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Abstract

This study presents the design and microstructural investigation of a single-crystal (SX)
Re-bearing high-entropy superalloy (HESA-X1) featuring a thermally stable γ–γ′–γ hierar-
chical microstructure. The alloy exhibits FCC γ nanoparticles embedded within L12-ordered
γ′ precipitates, themselves distributed in a γ matrix, with the suppression of detrimental
topologically close-packed (TCP) phases. To elucidate solidification behavior and phase
stability, Scheil–Gulliver and TC-PRISMA simulations were conducted alongside SEM
and XRD analyses. Near-atomic scale analysis in 3D using Atom Probe Tomography
(APT) revealed pronounced elemental partitioning, with Re strongly segregating to the
γ matrix, while Al and Ti were preferentially enriched in the γ′ phase. Notably, Re demon-
strated a unique partitioning behavior compared to conventional superalloys, facilitating
the formation and stabilization of γ nanoparticles during two-step aging (Ag-2). These
γ nanoparticles significantly contribute to improved mechanical properties. Long-term
aging (up to 200 h) at 750–850 ◦C confirmed exceptional phase stability, with minimal coars-
ening of γ′ and retention of γ nanoparticles. The coarsening rate constant K of γ′ at 750 ◦C
was significantly lower than that of Re-free HESA, confirming the diffusion-suppressing
effect of Re. These findings highlight critical roles of Re in enhancing microstructural
stability by reducing atomic mobility, enabling the development of next-generation HESAs
with superior thermal and mechanical properties for high-temperature applications.

Keywords: Re-bearing HESA; solidification; elemental partitioning; hierarchical microstruc-
ture; phase stability

1. Introduction
High-entropy materials (HEMs) have emerged as a novel class of materials charac-

terized by high configurational entropy, offering unique structural and functional proper-
ties [1–5]. Among these, high-entropy alloys (HEAs) have attracted significant attention as
promising alloy systems for structural applications. The basic definition of HEA, which
contains at least five or more major elements and each of which does not exceed 35 at.%,
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was first proposed by Yeh [1]. HEAs have been reported to exhibit excellent mechanical
and chemical properties, such as high hardness [6,7], high wear resistance [8,9], and good
corrosion resistance [10,11]. For high-temperature applications, precipitation and solid
solution strengthening are considered. It had been reported that the tensile strength of
HEAs could be enhanced by precipitation strengthening [12–14] or nitride HEA [15]. In
addition, refractory HEAs are important for high-temperature applications and have been
the focus of significant research and development [16–18]. However, the elevated tem-
perature tensile strength of HEA could be limited by insufficient fractions and relatively
low solvus of strengthening phases in HEAs [19]. Additionally, refractory high-entropy
alloys tend to display inferior tensile properties at high temperatures compared to con-
ventional superalloys [20]. Therefore, according to previous studies [21–23], nickel-based
superalloys exhibit superior mechanical properties at high temperatures around 600 ◦C to
1050 ◦C and have been widely used so far as turbine engines or blades in aerospace and
energy industries. Their superior high-temperature mechanical properties have resulted
from the coherent L12-ordered γ′ precipitates embedded in the face-centered cubic (FCC)
γ matrix. Therefore, the high-entropy superalloy (HESA), which combines the advantages
of nickel-based superalloys and HEA, was proposed [24]. From a thermodynamic perspec-
tive, HESAs possess inherent advantages over conventional superalloys, as their elevated
configurational entropy increases the solubility limits within the γ matrix. This broader
solubility range helps stabilize the matrix against the formation of detrimental phases and
enhances compositional flexibility compared to conventional superalloys [25,26]. In addi-
tion, the precipitation strengthening with γ′ precipitates and solid solution strengthening
of γ matrix allow HESAs to possess higher hardness and tensile strength than those of
conventional HEAs throughout the temperatures [27,28]. However, the strength of the
HESAs is still lower than that of commercial superalloys such as CMSX-4 and CMSX-10
at high temperatures. Recently, the development of HESAs has provided new pathways
for creating advanced materials with exceptionally high-temperature performance via
the design of heat treatments. The heat treatment remains a crucial aspect of materials
engineering, directly controlling microstructural characteristics and thus determining the
mechanical properties of metallic alloys. Optimizing heat treatment processes enables
precise manipulation of hierarchical microstructures in HESAs, significantly improving
their performance under high-temperature conditions.

Typically, the microstructure of L12-strengthened HESAs originates from a single-
phase solid solution formed during high-temperature solution treatment and subsequently
evolves into a dual-phase γ/γ′ structure upon aging. Under optimized heat treatment con-
ditions, further microstructural evolution can occur, resulting in the formation of nanoscale,
disordered γ particles embedded within ordered L12 γ′ precipitates, thus generating a
unique γ–γ′–γ hierarchical microstructure. Chen et al. [29] have demonstrated the im-
proved mechanical properties of HESAs at high temperatures with the presence of γ-γ′-γ
hierarchical microstructure, which consists of FCC γ nanoparticles forming inside L12-
ordered γ′ precipitates embedded in the FCC γ matrix. The high-temperature yielding
and ultimate tensile strength of γ-γ′-γ strengthened HESAs are much higher than those
of the alloys in the same chemical composition without hierarchical γ-γ′-γ precipitations.
However, the underlying mechanism and the driving force of the γ particle formation
remain unclear. Moreover, the stability of the hierarchical microstructure would also be an
issue because the γ-γ′-γ microstructure is in a metastable state and may disappear through
the re-dissolving of γ nanoparticles into the matrix at elevated temperature. Strategies for
solving these problems will be critical to further applications.

