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Abstract—Metastable disperse states arising from decomposition in alloys are of considerable interest and
have an important practice-related significance, providing high strength properties. Recently, the stabiliza-
tion mechanism of disperse states through the formation of a shell enriched in alloying elements has attracted
special attention. The paper presents a concise overview of the theoretical concepts pertaining to the forma-
tion and stabilization of disperse states in alloys, along with recent findings from first-principles atomistic
simulations of Al–Cu–X, Fe–Cu–X, and Al–Sc–Zr alloys, wherein precipitates with a core–shell structure
have been observed. Furthermore, the paper addresses the conditions of kinetic and thermodynamic stabili-
zation of precipitates in relation to coalescence processes during annealing.
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1. INTRODUCTION
One method of creating new materials is through

the formation of specific structures that impart the
requisite properties. It is of particular interest to con-
sider bulk nanostructured materials comprising struc-
tural elements with a characteristic size of approxi-
mately 100 nm, which offer the potential to implement
unusual physical and mechanical properties. Despite
significant advancements in the understanding of the
intrinsic properties of nanomaterials over the past few
decades, the precise physical mechanisms that govern
the formation and stability of their microstructure
remain a topic of ongoing discussion [3–7].

The formation of nanoscale microstructures
during quenching can be attributed to the stabilization
of the incomplete stage of phase transformations. In
such cases, a regular tweed structure with a pro-
nounced short-range can be observed as a conse-
quence of spinodal decomposition [8]. Known exam-
ples of such structural states include stripe magnetic
domains [9], antiphase domain structure in tetragonal
ordered alloys [10], and lamellar martensitic [11, 12]
or pearlitic [13] structure in steels. In this case, a sig-
nificant role in the stabilization of structural states is
played by long-range (elastic and magnetic) interac-
tions [6].

There is another, actively investigated class of
materials, whose structure is characterized by the
presence of stable or metastable nanoscale precipitates

in the alloy matrix [7]. Examples of this kind of het-
erogeneous state include Guinier–Preston pre-pre-
cipitates (zones) (or K-states [14]) in aluminum alloys
[15, 16], as well as the formation of athermal ω-phase
in Ti and Zr alloys [17], as well as in the Cu–Zn system
[18], formation of Cu precipitates in Fe [19], Pb in Al
[20], and Al3Sc phase in Al [21].

The traditional phase transformation theories
encounter significant challenges when attempting to
explain the stability of the structural states that are
formed in these cases (for further details, refer to the
discussion in [5]). In the context of approaches that
consider the volumetric and surface energies of pre-
cipitates, the nuclei of a new phase either dissolve
(if their size is below the critical size) or grow indefi-
nitely [8, 14, 22].

To explain the formation of stable disperse states,
various generalizations of classical concepts have
been proposed, which take into account the relief of
the elastic energy of the alloy due to loss of coherence
at the boundary of precipitates [5, 14, 23], segrega-
tion of impurities at phase interfaces [23–25], and
lattice misfit in the matching of precipitates and the
matrix [26].

In recent years, there has been a notable increase in
research activity focused on the formation and stabil-
ity of disperse composite precipitates with a
core−shell structure. Examples of such systems
include Al–Cu–(Mg,Zr) [27, 28], Fe–Cu–Ni–Al
1175
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Fig. 1. Spinodal instability regions for two components in
the state diagram of a three-component alloy (schematic
view). Dashed lines correspond to the temperature T1,
when the spinodal decomposition areas do not overlap.
Solid lines correspond to lower temperature T2 < T1, at
which the overlap of spinodal regions is realized.
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[29, 30], and Al–(Sc,Zr) [31–33]. In the present
work, we provide a concise overview of recent findings
derived from theoretical investigations into these
alloys, preceded by discussion of the general condi-
tions conducive to the formation of metastable
disperse precipitates.

