs 
at nanometer scales in three dimensions (3D) with interpen-
etrating morphologies (see Figure 2a). Such microstructures 
are incompatible with the self-accommodating polytwinned α″ 
martensitic domain structures42 and, thus, would impose con-
finements to the MT and alter its characteristics. However, the 
effectiveness and strength of the confinements will depend on 
the wavelength, amplitude, and mean of such microCMs. For 
example, the nucleation of martensite will be delayed to sig-
nificantly higher stress levels (or lower temperatures) when the 
wavelength is too small and amplitude is too high (for a given 
mean) to accommodate the self-accommodating martensitic 
nuclei. On the other hand, if the wavelength of the microCM 
is too large relative to the self-accommodating martensitic 
domain size or the amplitude is too small, the confinement 
will be too weak to suppress completely the autocatalysis and 
strain avalanche.

Our high-throughput phase-field simulations have revealed 
how the wavelength and amplitude of microCMs, generated 
through spinodal decomposition, impact the MT in Ti2448.6,29 

The dependence of Ms and the trans-
formation strain on Nb concentra-
tion in Ti2448 are available from the 
literature43,44 and is shown in Fig-
ure 2g. Figure 2a shows the simula-
tion results of a microCM of Nb in 
a single crystal (with an average Nb 
concentration of 15 at.%) produced 
by spinodal decomposition in the 
parent phase. The one-dimensional 
(1D) concentration wave along the 
body-diagonal of the computational 
cell and the statistical distribution 
of voxels with different Nb concen-
trations in the computational cell 
as a function of aging time for the 
spinodal decomposition are shown 
in Figure 2b–c, respectively. Being 
concentration-dependent,  σMs and 
the transformation strain modulate in 
space accompanying the microCM in 
the system. This leads to drastically 
different stress–strain (SS) curves 
(in terms of the hysteresis and criti-
cal stress for the MT, and a transition 
from pseudoelastic to superelastic 
behavior) for systems having differ-
ent microCMs (in terms of wave-
length and amplitude), as shown in 
Figure 2d. These differences are strik-
ing, ranging from substantial stress 
hysteresis and an evident stress pla-

teau (indicative of strong nonlinear pseudoelasticity) to more 
slender curves (close to linear superelastic) with minimal hys-
teresis. Correspondingly, the volume fraction of martensite 
versus applied stress curves showcase a similar transition, 
marking the shift from a sharp first-order MT to a higher-order, 
continuous transition (Figure 2e). Figure 2f shows the lattice 
correspondence between β phase and α phase.

An example of the detailed microstructural evolution dur-
ing the stress-induced MT upon loading and unloading is 
shown in Figure 3. In contrast to a compositionally uniform 
system, the stability of martensite and thus Ms modulate fol-
lowing the microCM. Upon loading, martensitic particles of 
preferred variants first appear in the Nb-leanest regions where 
the Ms is the highest (see Figure 2g) and σMs is the lowest. 
Because the surrounding layers require higher σMs to trans-
form, the MT can only proceed by a limited amount until the 
stress level reaches the σMs of the adjacent layer. This effec-
tively shut off the self-autocatalysis and avoided strain ava-
lanche, and the MT proceeded gradually toward Nb-richer and 
richer regions with increasing external load (Figure 3a–c, k). 
At the end of loading, most of the computational cell is occu-
pied by martensite, but retained austenite stays in regions of 
the lowest Ms and highest σMs (see the red oval in Figure 3d). 

a b

c d

Figure 1.   Schematic drawings of typical stress–strain curves anticipated for (a) highly non-
linear pseudoelastic deformation carried by unconstrained martensitic transformation (MT) 
in NiTi shape-memory alloy (SMA) having a uniform Ni concentration and (b) linear super-
elastic deformation with ultralow Young’s modulus carried out by confined MT in NiTi SMA 
having nanoscale concentration modulations. (c) Dependence of martensitic transformation 
start temperature (Ms), critical stress (σMs), and eigenstrains (λ1–λ3) on Ni concentration in 
NiTi SMA. (d) Schematic drawing of the Ms modulation corresponding to Ni concentration 
modulation. Regions with Ms above the testing temperature are highlighted in green, where 
martensite is stable.6,28 (a, b, d) Adapted with permission from Reference 6. (CC BY 4.0). (c) 
Adapted with permission from Reference 28. © 2020 Elsevier.
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Figure 2.   (a) Nb concentration modulation resulting from spinodal decomposition at different aging times. (b) One-dimensional Nb concentration 
profiles. (c) Statistical distributions of voxels with specific Nb concentrations in the computational cell. (d) Stress–strain curves during uniaxial 
tension along [100]. (e) The normalized volume fraction of martensite during cyclic loading. (f) Lattice correspondence between β (parent) and α″ 
(martensite) phases. (g) Dependence of martensitic transformation temperature (Ms) and eigenstrains (λ1–λ3) on Nb concentration in TiNb shape-
memory alloy.29 t* is the dimensionless time step in our simulations. Adapted with permission from Reference 29. © 2017 Elsevier.
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During unloading, the reverse transformation starts from these 
retained austenite regions, circumventing the need for nuclea-
tion of the austenite phase, and proceeds following a reverse 
sequence of the loading process (Figure 3e–h, l). Figure 3i 
shows the related stress–strain curve and Figure 3j concentra-
tion isosurface with Nb concentration of 9.3% and 19 percent.