Apart from the heat treatment histories, partitioning of elements between the γ phase
and γ′ precipitate plays a crucial role in determining the mechanical properties, such as
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strength, creep resistance, and thermal stability in conventional superalloys [30,31]. Ele-
mental partitioning significantly influences the lattice misfit between γ and γ′ phases, a
critical factor governing γ′ morphology and coarsening behavior under stress [22]. HESAs
reported to date typically exhibit a positive lattice misfit; for example, HESA-3 demon-
strates a misfit value of +0.08% at 982 ◦C [29]. Alloys with positive lattice misfits have
demonstrated superior resistance to cyclic creep compared to alloys with negative mis-
fits [32,33], as cyclic creep conditions closely mimic the operational environment of turbine
engines. Consequently, systematic investigation of the cyclic creep behavior of HESAs is
recommended for future studies to thoroughly evaluate their potential in high-temperature
structural applications.

In the present work, SX Re-bearing HESA with adequate addition of refractory el-
ements, hereafter designated as HESA-X1, was developed. The addition of refractory
elements to HESA has been shown to reduce the diffusion rate of elements, thereby in-
hibiting phase transformations [22]. However, the underlying mechanisms driving this
phenomenon remain unclear. Consequently, understanding the partitioning behavior, as
well as the thermodynamics and kinetics of each phase, is crucial when incorporating
refractory elements. The current research, therefore, integrates experimental analyses with
advanced simulation methods to investigate the solidification profile, precipitation kinetics
of γ′ precipitates, and γ nanoparticles. Scheil–Gulliver simulations, implemented using
Thermo-Calc software (version 2025a, Thermo-Calc Software AB, Stockholm, Sweden) with
Calculation of Phase Diagram (CALPHAD)-based calculations, were utilized to accurately
predict the non-equilibrium solidification behavior and elemental partitioning between
solid and liquid phases in the HESA-X1 alloy. Additionally, the precipitation kinetics of
γ and γ′ phases were simulated using the TC-Prisma module based on Langer–Schwartz
theory [34] and Kampmann–Wagner numerical modeling [35]. This combined experimen-
tal and computational approach provided comprehensive insights into the prediction of
the hierarchical γ–γ′–γ microstructure, including the ability to estimate the characteristic
dimensions of each phase. It also demonstrated the role of γ nanoparticles in enhancing
creep resistance and elucidated the underlying mechanisms responsible for their formation
in the Re-bearing HESA-X1 alloy.

2. Materials and Method
2.1. Materials and Processing

The chemical composition of the Re-bearing high-entropy superalloy, designated
HESA-X1, is presented in Table 1. The SX HESA-X1 samples were directionally solidified
along the [001] crystallographic orientation using the Bridgman method, conducted by the
Superalloys and High-Temperature Materials Group at the National Institute for Materials
Science (NIMS), Japan.

Table 1. Composition of Re-bearing HESA-X1 based on constant at.%.

Ni Co Fe Cr Al Ti Mo W Re Ta Hf

HESA-X1 50.87 20 3 6 12 5 0.5 1 1 0.6 0.03

The as-cast SX HESA-X1 alloy sample was homogenized at 1275 ◦C for 8 h, then
followed by air cooling to room temperature. After solution treatment, the HESA-X1 was
treated with two different aging treatments, Ag-1 and Ag-2. The Ag-1 was a one-step aging
treatment at 1100 ◦C for 2 h, followed by air cooling, while Ag-2 meant a two-step aging
treatment at 1100 ◦C for 2 h with air cooling and then aging at 750 ◦C for 20 h, followed by
water quenching. The time–temperature profiles of these two heat treatment procedures
are illustrated in Figure 1.



Metals 2025, 15, 820 4 of 24

Figure 1. Schematic illustration of the heat treatment processes for Ag-1 and Ag-2.

2.2. Microstructural Observations and Calculations

Microstructural evaluation of the HESA-X1 alloy was carried out using Scanning
Electron Microscopy (SEM: JSM-7200, JEOL, Tokyo, Japan) and Transmission Electron
Microscopy (TEM: JEM-F200, JEOL, Tokyo, Japan) following standard metallographic
preparation procedures involving grinding and twinjet polishing in a solution containing
10% HClO4 + 90% C2H5OH at 30 V and −25 ◦C. Quantitative assessments of γ′ precipitate
size and volume fraction, as well as the presence of FCC γ nanoparticles, were performed
using Image J analysis software (version 1.53a, National Institutes of Health, Bethesda,
Maryland, USA). X-ray diffraction (XRD) analyses of the HESA-X1 alloys were conducted
on a Shimadzu XRD-6000 instrument (Shimadzu Corp., Kyoto, Japan) with Cu Kα radiation,
operating at 30 kV and 20 mA, over a 2θ range of 20◦ to 100◦ at room temperature.