2. FORMATION CONDITIONS 
OF THE PRECIPITATES 

WITH CORE−SHELL STRUCTURE
There are two main scenarios of decomposition in

alloys: according to the classical mechanism of nucle-
ation and growth of new phase precipitates, and
spinodal decomposition. Since the appearance of new
phase nuclei requires thermal activation, the new
phase is formed heterogeneously, at grain boundaries
and other lattice defects. Therefore, the spinodal
decomposition mechanism is preferred for the forma-
tion of disperse heterogeneous state, when nuclei of a
new phase are formed in the grain volume sponta-
neously or with the activation energy Δ E ~ kT [34].

At the intermediate stage of spinodal decomposi-
tion, a highly disperse state is formed, which can be
‘frozen’ by rapid cooling. The Fe–Cr and Fe–Cu
binary alloys are well-known examples of the imple-
mentation of such a mechanism [35]. Note that in the
Fe–Cu alloy, spinodal decomposition commences in
α-Fe with the formation of α-Cu nanoprecipitates,
whose BCC lattice is rearranged into FCC when the
critical size is reached [36].

The spinodal decomposition pattern in a three-
component alloy is typically quite complex, since it is
determined by the convexity of the free energy func-
PHYSICS OF METAL
tion along the spectrum of possible directions in the
state diagram. In general, the spinodal decomposition
of a three-component alloy was considered in [37, 38].
Figure 1 illustrates a particular case of the state dia-
gram for a three-component alloy in presence of a
decomposition stimulus affecting all components
(i.e., the interaction energy between atoms of α and β
varieties, vαβ < 0). Should the figurative point of the
alloy be situated within the region of overlapping
spinodal regions (depicted in dark areas on the dia-
gram), the expectation is that spinodal instability will
manifest itself on different component pairs. In this
case, it is conceivable that the precipitates of one com-
ponent may stimulate the nucleation or impede the
growth of the precipitates of another component,
leading to an increase in alloy dispersion [7].

A common feature of various scenarios of spinodal
decomposition is the coarsening of the microstructure
during the ageing process, which is caused by the
coalescence of precipitates. Nevertheless, even at ele-
vated temperatures, this process can be decelerated or
even halted entirely by the loss of lattice coherence,
the segregation of phases at phase interfaces, or the
precipitations of new phases during decomposition.

The theory of grain boundary segregation predicts
that anomalous kinetics of grain growth and the
appearance of equilibrium grain size if the segregation
energy is higher (in modulus) than some critical value
[39]. This effect was validated experimentally and by
numerical simulations [24, 25]. The concepts of refer-
ence [39] can be applied to the analysis of segregation
at phase interfaces. In [40], Monte Carlo simulation of
alloy decomposition has demonstrated the possibility
of forming equilibrium dispersive states due to the seg-
regation of impurities at the phase interface. More-
over, the average size of the precipitates could decrease
during evolution.

3. DECELERATION OF THE PRECIPITATE 
GROWTH AT THE STAGE OF COALESCENCE

The conditions of kinetic stabilization of precipi-
tates during spinodal decomposition in a three-com-
ponent alloy were considered in detail in [41]. Figure 2
shows the situation when the decomposition leads to
the formation of the core–shell structure (time is
given in dimensionless units,  where t is

time,  is the diffusion coefficient of atoms of vari-
ety A in the matrix (M), and L is the size of the simu-
lation domain). From a thermodynamic perspective,
the atoms of A and B varieties both exhibit tendencies
towards decomposition. This is observed both within
the matrix and in relation to one another, with all
energies vαβ < 0. Concurrently, component B exhibits
adequate mobility within the precipitate volume A yet
minimal mobility within the matrix (M). At tempera-
tures below the critical point, the overlap of spinodal

( )τ = M 2
A ,tD L

( )M
АD
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Fig. 2. Spinodal decomposition kinetics over component A and the formation of a “locking” shell enriched with a low-mobility
component B [41].
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Fig. 3. Evolution of the maximum precipitate size of com-
ponent A (with respect to the size of the computational

domain L) [41]: (1) at  = 0 (the shell is not formed);

(2)  , ; (3) 
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regions is achieved (see Fig. 1), resulting in the
decomposition with the participation of component A
and the displacement of component B from the pre-
cipitates into the matrix.