Thus, these phase-field simulations have demonstrated that the 
overall MT characteristics can be effectively tuned from a typically 
first-order transition to a high order such as continuous transition 
by appropriate microCMs produced by spinodal decomposition 

through controlling the decomposition time (Figure 2a). These 
simulation predictions seem to be supported by recent experi-
mental observations.35,45 The simulation results reveal quantita-
tive details on how the wavelength and amplitude of the micro-
CMs vary with the progression of spinodal decomposition, and 
how microCMs influence the stress–strain behavior (such as the 
apparent Young’s modulus and the shapes and hysteresis of the 
stress–strain [SS] curves as shown in Figure 2d) in Ti2448. Thus, 
these simulations could provide useful guidance for the design of 
microCM ferroelastic alloys for desired stress–strain behaviors.

Furthermore, we have also dem-
onstrated by phase-field simula-
tions how to achieve simultaneously 
ultralow apparent Young’s modulus 
(12 GPa), nearly zero hysteresis, and 
linear superelasticity with a large 
elastic strain limit of 2.7% by tak-
ing advantage of a synergic effect 
between microCM and prestrain-
ing (i.e., by adjusting the microCM 
to introduce preexisting martensitic 
nuclei via prestraining to circum-
vent the nucleation events during 
the MT). As one may already note, 
the SS curves obtained in Figure 2d 
exhibit noticeable hysteresis and 
have an apparent Young’s modulus 
(for a single crystal) that is limited 
to 29.3 GPa. To achieve an ultralow 
apparent Young’s modulus, nearly 
zero hysteresis, and linear superelas-
ticity with a substantial elastic strain 
limit, a prestraining has been imple-
mented in our phase-field simulations, 
as shown in Figure 4. Figure 4a(i) 
shows the Nb concentration in the 
spinodally decomposed Ti2448. The 
Nb-lean and Nb-rich regions form a 
typical interpenetrating domain net-
work. Owing to the microCM in the 
parent phase, the hysteresis associ-
ated with the stress-induced MT is 
reduced drastically, as shown in Fig-
ure 2d, indicating that the mechani-
cal  behavior of the alloy depends 
strongly on the microCM. The SS 
curve in Figure 4a(ii), after the stress 
plateau, becomes almost linear and 
hysteresis-free. This finding implies 
that an almost linear pseudoelastic-
ity in the entire stress or strain range 
could be achieved if the initial hyster-
esis could be eliminated. We demon-
strate next that this can be achieved 
by adjusting the amplitude of the 

a b c
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Figure 3.   Microstructure evolution during martensitic transformation in a concentration 
modulated system during loading [(a–d), along [100]β], and unloading (e–h) processes. The 
locations of the microstructural states in (a–h) on the stress–strain  curve are indicated by 
the red dots in (i). In (a–h), the parent phase is set to be transparent and different variants 
(V) of the martensite are plotted as isosurfaces with different colors, as indicated in the 
color map at the bottom. (j) Nb-lean (green) and Nb-rich (orange) regions in the parent 
phase, where the green and orange isosurfaces correspond to Nb concentration of 9.3 and 
19.0 at.%, respectively. (k) and (l) are close-up observations of the growth and shrinkage of 
the martensitic particle indicated by the arrows during loading and unloading, respectively. 
The background in (k) and (l) shows the Nb concentration distribution in the parent phase 
around the martensitic particle.29 Adapted with permission from Reference 29. © 2017 
Elsevier.
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microCM + prestraining. Figure 4b(i) shows the existence of 
abundant retained martensitic particles after the unloading of 
the first loading cycle in the microCM modulated systems. 
This is because the martensitic phase is more stable in the Nb-
lean regions for the chosen microCM amplitude at the testing 
temperature. If we use the first loading–unloading cycle as 
prestraining (or training), then the retained martensitic par-
ticles will serve as operational nuclei and are ready to grow 
in subsequent loadings and, hence, eliminate the initial strain 
plateau and hysteresis associated with the need of nucleating 
martensite. As demonstrated in Figure 4b(ii), the SS curve 
obtained during the second loading–unloading cycle is almost 
hysteresis-free and almost linear, exhibiting a superelastic 
strain of ~2.7% at 400 MPa, with an apparent Young’s modu-
lus of 12 GPa.