The equilibrium phase diagram of the HESA-X1 alloy was constructed using Thermo-
Calc simulation and with the TCHEA7 database. The non-equilibrium solidification path-
way was subsequently evaluated using the Scheil–Gulliver model implemented within
the same framework. Precipitation kinetics of γ′ and γ phases were analyzed using the
TC-Prisma module with the thermodynamic database TCHEA7 and the kinetics database
MOBHEA2. Local Electron Atom Probe (LEAP 5000XS, CAMECA Inc., Madison, WI, USA)
was used for Atom Probe Tomography (APT) analysis. APT specimens were prepared
by a focused ion beam (FIB) (Helios 650, Thermo Fisher Scientific, Waltham, MA, USA)
system with the standard lift-out procedure along [100] direction for HESA-X1 alloys.
APT data were collected in laser mode with laser wavelength: 355 nm, laser pulse rate:
250 kHz, energy: 25 pJ, detection rate: 1%, and specimen temperature: 50 K. The APT mass
spectrum was acquired based on the principles of field evaporation and time-of-flight mass
spectrometry. Under a high electric field, surface atoms are ionized and evaporated as
positively charged ions, which are then accelerated toward a position-sensitive detector.
The time-of-flight of each ion is recorded and used to determine its mass-to-charge ratio
(m/z), allowing reconstruction of a mass spectrum with identifiable elemental and isotopic
peaks by using CAMECA IVAS 3.8.2 software. For example, Re is detected at ~185 and
187 Dalton for Re+, and ~92.5 and 93.5 Dalton for Re2+. In addition, measurements of the
size and volume fraction of FCC γ particles were taken based on the method highlighted
in [36] and compared with SEM analysis results.
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To investigate the thermal stability and coarsening behavior of γ′ precipitates, addi-
tional aging treatments were conducted on the HESA-X1 samples post Ag-1 treatment.
These isothermal exposures were performed at temperatures ranging from 450 ◦C to 850 ◦C
for varying durations (50, 100, and 200 h). Microstructural changes were examined using
SEM (JSM-7200, JEOL, Tokyo, Japan). Furthermore, the extra two-step aging treatments
following Ag-2 were conducted at 750 ◦C, 800 ◦C, and 850 ◦C for durations of 20, 100, and
200 h, respectively, to assess the stability of FCC γ nanoparticles.

2.3. Mechanical Tests

Vickers hardness measurements were performed on the HESA-X1 alloy after the Ag-1
heat treatment using a Future-Tech FV-800 tester (Future-Tech Corp., Kawasaki, Japan).
The horizontal cross-sections of the samples were tested under a 49 N load with a 15 s
dwell time, and the average was determined from five indentations. Creep specimens were
prepared from single-crystal bars fabricated via the Bridgman casting process. The bars
were machined into specimens with a gauge section measuring 19 mm in length, 3.2 mm
in width, and 2.4 mm in thickness. To achieve a uniform and defect-free surface finish,
all specimen surfaces for both hardness and creep tests were mechanically ground with
2000-grit silicon carbide (SiC) abrasive paper. Creep tests were conducted at 760 ◦C under
an applied tensile stress of 600 MPa, utilizing an ATS Series 2330 Lever Arm Creep Testing
System (APPLIED TEST SYSTEMS, Butler, PA, USA). Three specimens were tested for both
the Ag-1 and Ag-2 conditions to determine average values.

3. Results and Discussion
3.1. Solidification Process

HESAs are inherently complex multi-component systems in which solidification be-
havior is primarily governed by the partitioning of constituent elements between the solid
and liquid phases. This partitioning critically influences the final microstructure and, in
turn, the mechanical performance of these alloys under high-temperature conditions [37].
Due to differences in elemental solubility and melting points, significant chemical segre-
gation often develops during solidification. The elements such as Cr, W, and Re, which
possess much higher melting points, tend to concentrate within the dendritic cores. In
contrast, lower melting point elements such as Ni, Ti, and Al become enriched in the
interdendritic regions [38]. This non-uniform elemental distribution leads to compositional
heterogeneities and promotes the formation of detrimental secondary phases, including
Cr- and W-rich Laves phases and low-melting eutectic phases, both of which can degrade
mechanical properties.

The solidification of HESAs involves a complex interplay between dendritic growth,
elemental partitioning, and secondary phase formation. While experimental observations
offer direct insight into microstructural evolution, computational thermodynamics is es-
sential for predicting and understanding segregation behavior. The Scheil–Gulliver model,
implemented in Thermo-Calc software (version 2025a, Thermo-Calc Software AB, Stock-
holm, Sweden), is a well-established approach for simulating non-equilibrium solidification
and can provide accurate predictions of solute distribution during solidification. These sim-
ulations are essential for developing effective post-solidification heat treatment strategies
that aim to homogenize the alloy and minimize segregation-induced defects [39–41].

In the present study, the HESA-X1 alloy was systematically investigated to elucidate
the partitioning behavior of both refractory (Re, Mo, W, Ta, and Hf) and non-refractory (Ni,
Co, Cr, Fe, Al, and Ti) elements between the solid and liquid phases. This elemental parti-
tioning critically influences phase stability, segregation phenomena, and the subsequent
formation of precipitates by the Scheil simulation. It was employed to predict compositional
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gradients, offering valuable insights into how specific alloying elements govern microstruc-
tural evolution. Figure 2 presents the simulation results for the HESA-X1 alloy, illustrating
pronounced chemical segregation and the resulting compositional heterogeneities across
the solidification temperature range. As shown in Figure 2a, solidification begins and
progresses with the sequential formation of various phases. Initially, a simple γ′ phase
appears, but as the solid fraction increases, secondary phases such as B2, µ phase, and
σ phase emerge at lower temperatures, indicating a high tendency for the formation of the
segregation-induced phase. Figure 2b,c presented the compositional evolution of solute
elements in the remaining liquid as a function of solid fraction. In Figure 2b, Ni remains
the dominant element in the liquid, while Ti and Al show increasing concentrations as
solidification proceeds, suggesting strong partitioning into the interdendritic liquid. Simi-
larly, Mo and Ta exhibit slight enrichment in the liquid phase. In contrast, Figure 2c shows
that Co, W, and Re are progressively depleted in the liquid, indicating their preferential
incorporation into the solid phase and enrichment in dendritic cores. Cr and Fe also show
mild segregation trends. To eliminate the segregation after solidification, solution heat
treatment is essential. Homogenization processes serve to redistribute solute elements, dis-
solving undesirable secondary phases and reducing segregation. Heat treatment is a crucial
process in controlling the microstructure and mechanical properties of HESAs. The specific
heat treatment is designed for this HESA-X1 based on the Scheil solidification model and
Differential Scanning Calorimetry (DSC) results (Setaram Labsys™, Lyon, Rhône, France),
with the DSC data shown in Figure 3, to obtain microstructural uniformity.