“Locking” shell around the precipitates of compo-
nent A (Fig. 2) represents a phase of intermediate
composition A–B and is formed under the assumption
of the concentration dependence of the mixing energy
vBM [41]. In the absence of this dependence, second-
ary precipitates of component B (‘discontinuous
shell’) are formed around the primary separation of
component A, which, at the appropriate ratio of diffu-
sion coefficients, can also stabilize the disperse state.

Figure 3 shows the time dependent maximum size
of precipitate of the component A in the case of con-
tinuous shell formation at different ratios of diffusion
coefficients (  are the intrinsic diffusion
coefficients of component A in the matrix and shell,
and component B in the matrix and precipitates of
component A, respectively, which were assumed in
[41] to be equal to the corresponding isotopic diffusion
coefficients). It can be observed that the decomposi-
tion process develops most rapidly when the diffusion
of component B is completely frozen (curve 1). The
redistribution of component B results in the formation
of a shell, which retards the decomposition by compo-
nent A (compare curves 1 and 2). At the same time,
the most effective stabilization of precipitates is
achieved if the mobility of component A decreases in
the region of the formed shell (curve 3), i.e., precipi-
tates of component A are actually isolated from the
matrix.

It should be noted that in the considered case the
shell formation is energetically favorable, while the
stability of the formed structure has rather kinetic rea-
sons. Another scenario of kinetic stabilization is possi-
ble, when a non-equilibrium shell enriched with com-
ponent B is formed around the precipitate, but with-
out phase formation. Such a case is apparently
implemented in the Al–Zr–Sc alloy [31] and will be
discussed below.

( ) ( )M,shell M,A
A B,D D
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4. SIMULATION RESULTS
4.1. Stability of Guinier–Preston Zones 

and θ ′-Phase Precipitates in Al–Cu–X Alloys

The high strength of aluminum alloys is achieved as
a result of the formation of nanoscale precipitates
during annealing at moderate temperatures. The
application of modern methods of first-principles
simulation has facilitated an understanding of the pro-
cesses occurring at the early stages of decomposition,
as well as the formation of pre-precipitates in Al–Cu–
X alloys (Guinier–Preston zones, GPZ [15]). The for-
mation of GPZs in the form of plates parallel to {100}
of the matrix can be attributed to the minimization of
elastic stresses [5, 14]. From an alloy theory perspec-
tive, this phenomenon can be consistently accounted
for by the contribution of multiparticle interactions
[42]. The annealing of Al–Cu alloys at temperatures
above room temperature results in the growth of GPZs
25  No. 11  2024
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Fig. 4. Precipitates formed in BCC−Fe after 1.5 × 105 MD +
MC steps at T = 775 K (a). The red color corresponds to
Cu, blue—to Ni, and green—to Al. Distribution of atoms
along the precipitate radius (b). (MD + MC—Molecular
Dynamics + Monte Carlo simulation.)
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and their rearrangement in accordance with the fol-
lowing scheme: GPZ I (comprising a single layer of Cu
atoms) → θ"(GPZ II) → θ'-phase → θ-phase [5]. This
process results in the coarsening of the precipitates
and a concomitant deterioration of the strength prop-
erties.

Recently, Al–Cu alloys containing Mn or Zr have
been presented, whose additives allowed stabilizing
the fine structure of θ'-precipitates up to rather high
temperatures [27, 44]. High-resolution electron
microscopy revealed the presence of segregations of
Mn and Zr at the boundary of θ′-precipitates with the
matrix [44]. An explanation of this phenomenon
based on the results of ab initio calculations was pro-
posed in [27].