Combined density functional theory (DFT) calculations and 
phase-field simulations also revealed a new strategy in design-
ing Ti–Nb-based alloys with exceptional mechanical properties 
(linear superelastic, hysteresis-free, and ultralow modulus). In 
addition to the conventional martensitic phase α″ (shear + shuf-
fle), shuffle-dominated O′ nanodomains were also observed 
in Ti–Nb-based alloys.38 These shuffle-dominated O′ nanodo-
mains can significantly influence the mechanical properties by 
affecting the formation of deformation twins and subsequent 

α″ martensite.37 This is because the presence of the shuffle-
dominated intermediate state of the O′ phase suggests that 
atomic shuffle precedes shear in the β → α″ transformation in 
Ti–Nb-based alloys and the O′ phase serves as the precursor of 
the α″ phase because they share the same shear modes. Crys-
tallographic analysis46,47 shows that if the shuffle takes place 
first, then the shear modes are severely limited.31,38 So, it is the 
nano shuffle domains that set the tone for the β → α″ transfor-
mation (i.e., the nano shuffle domains lead to nano martensitic 
domains).38 Note that there is no long-range elastic interaction 
among the shuffle domains because of the lack of shear and the 
shuffle domains are randomly distributed.

We hypothesize that if one could utilize the nanoscale CM 
to lock nano shuffle domains and then utilize the shuffle modes 
to lock the shear modes, then one would be able to suppress 
autocatalysis and turn the MT into a strain glass transition, 
the former yields long-range ordered, internally twinned mar-
tensitic plates (i.e., ordered strain patterns or strain crystals), 
while the latter yields randomly distributed nanodomains of 
martensite (i.e., disordered strain patterns or strain glass),48–50 
offering quasi-linear superelasticity with ultralow Young’s 
modulus. To test this hypothesis, we first carry out first-princi-
ples calculations (Figure 5a–f) to reveal the dependence of the 
equilibrium values of the shuffle and shear components on Nb 
concentration, which consequently defines the different equi-
librium structural states: α′ (characterized by complete shuffle 
and shear components), α″ (featuring partial shuffle and shear 
components), or O′ (dominated by the shuffle component). 
We then carry out phase-field simulations of the β → O′ → α″ 
transformations in microCM Ti–Nb-based alloys based on 
the first-principles calculations. The microstructure develop-
ment is shown in Figure 5g–h. Because of the constraint of 
the nanoscale CM and the strong dependence of the shuffle 
mode on Nb concentration, the shuffle-dominated O′ domains 
do not grow and coarsen, which leads to nanodomains of α″ 
martensite during subsequent MT.

The progression of these microstructures during cooling 
is further examined through detailed views of local regions 
enclosed by the black dashed squares in Figure 5g, h. Initially, 
nanodomains of different variants of the O′ phase emerge, fol-
lowed by the formation of nanodomains of α″ within the O′ 
domains. This pattern represents the characteristic microstruc-
tural feature of strain glasses. The O′ nanodomains material-
ize within the Nb-lean regions and grow toward the Nb-rich 
regions as the cooling progresses. Concurrently, the α″ nano-
domains form at the centers of the O′ nanodomains and expand 
toward the edges. In Figure 5i, linear stress–strain curves with 
minimal hystereses and small residual strains are observed 
over a broad temperature range (5–400 K) in the phase-field 
simulations. Figure 5j exhibits the temperature dependence 
of the hysteresis and remain strain and Figure 5k shows the 
volume fraction change under loading at different tempera-
tures. The calculated core–shell structures and hysteresis-free 
superelasticity are in good agreement with the experimental 
results.35,38,39

a(i)
a(ii)

b(i)

b(ii)