Figure 2. (a) Scheil simulation results for HESA-X1 alloy. (b) Elemental partitioning trends for
elements (e.g., Re, Mo) exhibiting enrichment in the solid phase. (c) Partitioning behavior of elements
(e.g., Al, Ti) that preferentially remain in the liquid phase.

The equilibrium phase diagram of the HESA-X1 alloy from Thermo-Calc simulation is
presented in Figure 4a, indicating the formation of γ/γ′, starting from nearly 1250 ◦C, and
minor TCP phases such as σ and R phases at an intermediate temperature. The SEM back-
scattered electron micrograph of the as-cast HESA-X1 is presented in Figure 4b, showing a
dendritic microstructure. To homogenize the segregation of HESA-X1, the temperature of
the solid solution heat treatment was considered as 1275 ◦C for homogenization according
to the Scheil simulation and the DSC result, and the γ′ solvus temperature of HESA-X1 is
1242 ◦C. A fully homogenized microstructure achieved through solid solution heat treat-
ment offers several critical advantages in HESAs, particularly in promoting microstructural
stability and optimizing high-temperature mechanical performance. This process is espe-
cially crucial in multicomponent alloy systems, where solidification typically induces severe
elemental segregation due to the disparate melting points and diffusion rates of constituent
elements. Solid solution treatment facilitates long-range diffusion, enabling the redistri-
bution of segregated solute atoms between dendritic and interdendritic regions [42–44].
This process effectively eliminates elemental segregation, resulting in a homogenized γ ma-
trix with uniform chemical composition that serves as a stable foundation for subsequent
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microstructural evolution. Figure 4c shows the fully homogenized microstructure after
the solid solution heat treatment for HESA-X1. Such homogenization plays a critical role
in governing the precipitation behavior of the L12-strengthened γ′ phase during subse-
quent aging treatments. A homogenized γ matrix facilitates the uniform nucleation and
growth of γ′ precipitates, enabling precise control over their size, volume fraction, and
morphology [45,46]. Microstructural uniformity is essential for optimizing strengthening
mechanisms, thereby enhancing creep resistance and yield strength at elevated tempera-
tures [47–49]. Furthermore, homogenization significantly suppresses the formation of TCP
phases, which are often associated with localized segregation of refractory elements such
as Re, W, and Mo. The formation of TCP phases adversely impacts ductility and creep life
because of incoherency with the γ matrix and their inherent brittleness, which facilitates
stress concentration in the surrounding regions [50]. A homogenized structure minimizes
this risk by stabilizing solute distribution and suppressing the nucleation of undesirable
phases. Achieving a homogenized microstructure ensures the reliability and reproducibility
of subsequent heat treatments. Even minor compositional fluctuations in as-cast alloys can
significantly influence phase transformation behavior during aging [51,52]. Thus, solid
solution treatment is essential for maintaining microstructural consistency and achieving
predictable property development in HESAs.

Figure 3. DSC cooling curve indicating the γ′ solvus temperature of the alloy at approximately
1242 ◦C. The exothermic peak corresponds to the precipitation of the γ′ phase during cooling.

Figure 4d indicates the last step of the setup of the starting microstructure in HESA-X1:
a γ-γ′ microstructure with a high fraction of γ′ that was achieved after the heat treatment
Ag-1. The uniform γ/γ′ microstructure helps reduce internal stress concentrations and
mitigates the initiation of creep damage [22]. The microstructure is characterized by
dispersed cuboidal γ′ precipitates with an average size of nearly 323 nm and a volume
fraction of approximately 70%, suggesting a well-developed γ/γ′ microstructure that
contributes significantly to the high-temperature strength of the HESA-X1 alloy. This state
will be the basis for all subsequent optimizations of the alloy in this work.
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Figure 4. The microstructure of the HESA-X1 alloy: (a) the phase diagram calculated by Thermo-Calc
with database TCHEA7 (the grey lines show the positions of heat treatments used in the study),
(b) SEM micrograph of the as-cast microstructure, (c) SEM micrograph of the microstructure after
solution heat-treatment at 1275 ◦C for 8 h, and (d) SEM micrograph of the microstructure after Ag-1
heat treatment.

The comprehensive investigation of the HESA-X1 alloy highlights the pivotal influence
of elemental partitioning in governing microstructural evolution and mechanical perfor-
mance. By integrating Scheil simulations with experimental validation, the study effectively
elucidates the segregation behavior during solidification. Furthermore, the implementation
of a tailored heat treatment strategy, developed based on simulation data and DSC analysis,
demonstrates the efficacy of homogenization in alleviating compositional heterogeneities.
The resultant optimized γ–γ′ microstructure, characterized by a uniform dispersion of
cuboidal γ′ precipitates within the γ matrix following the Ag-1 heat treatment, as shown in
Figure 4d, underscores the success of this approach.

3.2. Producing a Hierarchical Microstructure

HESAs can exploit the unique stoichiometric flexibility of their γ′ phase to accom-
modate γ-forming elements under metastable conditions [26,29]. This can be achieved
through rapid quenching followed by controlled aging, which facilitates the precipitation of
γ-phase particles within the γ′ matrix. Chen et.al [29] have shown that such a hierarchical
microstructural strategy confers notable advantages for high-temperature performance.
Specifically, the incorporation of intragranular γ particles within the γ′ phase has been
reported to retard coarsening kinetics [53], thereby enhancing microstructural stability.
Moreover, this hierarchical architecture has been linked to improved compression creep
life at elevated temperatures [54]. Consequently, the implementation of hierarchical mi-
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crostructure design in HESAs represents a promising route toward achieving superior
high-temperature mechanical properties. This approach offers a cost-effective alternative to
traditional strategies that rely on high concentrations of costly refractory elements, enabling
further strengthening through microstructural optimization alone.