A sequential ab initio calculation of the interaction
of alloying elements with the coherent boundary of
θ′-precipitates in Al–Cu-based alloy was conducted in
[28]. The results revealed that the θ′-precipitate
boundary half-filled with Cu atoms is the most ener-
getically preferable, and it is exactly such a boundary
that is formed according to the rearrangement mecha-
nism θ"(GPZ II) → θ'-phase, proposed in [45]. It is
shown that the peculiarities of chemical bonding
determine the interactions of alloying elements with
the coherent boundary of the θ′-phase. The value of
the calculated interaction energies for elements with
PHYSICS OF METAL
closed (Cu, Zn) or unfilled (Mg, Si) d-electron shell is
small (<–0.1 eV) in comparison with transition d-met-
als (Mn, Zr), for which it is approximately –0.3 eV.

Thus, the results of ab initio simulation [27, 28]
demonstrate that doping by Mn or Zr will lead to the
formation of segregations at the θ' phase boundary.
However, the question of whether these segregations
are sufficient to prevent the growth of θ'-precipitates
remains open and requires further investigation.

4.2. Decomposition Kinetics and Stability 
of Precipitates in Fe–Cu–(Ni, Al) Alloys

Copper is the sole alloying element in steel that
exhibits a proclivity for clustering [35, 46]. The forma-
tion of BCC–Cu nanoscale precipitates within the
α-Fe matrix in the Fe−Cu system results in the attain-
ment of high strength properties while maintaining
ductility [19, 47, 48].

The decomposition kinetics of supersaturated Fe–
Cu–Ni–Al solid solutions has been investigated in
detail experimentally. In low-carbon steels alloyed
with Cu, Ni, Al, and Mn very high strength of about
1600 MPa can be obtained after aging at 500–550°C
for 1–2 hours [49]. The microstructure of Fe–Cu–
Ni–Al–Mn alloys with different total content of alloy-
ing elements was investigated in [50, 51]. It is shown
that high strength properties of the alloy with low con-
tent of alloying elements are conditioned by the for-
mation of Cu particles, whose surface is enriched in Ni
and Al atoms (co-precipitation mode [3]). With an
increase in the Ni and Al content, the kinetics of
decomposition changes, resulting in the formation of
precipitate particles based on Cu and the B2 NiAl
intermetallic compound as a result of aging.

The decomposition and formation of precipitates
in BCC alloys of Fe–Cu–Ni and Fe–Cu–Mn were
investigated in [30] by statistical Monte Carlo simula-
tion with first-principles effective interatomic interac-
tions. The results have demonstrated that Ni promotes
the formation of Cu precipitates and segregates to the
Cu/Fe interfacial surface, while Mn has no significant
effect on the decomposition.

In [52, 53], a complex MD + MC approach, which
includes Monte Carlo and molecular dynamic simula-
tion, was employed to investigate the kinetics of the
precipitates formation in a Fe–1.5 at % Cu–2.0 at %
Ni–1.5 at % Al multicomponent low-doped alloy. It
has been demonstrated that during the annealing pro-
cess, a layer comprising a high concentration of Al and
Ni atoms forms on the surface of Cu nanoparticles
(Fig. 4).

As shown in [52], the decomposition of the alloy
commences with the formation of Cu clusters. Despite
the higher diffusion coefficient of Al and Ni atoms in
the BCC–Fe matrix, the formation of clusters
enriched in Ni and Al atoms does not occur. The for-
mation of NiAl particle nuclei should be anticipated in
S AND METALLOGRAPHY  Vol. 125  No. 11  2024
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Fig. 5. Averaged local concentration of Sc and Zr formed
during annealing at T = 800 K as a function of the distance
to the center of the precipitate (a—lattice parameter) [33].
In fragments (a) and (b) all parameters are the same with
the exception for Г2—exchange frequency of atoms of the
second neighbors, which is 10 times more in fragment (a)
in comparison with (b).
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alloys exhibiting a markedly elevated Ni content. For
Fe–Cu–Ni–Al alloys with a close content of Cu, Ni,
and Al, the decisive factor is the interaction energy
between Cu atoms, which significantly exceeds the
energies of other types of interaction and determines
the high driving force causing the formation of precip-
itates.