Figure 4.   (a[i]) Modulated Nb concentrations. (a[ii]) First loading–
unloading stress–strain curves under uniaxial tension along [001]. 
(b[i]) Microstructures following unloading after the first loading–
unloading cycle as shown in (a[ii]). (b[ii]) Stress–strain curves for 
the second loading–unloading cycle.6 PE, pseudoelastic.  t* is the 
dimensionless time step in simulations. Adapted with permis-
sion from Reference 6. (CC BY 4.0).
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Design of MicroCMs NiTi‑based SMAs
Similar to the Ti–Nb-based metastable β-Ti alloys, the widely 
used NiTi-based SMAs also exhibit a strong composition-
dependence of Ms and σMs when the alloys are Ni-rich.44,51 
We hypothesize that if microCM NiTi SMAs with appropriate 
CMs (see Figure 6a–b) could be synthesized, linear superelas-
ticity with vanishing hysteresis and ultralow Young’s modulus 
could be achieved as well. To test this hypothesis, various 
compositionally graded NiTi (CG-NiTi) systems have been 
investigated by high-throughput phase-field simulations to 
identity the critical CMs that could convert the flag-shaped 
stress–strain (SS) curve to a linear one28 (as shown schemati-
cally in Figure 1a–b). Since there is no miscibility gap in this 
alloy system, a multilayer configuration is considered, which 
could be synthesized by sputtering techniques. In Figure 6c–d, 
the microstructural evolution during the stress-induced MT 
and the corresponding SS curves of a multilayered bulk CG-
NiTi during the first and second loading–unloading cycles 
are presented. These curves reveal that the multilayer CG-
NiTi shown in Figure 6a–b, particularly in the second load-
ing cycle, maintains linear superelasticity with a recoverable 
strain limit of 4.6% and an ultralow apparent Young’s modulus 
of 8.7 GPa, accompanied by nearly zero hysteresis. As the 
external load increases, the martensitic domains formed in the 
bottom layer extend into the top layer, and the transforma-
tion front advances gradually. In other words, the interface 
between the austenite and martensite moves gradually from 

the Ni-lean layer toward the Ni-rich layer. Microstructure evo-
lution observed during the second loading cycle suggests that 
martensite nucleation is avoided due to the retained martensite 
from the first loading–unloading cycle.

Figure 6e illustrates the effect of concentration gradient in 
the CG layer and the CG layer thickness on the stress–strain 
behavior of these multilayered CG-NiTi SMAs. All three 
CG systems considered exhibit mechanically stable linear 
superelasticity ranging from 4 to 4.9% (Figure 6f). How-
ever, a slightly larger hysteresis and lower apparent Young’s 
modulus are observed as the concentration gradient becomes 
smaller, indicating a weaker regulation of the MT by the CG. 
In Figure 6g, the SS curves of the second cycle for systems 
with different thicknesses in the Ni-lean and Ni-rich layers 
are presented. These curves reveal that the CG-NiTi exhibits a 
reduced linear superelasticity as the Ni-lean and Ni-rich layers 
become thicker, as the former remains as martensite while the 
latter remains as austenite during the stress cycling and thus 
their reversible strain (elastic) is much smaller than that of the 
CG layer. It is noteworthy that the green curve in Figure 6g 
shows large hysteresis in contrast to the blue and yellow ones. 
This is because the prestraining effect disappears when the 
Ni-lean layer is too thin to stabilize the residual martensite, 
and nucleation of martensite is required upon each loading.

In addition to sputtering, precipitation52 and 
dissolution52,53 treatment could also produce nanoscale con-
centration modulation in Ni-rich NiTi SMAs. Phase-field 

a b

c d

e f

g

h

i j k

Figure 5.   (a–e) Energy landscapes from density functional theory calculations depicting the β → α′, β → α″, and β → O′ transformations for Ti–xNb 
(at.%) as a function of the shear and shuffle components. The shuffle mode is (011)[0¯11]β, and the shear mode is (2¯11)[11¯1]β. (f) Theoretical energy 
difference (ΔEβ → α′, ΔEβ → α″, and ΔEβ → O′, in mRy) with respect to Nb content. (g) A 2D Nb concentration field showing Nb concentration modula-
tions and the related microstructural evolution of nanodomains during cooling. (h) A closer view of the area outlined by the dashed box in (g).  
(i) Stress–strain curves acquired from the first loading–unloading cycle. (j) Hysteresis area and residual strain derived from the stress–strain curves. 
(k) Volume fraction of stress-induced α″ martensite during the first cyclic loading.31 Adapted with permission from Reference 31. © 2023 Elsevier.
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simulations have shown that Ni4Ti3 nanoprecipitates could 
be dissolved partially under up-quench + short-time solution 
treatment, generating microCMs. The microCMs also lead to 
a continuous MT behavior and superelasticity over a wide 
temperature range.