The optimum formation temperature for the γ particles inside γ′ is tested over a range
from 450 to 950 ◦C for the HESA-X1. The reference microstructure shown in Figure 4d,
namely Ag-1, has no internal γ particles. The aging duration for internal γ formation is set
at 20 h, which was taken from previous works [29]. Figure 5 presents the microstructures
observed by SEM. Based on Image J analysis, the γ′ precipitates exhibit a uniform size
distribution, and the γ particles are approximately 6 nm in size. To design an effective aging
strategy for promoting the formation of γ particles within γ′ precipitates, the parameters
were guided by the work of Gorsse et al. [55]. Their study systematically explored the
hierarchical precipitation behavior in a similar SX HESA system (HESA-3), using both com-
putational modeling and experimental validation to identify optimal aging temperatures
and durations. Drawing from these insights, the current study applies analogous aging pro-
tocols to investigate hierarchical microstructure evolution in HESA-X1. By establishing the
optimized size and volume fraction of precipitations during thermal treatments, their find-
ings provide a reliable basis for designing aging parameters that enhance high-temperature
performance. Accordingly, the heat treatment parameters in this study were established
based on the findings of Gorsse et al. [55], whose work demonstrated the formation of a
hierarchical γ–γ′–γ architecture. Their heat treatment design served as a reference standard
for exploring similar phase evolution behavior in the present alloy system.

 

Figure 5. SEM images of the evolution of γ′ morphology in the HESA-X1 under various aging
temperatures for 20 h. (a–f) represent the general γ/γ′ microstructure at different temperatures:
(a) 450 ◦C, (b) 650 ◦C, (c) 950 ◦C, (d) 750 ◦C, (e) 800 ◦C, and (f) 850 ◦C. (g–i) are magnified views of
γ′ precipitates within the γ matrix from (d–f), highlighting the formation of γ particles within the
γ′ phase for (g) 750 ◦C, (h) 800 ◦C, and (i) 850 ◦C.
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The formation of γ particles in the HESA-X1 alloy was systematically investigated
following the Ag-1 heat treatment and subsequent aging at various temperatures for 20 h,
as shown in Figure 5. After aging at 450 ◦C, 650 ◦C, and 950 ◦C, no γ particles were
observed within the γ′ matrix, indicating that the thermal conditions at these temperatures
are either insufficient or unfavorable for γ particle precipitation. In contrast, at 750 ◦C,
800 ◦C, and 850 ◦C, γ particles began to appear, as clearly revealed in the magnified
images (Figure 5g–i). The γ particles were observed to precipitate within the γ′ matrix,
suggesting that their formation is highly temperature-dependent and becomes favorable in
the intermediate temperature range of 750 to 850 ◦C. Subsequently, as shown in Figure 6,
Vickers hardness measurements were performed to identify the aging temperature that
yields the highest strength, with all aging treatments conducted for 20 h. The results
indicate that the peak hardness was achieved after aging at 750 ◦C for 20 h. Therefore,
the aging treatments consisting of 1100 ◦C for 2 h, followed by air cooling, and 750 ◦C for
20 h, followed by water quenching after solution heat treatment, are designated as Ag-2 in
this study.

Figure 6. Vickers hardness of the HESA-X1 alloy as a function of aging temperature after Ag-1
treatment. All aging treatments were conducted for 20 h.

To further confirm the identity and crystal structure of the precipitates formed under
the Ag-2 condition, TEM dark-field imaging and selected area diffraction pattern (SADP)
were performed. The results indicate that the cuboidal precipitates possess an L12-ordered
structure in the Ag-2 state. The contrast between L12 phases (brighter contrast), the FCC
matrix (dark contrast), and nanoparticles (dark contrast) are distinguishable from the
dark-field image (Figure 7) obtained from the (001) superlattice reflection spot of L12 (as
indicated in the SADP obtained along the [001] zone axis of L12 in the inset of Figure 7).
In addition, diffraction spots corresponding to the [001] zone axis of FCC are visible. In
addition, a cube-on-cube orientation relationship between the FCC and L12 phases is clearly
observed, with [100]FCC∥[100]L12 and [010]FCC∥[010]L12, indicating the presence of perfectly
coherent interfaces. Combining the results of dark field images and the diffraction pattern,
it could be concluded that the phase structure of nanoparticles is the same as that of the
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matrix, which corresponds to the disordered FCC γ phase. Therefore, the Ag-2-treated
HESA-X1 presents nanoparticles dispersed within cuboidal L12 precipitates. Namely, the
Ag-2 treated HESA-X1 presents the matrix–precipitate–particle hierarchical microstructure
consisting of nanoparticles dispersed within primary cuboidal precipitates (Figure 5g),
which is not observed in Ag-1. In addition, the Ag-1 condition exhibited an average L12

phase size of 329 nm and a volume fraction of 69.8%, while the Ag-2 condition showed a
comparable L12 phase size of 330 nm and a volume fraction of 70.2%, as measured from
SEM images using Image J. These results indicate that the two aging treatments, Ag-1 and
Ag-2, produced nearly identical γ′ morphologies.

Figure 7. TEM dark field image of the Ag-2 sample from L12 (001) superlattice spot on [001] zone
axis for the HESA-X1.