The formation of a shell comprising Ni and Al
atoms inhibits the growth of Cu particles. As a result,
the formation of Cu nanoparticles of a considerably
smaller size is observed in the Fe–Cu–Ni–Al alloy in
comparison to the binary alloy. Thus, the addition of
Ni and Al to the Fe–Cu alloy, even in trace amounts,
impedes the growth of Cu particles. This is due to the
formation of a protective shell and the activation of a
mechanism analogous to that described in Section 2.

4.3. Non-Equilibrium Core–Shell Structures
in Al–Sc–Zr Alloys

Alloying with Sc is another known way to increase
the strength properties of Al alloys. The formation of
nanoscale coherent Al3Sc precipitates with L12 super-
structure significantly increases the strength of Al
alloys at temperatures up to 300°C [21, 55, 56]. How-
ever, further increase in temperature results in a rapid
coarsening of precipitates and loss of strength proper-
ties. The introduction of Zr as a microalloying element
results in the formation of Al3(ScXZr1 – X) nanoparti-
cles. As a result, the alloy exhibits high strength prop-
erties up to temperatures of ~500°C. According to the
existing views, the increase in precipitate stability is
due to the formation of a distinctive precipitate struc-
ture comprising a predominantly Sc-containing core
and a Zr-enriched shell [32, 57, 58].

The formation of precipitates during annealing in a
supersaturated Al–Sc–Zr solid solution was investi-
gated through kinetic Monte Carlo simulation using
ab initio calculated interatomic potentials [31]. The
simulation results have revealed a clear tendency
towards the formation of a Zr-enriched shell. How-
ever, they did not allow for a conclusion to be drawn
regarding the stabilization mechanism of precipitates,
especially at the stage of coalescence. Moreover, as it
was found experimentally [32], the structure of
Al3(ScXZr1– X) precipitates is quite complex and is
characterized by notable heterogeneity in the distribu-
tion of both Zr and Sc, which is not reproduced by the
model [31].

A more consistent approach, based on the statisti-
cal theory of alloys with the first-principle parametri-
zation of interatomic interactions was used in [33] to
simulate both the formation of precipitates and their
dissolution. It was shown that the core–shell structure
is formed in a certain range of parameters and is very
sensitive to the details of the diffusion mechanism in
the alloy.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The diffusion mechanism in an ordered L12 parti-
cle is complex, and the diffusion process, which leads
to the exchange of first neighbors, is energetically
impeded because it causes the order-disorder transfor-
mation. Accordingly, in reference [33], the inter-
change of atoms occupying the positions of both first
and second neighbors was contemplated.

As can be seen from the results shown in Fig. 5a,
with increased exchange frequencies over the second
neighbors Г2, the usual core–shell structure is formed.
At the same time, a decrease in the frequency of Г2
radically changes the pattern (Fig. 5b): thus, stratifica-
tion is observed inside the particle, both in scandium
and zirconium. It is precisely this structure of precipi-
tates that has been observed experimentally [32].

The simulation conducted in [33] has demon-
strated that the presence of a Zr-enriched shell
impedes the dissolution of minor precipitates, thereby
inhibiting the coarsening of the structure. Conse-
quently, the formation of the particle structure of the
core–shell type significantly alters the evolution of the
ensemble of precipitates during annealing, enhancing
their thermal stability.
25  No. 11  2024
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CONCLUSIONS

The implementation of metastable dispersed states
is a common practice in the production of alloys, since
it allows for the attainment of high strength properties
while maintaining sufficient ductility. Among the pro-
cesses that result in the formation of these states, the
formation of precipitate particles with a core–shell
structure occupies a special place. This requires the
fulfillment of specific conditions (Section 2), provid-
ing energetically advantageous formation of the
disperse state. The stability of the resulting structure is
typically determined by kinetic factors (Section 3) and
the presence of a shell (in the form of a phase layer of
intermediate composition), which prevents the coars-
ening of the structure at the coalescence stage. The
results of atomistic simulation testify to the implemen-
tation of exactly such a mechanism in Fe–Cu–(Ni,Al)
and Al–Sc–Zr alloys. At the same time, in the Al–
Cu–X system the increased stability of θ'-phase is
attained as a consequence of the change of surface
energy due to the formation of segregations.
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