Design and optimization of microCM Ti alloys 
for structural applications
Titanium alloys have demonstrated an exceptional-specific 
strength among various structural materials, finding wide-
ranging applications in various fields. Nevertheless, they still 
grapple with the inherent tradeoff between strength, work-
hardening capacity, and ductility. Heterogeneous and gradient 
grain structures are believed to have the potential to overcome 
this dilemma via the so-called hetero-deformation mecha-
nism.54 However, achieving heterogeneous grain structure in 
Ti alloys is rather difficult and costly. We hypothesize that it 
is relatively easy to achieve an intragranular heterogeneous 
dual-phase precipitate microstructure and such a microstruc-
ture could lead to simultaneous enhancements in strength, 

work-hardenability, and ductility of Ti alloys. This hypoth-
esis is based on the fact that a rich variety of phase-trans-
formation pathways exist in Ti alloys and they are strongly 
composition-dependent. Thus, in a microCM Ti alloy, differ-
ent transformation mechanisms will be activated in different 
locations having different local compositions (Figure 7). To 
test this hypothesis, phase-field simulations have been used 
to aid the design of microCM Ti alloys with modulated pre-
cipitate microstructures. It has greatly accelerated the screen-
ing of possible microCMs that could be synthesized through 
different experimental processes and by controlling different 
processing variables.

MicroCM Ti‑alloy design by diffusion annealing 
of a multilayer system
The composition of Ti alloy significantly influences the pre-
cipitation process by altering the transformation pathways from 
congruent transformation to pseudo-spinodal decomposition to 
classical nucleation-and-growth.55,56 As illustrated in Figure 7a, 
the alloy composition relative to the critical composition, C0, 

a

b
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d

e

f

g

Figure 6.   Phase-field simulation of stress–strain (SS) behavior and the corresponding microstructural evolution in a compositionally graded NiTi 
(compositionally graded [CG]-NiTi) alloy during loading–unloading cycles. (a) Concentration gradient in the designed CG-NiTi computational 
cell. (b) Variation of Ni concentration along the z-axis of the computation cell shown in (a). (c, d) Simulated SS curves of the system shown in 
(a) during first and second loading–unloading cycles, respectively. (c1-c0 and d1-d10) The microstructure evolution during the first and second 
loading–unloading cycles, respectively. (e) Concentration profiles of systems with three different thicknesses in the CG layer. The concentration 
gradients of the CG layers in these systems are 0.002, 0.001, and 0.0005 at.%/nm, respectively. The inset shows 2D views of the concentration 
distributions in these systems. (f) SS curves of the systems shown in (e). (g) SS curves of systems having thickness of 25 and 140 nm in the Ni-
lean layer and 140 nm in the Ni-rich layer, respectively.28 Adapted with permission from Reference 28.  © 2020 Elsevier.
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at which the free energy curves of the α and β phases intersect, 
determines the transformation pathways. When the alloy com-
position is located on the left of C0 (in the red composition 
range in Figure 7a), a congruent β → α structural transformation 
takes place. Because of the relatively large precipitation driv-
ing force and the absence of solute partitioning (lack of long-
range diffusion), this congruent structural transformation yields 
ultrafine α precipitates (Figure 7b). In cases where the alloy 
composition is located on the right of C0, but close to C0 (e.g., 
in the green composition range in Figure 7a), thermal fluctua-
tions will make local compositions cross C0, which, in turn, 
activates the congruent β → α structural transformation locally, 
followed by solute partitioning. This mechanism is referred to 
as pseudo-spinodal decomposition.8,47,55,57,58 It leads to the for-
mation of fine α precipitates (Figure 7c). When the alloy com-
position is located to the right of C0 and significantly distant 
from it (e.g., in the blue composition range in Figure 7a), the 
β → α transformation adheres to the classical nucleation-and-
growth mechanism, yielding a substantially coarser α precipi-
tate microstructure (Figure 7d). This variation in precipitation 
mechanisms with alloy composition provides an opportunity 
to design a heterostructure featuring well-controlled precipitate 
microstructure gradients (Figure 7e) by introducing microCMs 
within the parent β phase.

Diffusion couple is one of the most intuitive approaches 
to achieve microCMs. As shown in Figure 7e, by placing two 
uniform Ti–V end-alloys together to form a diffusion cou-
ple in the unit cell of a multilayer system (under periodical 

boundary condition) in the phase-field simulation,58 interdiffu-
sion annealing at 650°C converts the initial square concentra-
tion wave into a sinusoidal one with V concentration varying 
continuously from 10.5 to 12.5 wt%. Then after a second step 
aging at lower temperatures (e.g., 550°C), the nucleation den-
sity and average size of the α precipitates change continuously 
in such a microCM Ti alloy because part of the system (c > C0) 
undergoes conventional nucleation-and-growth, part of the 
system (c ~ C0) undergoes pseudo-spinodal decomposition, 
and the other part of the system undergoes congruent structural 
transformation followed by decomposition. Such a modulated 
ultrafine to coarse precipitate microstructure is expected to 
have simultaneously enhanced strength and ductility.