To further investigate the compositional distribution at the near-atomic scale, APT
was conducted on the Ag-2 aged sample. The reconstructions were utilized to verify the
phase distribution of HESA-X1 post Ag-1 and Ag-2 treatments. Cr-8 at.% iso-surface was
established at the interface between the FCC matrix–L12 precipitate for distinction with
the laser mode. As shown in Figure 8a, the γ matrix and dispersed γ′ precipitates are
observed in HESA-X1 post Ag-1 treatment. On the other hand, the Ag-2 treated HESA-
X1-present γ-γ′-γ hierarchical microstructure consists of FCC γ nanoparticles formed
inside L12 γ′ precipitates, which are embedded in the FCC γ matrix (Figure 8b). This is
consistent with the results observed from SEM images shown in Figure 5g–i. Furthermore,
1D concentration profiles extracted across the γ′/γ interface are shown in Figure 8c,d,
corresponding to the regions of interest (ROI-1, ROI-2, and ROI-3) marked in Figure 8a,b.
The concentration profiles provide detailed information on the local elemental compositions
across the γ′/γ interface, revealing significant differences in the distribution of individual
alloying elements. Notably, elements such as Ni, Al, and Ti are enriched in the γ′ phase,
whereas Co, Cr, and Re are concentrated in the γ matrix, indicating pronounced partitioning
behavior. A quantitative summary of both elemental concentrations and partitioning
coefficients is presented in Tables 2 and 3.
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Figure 8. APT reconstructions of the HESA-X1 alloy after (a) Ag-1 and (b) Ag-2 heat treatments.
Regions of interest (ROIs) for 1D concentration profiles were selected across the γ′/γ interface.
(c) and (d) show the 1D concentration profiles of major (left) and minor (right) alloying elements.
(c) corresponds to ROI-1 in the Ag-1 condition, while (d) corresponds to ROI-2 and ROI-3 in the Ag-2
condition. Cr-8 at.% is set as iso-surface.

Table 2. The composition of different phases analyzed by APT and the calculated partitioning
coefficients (Pi) for the HESA-X1 after Ag-1 heat treatment.

HESA-X1 (at.%) Al Ti Cr Fe Co Ni Mo Re W Ta Hf

Nominal 12 5 6 3 20 50.87 0.5 1 1 0.6 0.03

FCC γ matrix 5.7 0.77 15.9 5.2 31.2 36.6 0.98 2.34 1.02 0.29 0

L12 γ′ precipitate 15.1 7.73 2.2 2.15 17.6 52.7 0.38 0.42 0.98 0.74 0

Pi (γ matrix/γ′) 0.38 0.1 7.22 2.42 1.77 0.69 2.58 5.57 1.04 0.39 -

Table 3. The composition of different phases analyzed by APT and the calculated partitioning
coefficients (Pi) for the HESA-X1 after Ag-2 heat treatment.

HESA-X1 (at.%) Al Ti Cr Fe Co Ni Mo Re W Ta Hf

Nominal 12 5 6 3 20 50.87 0.5 1 1 0.6 0.03

FCC γ matrix 5.5 0.59 16.7 3.3 30.3 38.28 1.08 2.58 1.44 0.23 0

FCC γ particles 4.3 0.41 16.89 3.58 31.83 38.01 0.83 2.75 1.05 0.35 0

L12 γ′ precipitate 17.3 7.46 2.9 2.1 16.1 51.02 0.85 0.34 1.18 0.75 0

Pi (γ matrix/γ′) 0.32 0.08 5.76 1.6 1.88 0.76 1.27 7.56 1.22 0.31 -

Pi (γ particles/γ′) 0.25 0.05 7.34 1.7 1.98 0.75 1.3 8.01 1.37 0.47 -

To confirm the reliability of the results for the APT, the mass balance of lever rule
should be calculated. Therefore, the volume fraction of γ′ phase (fγ′) in HESA-X1 was
computed by the level rule formula:

Cm = fγ′Cγ′

i + (1 − fγ′)Cγ
i (1)

where Cm, Cγ′

i , and Cγ
i are the concentrations of each alloyed element in the overall

material, γ′ and γ phases, respectively. Figure 9 shows the volume fraction of γ′ phase
within aged HESA-X1 calculated from the APT result. The volume fraction of γ′ phase
obtained from APT is about 0.72, which is nearly the same as that calculated by Image
J via SEM images (~0.70). The result emphasizes the reliability of APT analysis in the
present study, although it may be noted that the field of view is extremely limited in APT
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analysis when compared to that of SEM imaging. Therefore, the hierarchical microstructure
obtained by Ag-2 treatment could be regarded as a γ-γ′-γ hierarchical microstructure,
which is consistent with that reported in a previous study [29]. In addition, the lattice misfit
between the γ matrix and the L12 γ′ precipitate was calculated by the diffraction pattern
of TEM results, and the value of misfit is 0.0027 for HESA-X1, which is considered as a
beneficial value for mechanical properties and phase stability [56–58].

Figure 9. The plot of Cn-Cγ vs. Cγ′-Cγ derived from compositions of HESA-X1 alloys by APT
analysis with (a) Ag-1 heat treatment and (b) Ag-2 heat treatment.

In addition to the microstructural evolution of the HESA-X1 alloy, the partitioning
behavior between constituent phases represents another critical factor. The elements
in HESAs exhibit distinct partitioning tendencies that are fundamental to alloy design.
Elements such as Al and Ti preferentially partition into the γ′ precipitates, while Co, Cr,
and Fe are enriched in the γ matrix, as shown in Figure 8. These partitioning behaviors
have a pronounced impact on both the thermodynamic and mechanical stability of the
alloy. In particular, the configurational entropy of each phase within the γ matrix and the
γ′ precipitates are governed by the distribution of constituent elements. To fully exploit the
benefits of the high-entropy alloy concept, it is essential to maintain a high-entropy state in
the γ matrix and at least a medium-entropy state in the γ′ phase, thereby ensuring optimal
thermal stability.

The partitioning coefficient Pi, which quantifies the distribution of elements between
phases, serves as a critical parameter for characterizing lattice misfit and even correlating
with creep behavior. It is defined by the following equation: Pi = Cγ

i /Cγ′

i , where Cγ
i and Cγ′

i
are the concentration of elements in the FCC matrix and in the L12 phase obtained from APT
analysis, respectively. Typically, elements such as Al, Ti, Nb, Ni, and Ta in HESA-X1 tend
to partition into the L12 phase during aging, as indicated by their partitioning coefficients
being less than unity. In contrast, elements such as Co, Cr, Fe, Mo, W, and Re preferentially
diffuse toward the FCC γ matrix, exhibiting partitioning coefficients greater than one.
As shown in Figure 10, the partitioning behavior was quantified based on previous APT
analyses of the HESA-X1 alloy after Ag-1 and Ag-2 heat treatments. The results reveal
partitioning coefficients for Al, Ti, Ta, and Ni of 0.38, 0.10, 0.39, and 0.69, respectively,
confirming their strong affinity for the L12 γ′ precipitates. Conversely, Co, Cr, Fe, Mo, W,
and Re exhibit coefficients of 1.77, 7.22, 2.42, 2.58, 1.04, and 5.57, respectively, indicating
their preferential enrichment in the γ matrix. A similar partitioning trend is also observed
between the γ nanoparticles and γ′ phase, further confirming the consistent behavior across
γ/γ′. Additionally, it presents the partitioning coefficients for γ-forming elements such
as W and Re after Ag-2 treatment. The coefficients are 1.22 for W and 7.56 for Re, which
demonstrate the diffusion of certain γ-forming elements from the L12 γ

′ precipitates to form
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the γ phase, leading to the formation of γ particles after the second step of aging within the
Ag-2 process. Notably, the partitioning coefficient of Re in HESA-X1 is significantly lower
than those reported for Ni-based superalloys [59]. This suggests a distinct discrepancy
in the partitioning behavior of Re between the γ matrix and γ′ phase in HESA-X1. After
the Ag-1 heat treatment, the γ′ phase remains in a supersaturated state, enriched with
refractory elements. Upon subsequent Ag-2 treatment, γ nanoparticles nucleate within the
supersaturated γ′ phase. The high concentration of refractory elements, particularly Re,
detected within these γ nanoparticles, indicates that HESA-X1 can incorporate a greater
number of γ-forming elements within its γ′ phase following Ag-1 heat treatment, compared
to conventional superalloys. These findings underscore the dynamic redistribution of
elements under tailored heat treatment conditions and highlight the critical role of Re in
facilitating γ particle formation.

Figure 10. Partitioning behavior of elements between the FCC γ matrix and the L12 γ′ phase, as well
as between γ particles and the γ′ phase, in the HESA-X1 alloy after Ag-1 and Ag-2 heat treatments.

3.3. Stability of the Microstructure

The phase stability of HESAs is a critical factor that directly influences their mechanical
performance, microstructural integrity, and long-term reliability in severe service environ-
ments. Among the alloying elements, Re is well known for its beneficial contributions to
high-temperature phase stability [60]. Re enhances solid solution strengthening within
the γ matrix, thereby increasing resistance to dislocation motion [61,62]. In addition, Re
significantly suppresses the coarsening and dissolution of γ′ precipitates by reducing
atomic mobility, thereby enhancing the stability of the γ/γ′ two-phase microstructure
during prolonged high-temperature exposure [63]. It inhibits diffusion-controlled creep
mechanisms, particularly under conditions where lattice diffusion is dominant, leading to
improved creep resistance. Consequently, instabilities such as γ′ coarsening, dissolution, or
phase transformation can severely degrade mechanical performance and must be carefully
considered in the design and application of HESAs.

Chen et al. [29] developed the HESA with a γ–γ′–γ hierarchical microstructure.
However, the hierarchical γ-γ′-γ structure is in a metastable state, which means that
the γ nanoparticles easily re-dissolve back into the γ matrix at elevated temperatures.
Thus, it will be detrimental to the time-dependent mechanical properties, such as creep
performance. These results highlight that a clear understanding of the correlation between
heat treatment history and the thermodynamic driving forces for phase precipitation is
essential for the microstructural optimization of HESAs. Therefore, the HESA-X1 with
a γ-γ′-γ hierarchical microstructure is produced for better phase stability compared to
the previous work [29]. To study the phase stability of FCC γ nanoparticles at higher
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temperatures, aging after Ag-2 treatments was additionally performed on HESA-X1 at
750 ◦C, 800 ◦C, and 850 ◦C for 20, 100, and 200 h. The resultant microstructures are shown in
Figure 11. SEM images in SE mode show that FCC γ nanoparticles still existed in γ′ phase
after exposure at 750 ◦C, 800 ◦C, and 850 ◦C from 20 to 200 h for the HESA-X1. At 750 ◦C
for 20 h (Figure 11a), the γ′ precipitates exhibit sharp interfaces and a distinct size contrast
between the primary γ′ phase and the embedded γ nanoparticles. As the aging duration
increases to 100 and 200 h (Figure 11b, c), the γ′ morphology remains coherent, and only
slight coarsening of the γ particles is observed. A similar trend is observed at 800 ◦C
(Figure 11d–f), where both the γ′ phases and the γ particles show gradual coarsening with
time. At 850 ◦C (Figure 11g–i), the γ′ precipitates maintain their cuboidal morphology up
to 200 h, indicating strong thermal resistance. Although minor rounding at the corners is
observed at prolonged aging times, the γ–γ′–γ hierarchical structure remains largely intact.
Moreover, with the measurement of size and volume fraction using SEM image analysis,
the size of FCC γ particles is nearly the same as that of the Ag-2 treatment. However, the
previous study showed that there are almost no FCC γ particles observed in Re-free HESA
alloy aged at 750 ◦C for 200 h [29]. These results prove that HESA-X1 has more stable
γ particles compared to those in Re-free HESA. The underlying mechanism is related to the
addition of Re, which can reduce the diffusion kinetics of the atoms and hinder the diffusion
of elements between γ and γ′ phases at high temperatures. In addition, SEM analyses
detected no TCP phases under any heat treatment condition. Figure 12 displays the XRD
patterns for the as-cast alloy, after Ag-2 aging, followed by additional heat treatment at
850 ◦C for 200 h, all indicating the presence of γ and γ′ phases only and confirming the
superior phase stability of HESA-X1.