MicroCM Ti‑alloy design by spinodal 
decomposition
Miscibility gaps within the β phase have been documented in 
numerous Ti-X alloys, including Ti–Mo, Ti–V, Ti–Nb, Ti–Cr, 
Ti–Si, and Ti–Sc.58 Notably, in contrast to the diffusion couple 
annealing approach, spinodal decomposition produces concen-
tration modulations at much finer scales by continuous phase 
separation via uphill diffusion. This offers the opportunity to 
design well-controlled microCMs in the parent β phase and, 
correspondingly, well-controlled fine-scale precipitate micro-
structure modulations upon second annealing at lower tem-
peratures below the β-transus.

Figure 8 showcases phase-field simulations of α precipi-
tation by a precursory spinodal decomposition mechanism 

a b c d

e

Figure 7.   (a) Schematic diagram of the free energy curves of α and β phases as a function of β stabilizer concentration in 
Ti alloys. ① Composition range within which congruent β → α structural transformation occurs leading to an ultrafine α precipi-
tate microstructure shown in (b). ② Composition range within which pseudo-spinodal decomposition mechanism operates, 
leading to a fine α precipitate microstructure shown in (c). ③ Composition range within which classical nucleation-and-growth 
mechanism operates, leading to a relatively coarse α precipitate microstructure shown in (d). (e) When a composition modula-
tion is present in the β matrix by diffusion annealing of a diffusion couple, different precipitation mechanisms will operate simul-
taneously, resulting in a modulated precipitate microstructure.58,59 (a–d) Adapted with permission from Reference 59. © 2023 
Elsevier. (e) Adapted with permission from Reference 58.  © 2020 Elsevier.
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through a two-step annealing heat treatment.58 At elevated 
temperatures above the β-transus, spinodal decomposition in 
the β phase takes place and generates a microstructure with 
isolated or interconnected solute-rich (β″, bright) and solute-
lean (β′, black) domains, depending on the alloy composi-
tion and annealing time, as depicted in Figure 8a, c, and e. 
Subsequently, quenching to a lower temperature activates the 
congruent structural transformation followed by decomposi-
tion or the pseudo-spinodal decomposition mechanism within 
the solute-lean β′ regions. This two-step heat treatment leads 
to various novel heterogeneous precipitate microstructures 
with high density of α precipitates in the β′ regions alone, as 
evident in Figure 8b, d, f, and g, including an inverted bimodal 
microstructures (Figure 8d, g).

MicroCM Ti‑alloy design by precipitate 
dissolution
MicroCMs in the β matrix of a Ti alloy could also be achieved 
by partial dissolution of α precipitates upon up-quench. In 
this case, the wavelength and amplitude can be controlled 
by the precipitation and up-quench heat treatments. To dem-
onstrate this opportunity, a three-step heat treatment process 
is formulated in the phase-field simulations for a prototype 
binary Ti–Mo alloy. The simulation results are shown in 
Figure 9.59 The three-step heat treatment consists of the fol-
lowing. Step 1: In this initial step, it is assumed that globu-
lar αp precipitates (widely available in α + β Ti alloys) exist 
with an area fraction of approximately 20 percent. Step 2: 
The sample is up-quenched to the single β-phase region (at 
920°C) and isothermally held for varying durations. Dur-
ing this period, the globular αp precipitates undergo a com-
plete structural transformation back to β. However, the 

homogenization of Mo concentration within the β matrix 
requires an extended time period. Initially, the “phantom” 
globular αp precipitates are still visible (Figure 9b[ii]), but 
they gradually diminish with longer aging times (Figure 9c[ii], 
d[ii]). This results in alternating Mo-rich and Mo-lean regions 
within the β matrix, featuring different α-stabilizer-rich and 
α-stabilizer-lean compositions. Step 3: In this final step, sam-
ples are quenched to and aged at a lower temperature. This 
step leads to the formation of various α + β microstructures, 
including a bimodal microstructure composed of globular αp 
and lamellar α, a heterostructure with alternating coarse and 
ultrafine lamellar α, structures with coarse and fine α plates, 
and a homogeneous structure with uniformly distributed α 
plates. The size scale of α plates in the homogeneous structure 
falls between that of the ultrafine and coarse α plates in the het-
erostructure. Additionally, as the aging temperature increases, 
both the coarse and ultrafine α plates undergo coarsening, 
although to different extents.

Encouraged and guided by these simulation results, a 
three-step heat treatment experiment has been carried out for 
Ti-55531 to develop heterogeneous precipitate microstructures. 
The results are shown in Figure 10. First, the as-received alloy 
was initially annealed at 800°C (within the α + β phase region) 
for 90 min to achieve a duplex microstructure with globular 
αp precipitates, which are approximately 1–3 μm in diameter 
and account for about 20% of the area in the SEM image (Fig-
ure 10a). Subsequently, the globular αp precipitates were par-
tially dissolved by up-quenching the alloy to the single β-phase 
region and isothermally holding at 920°C for 3 min. The con-
centration distribution in Figure 10c has shown the existence of 
concentration modulation. Finally, the alloy was aged at 600°C 
for 120 min. This heterostructure formed exhibits an alternating 
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Figure 8.   Microstructures for different alloy compositions obtained through the precursory spinodal decomposition mecha-
nism. (a, b) c = 35 wt%; (c, d) c = 57.5 wt%; (e–g) c = 50 wt%. (a, c, e) The concentration field produced by spinodal decom-
position in β, where the black regions are solute-lean β′ phase and the light gray regions are solute-rich β″ phase. (b, d, f) The 
structural order parameter field showing α precipitates formed in the solute-lean β′ regions. (g) Superposition of both the con-
centration (e) and structural order parameter (f) fields, showing a 3D interpenetrated α precipitate network structure.58 Adapted 
with permission from Reference 58.  © 2020 Elsevier.
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coarse and ultrafine α precipitates (Figure 10d–f) and such a 
heterogeneous precipitate microstructure has been shown to 
exhibit significantly enhanced strength and ductility (Fig-
ure 10g–h). The ability to control the precipitate microstruc-
tures through this process showcases the potential for tailoring 
the mechanical properties of Ti alloy through relatively simple 
heat treatments. Such an approach can also be found in the 
manufacturing of microCM advanced high-strength dual-phase 
steels (AHSS)60 by up-quench and partial dissolution of pearl-
ite in an Mn eutectoid steel.

MicroCM Ti‑alloy design by additive 
manufacturing
MicroCM Ti alloys can also be synthesized via 3D printing61 
and laser engineered net shaping (LENS),62 as well as co-
sputtering.63 Inspired by the phase-field simulation results, 
experiments have been conducted to introduce microCMs via 
laser-powder bed fusion (L-PBF) using a mixture of two dif-
ferent types of alloy powders, Ti–6Al–4V (Ti64) and 316L.64 
Figure 11 shows the typical microCM architecture achieved in 
an as-printed Ti64-(4.5 wt%)316L alloy.64 It is readily seen the 

Figure 9.   Simulated α precipitate microstructures produced by three-step heat treatment. (a[i], a[ii]) In Step 1 (structure and concentration, 
respectively) containing globular αp embedded in β. In Step 2 (b[i]–d[ii]), the alloy is up-quenched to β-phase region (920°C) for different times. 
In Step 3 (e[i]–p[ii]), the systems are aged at 550, 600, and 650°C, respectively. The images in color represent the structural fields, where red, 
green, and blue represent the three variants of the α precipitates in 2D, and dark blue represents the β matrix. The images in grayscale repre-
sent the concentration field, where dark gray represents α precipitates and light gray represents the β matrix.59  t* is the dimensionless time 
step in simulations. Adapted with permission from Reference 59.  © 2023 Elsevier.
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depletion of Ti, Al, and V (Ti64 elements) and the enrichment 
of Fe, Cr, and Ni (316L elements) in one of the swirls within 
the melt pool (Figure 11a), confirming the presence of micro-
CMs. The TEM results provide a closer look at the concentra-
tion variations of different elements from β to α′ martensite 
(Figure 11b, c), which indicate that as the alloy continues to 
cool, the regions with lower 316L content undergo the β–α′ 
martensitic transformation, while the regions with higher 316L 
element content remain as the metastable β phase. Therefore, 
by modulating the β-phase stability via microCMs of the 316L 
elements, a highly dispersed dual-phase microstructure con-
sisting of β and α′ phases has been achieved (see Figure 11e–i). 

This microstructure demonstrates a 
progressive transformation-induced 
plasticity (TRIP) effect, exhibiting an 
impressive tensile strength of approx-
imately 1.3 GPa, a uniform elonga-
tion about 9%, and an outstanding 
work-hardening capacity exceeding 
300 MPa.

Other means to produce 
microCM alloys
There are ample ways to create 
microCMs deliberately in materials 
processes, not limited to those we 
have demonstrated in the examples 
previously presented. For example, 
physical and chemical vapor deposi-
tion (PVD and CVD) and molecular-
beam epitaxy (MBE) methods can be 
used to synthesize films with precisely 
controlled composition gradients.65,66 
Sol–gel techniques can create gels 
with varying concentrations in mate-
rials,67 which can be subsequently pro-
cessed to form microCMs in ceramics 
and composites. The choice of method 
depends on the specific materials and 
the desired microstructures.

Conclusions
In this article, we showcase how 
phase-field modeling has aided the 
design of microCM alloys with 
unique physical, functional, and 
mechanical properties. MicroCMs 
can be deliberately created in shape-
memory alloys, titanium alloys, and 
advanced steels by employing meth-
ods such as spinodal decomposition, 
interdiffusion, partial dissolution 
of precipitates via up-quench, and 
incomplete mixing of two dissimi-
lar alloy powders in the melt pool 

of L-PBF. The benefits of microCMs in these alloys include 
(a) taming the martensitic transformations from typical sharp 
first-order transitions into apparently continuous transitions 
and, thus, rendering the microCM SMAs and microCM meta-
stable β-Ti-alloys quasi-linear superelastic with vanishing 
hysteresis, exceptionally low apparent Young’s modulus, and 
Invar and Elinvar anomalies; (b) activating various solid-state 
phase-transformation mechanisms in distinct locations within 
microCM α + β Ti alloys, including congruent transformation, 
pseudo-spinodal decomposition, and nucleation-and-growth, 
which leads to the formation of microstructurally modulated 
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Figure 10.   Heterostructure of Ti-55531 alloy obtained through three-step heat treatment: 
(a) Step 1, (b) Step 2, (c) concentration maps, (d) Step 3. (e, f) Fine and coarse α at different 
locations. (g) Comparison of tensile properties between Ti-55531 alloys having heterostruc-
ture and homogeneous structures. (h) Comparison of tensile properties of the heterostruc-
tured Ti-55531 (HET) with other Ti alloys.59 EDS, energy-dispersive spectroscopy; GBs, 
grain boundaries. Adapted with permission from Reference 59.  © 2023 Elsevier.
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Ti alloys with excellent comprehensive mechanical proper-
ties; and (c) modulated metastable/stable precipitate micro-
structures that offer synergistic combinations of dislocation 
plasticity and transformation-induced plasticity and, thus, high 
strength, work-hardenability, and uniform elongation. These 
findings highlight the significance of phase-field modeling in 
shaping a new alloy design strategy (i.e., microCM, to harness 
unprecedented properties).

Acknowledgments 
Y.W. acknowledges the support from the National Sci-
ence Foundation under Grant No.  DMR-2333551. D.W. 
acknowledges the support from the National Natural Sci-
ence Foundation of China (NSFC) (Grant Nos. 52171012 
and 51931004), the National Key Research and Develop-
ment Program of China (Grant No. 2021YFB3702603), 
and 111 project (BP2018008). J.Z. acknowledges the sup-
port from the National Natural Science Foundation of China 
(Grant No. 12372152), Qilu Young Talent Program of Shan-
dong University, Zhejiang Lab Open Research Project (No. 
K2022PE0AB05), and Shandong Provincial Natural Science 
Foundation (ZR2023MA058) and Guangdong Basic and 

Applied Basic Research Foundation (No. 2023A1515011819
, 2024A1515012469). T.Z. acknowledges the support R9892 
startup funding from The Hong Kong University of Science 
and Technology.

Author contributions 
Y.W. designed this paper, and all authors contributed to the 
writing and revision of the manuscript.

Funding 
Funding was provided by the National Science Foundation 
under Grant No. DMR-2333551 (Y.W.), the National Natu-
ral Science Foundation of China (Grant Nos. 52171012, 
51931004, and 12372152) (D.W.), the National Natural Sci-
ence Foundation of China (Grant No. 12372152), the support 
R9892 startup funding from The Hong Kong University of 
Science and Technology (T.L.Z.).

Data availability 
Not applicable.

Conflict of interest 
There is no conflict of interest.

a

b

c d e

f

g

h

i

Figure 11.   Microscale concentration modulations and microstructures of an as-printed Ti64-(4.5%)316L alloy. (a) Scanning electron micros-
copy-energy-dispersive spectroscopy (SEM–EDS) maps of different elements within one of the swirls of the melt pool. (b) Scanning transmis-
sion electron microscopy (TEM) image of the β–α′ interphase region. (c) Composition profiles along the EDS-line scan in (b). (d) Side-view 
cross-sectional backscattered electron (BSE) image. The inset shows a photograph of the as-printed Ti64-(4.5%)316L tensile specimen and 
rod. (e) Enlarged BSE image showing the lava-like heterogeneous microstructure. (f) Fine acicular α′ martensite as observed by TEM bright-field 
image. (g) Ultrafine twin structure as observed by TEM bright-field image. (h, i) Electron backscatter diffraction EBSD images of as-printed Ti64-
(4.5%)316L. (h) Band contrast image of side-view cross section showing the ultrafine grain structure without columnar grains. (i) Inverse pole 
figure map of the top-view cross section showing grain orientations of β and α′ phases.64 Adapted with permission from Reference 64. © 2021 
AAAS.
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