 

Figure 11. SEM observations of HESA-X1 alloys are exposure at 750 ◦C, 800 ◦C, and 850 ◦C from 20,
100, and 200 h after Ag-2 aging heat treatment.

After confirming the phase stability of γ nanoparticles, Figure 13 presents the creep
curves of HESA-X1 with (after Ag-2) and without (after Ag-1) γ particles under creep
conditions of 760 ◦C and 600 MPa. As shown in Figure 13, the presence of γ particles
clearly enhances the creep life of HESA-X1, indicating their significant role in improving
creep resistance. To elucidate the underlying mechanisms of the strengthening effect and
to address the issue of excessive creep strain, further investigations should be conducted,
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including detailed dislocation analyses using TEM or molecular dynamics (MD) simula-
tions. These results will help to clarify how dislocations interact with γ nanoparticles and
provide insights for the future optimization of HESAs.

Figure 12. XRD patterns of the HESA-X1 alloy showing γ′ and γ + γ′ phases: (a) as-cast condition
and (b) after Ag-2 treatment followed by additional aging at 850 ◦C for 200 h. The diffraction peaks
correspond to the γ′ phase (solid squares) and overlapping γ + γ′ phases (open squares).

Figure 13. Creep curves of the HESA-X1 alloy with and without γ particles tested at 760 ◦C under an
applied stress of 600 MPa.

While the previous SEM observations qualitatively confirmed the morphological
stability of the γ′ precipitates, a quantitative evaluation of their coarsening behavior is
essential for assessing their long-term performance under thermal exposure in the severe
environment, such as at elevated temperatures up to 850 ◦C. The change of morphology,
size, and volume fraction of γ′ precipitates resulted from the exposure of high temperatures
and/or stresses are highly related to the mechanical properties of alloys [64–67]. For
example, cuboidal shape γ′ precipitates are more preferred for mechanical properties such
as creep resistance than spherical γ′ precipitates [65]. In Figure 11, the γ′ phase in HESA-X1
maintained a cuboidal shape with only minor coalescence even exposed at 850 ◦C for 200 h.
These results indicate that the HESA-X1 alloy has remarkable γ′ phase stability. It is an
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identical result with the phase stability of FCC γ nanoparticles. In general, the coarsening of
the γ′ is characterized by the classical Lifshitz–Slyozov–Wagner (LSW) model [34,35,68,69],
which is the most used model for the calculation of phase coarsening during aging heat
treatments [70,71]. The formula for the LSW model is as follows:

rt
3 − r0

3 = Kt (2)

where rt is the mean radius of γ′ precipitates at aging time t, r0 is the mean radius of
γ′ phase at t = 0, and K is the coarsening rate constant.

The coarsening rate K of γ′ precipitates at specific temperatures has a tremendous
impact on the performance of alloy components. In the present work, the Re element was
added to HESA-X1 for the inhibition of γ′ coarsening. The specimens were first treated
by Ag-1 and then underwent extra aging treatments at different temperatures of 450 ◦C,
650 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C isothermally for 50, 100, and 200 h to study the coars-
ening of γ′ precipitations. The microstructure of HESA-X1 post-Ag-1 aging treatment,
shown in Figure 4d, is set as the benchmark. The evolution of the morphology of γ′ pre-
cipitates during extra aging from 450 to 850 ◦C is shown in Figure 14. It reveals that the
γ′ precipitates coarse with respect to aging temperature and time. A lower K value in the
LSW coarsening model indicates a significantly reduced coarsening rate of γ′ precipitates.
Since K is directly proportional to the diffusivity of solute atoms, a lower value suggests
sluggish diffusion, typically due to the presence of slow-diffusing refractory elements such
as Re [72,73]. This reduction in coarsening kinetics helps maintain the fine and uniform
distribution of γ′ precipitates over long-term thermal exposure, thereby preserving the
alloy’s strength and creep resistance at elevated temperatures. In high-temperature applica-
tions, minimizing γ′ coarsening is crucial for sustaining the microstructural integrity and
mechanical performance of HESAs.

The simulated temporal evolution of γ′ and γ particle sizes in the HESA-X1 alloy
highlights a distinct hierarchical growth behavior. As shown in Figure 15, γ′ precipitates
exhibit rapid growth, while γ particles nucleate and grow at a much slower rate during pro-
longed aging. This kinetic disparity reflects the formation of a stable γ–γ′–γ microstructure,
which plays a crucial role in maintaining microstructural integrity during high-temperature
service. Notably, the predicted size of γ′ precipitates from the simulation closely aligns
with the experimental measurements obtained from SEM analysis after Ag-1 treatment.
However, the predicted γ particle size shows limited agreement with the experimental val-
ues obtained from SEM analysis after Ag-2 treatment. This discrepancy may arise from the
relatively large measurement errors associated with Image J when analyzing particles with
dimensions at the nanoscale. Nevertheless, both the predicted and measured values for
the γ particles remain within the same order of magnitude, indicating that the simulation
still provides a valuable reference for understanding their coarsening behavior. In addition,
according to Gorsse et al. [35], the γ particles in the Re-free HESA-3 alloy reached a size of
approximately 2 nm after aging at 750 ◦C for 10 h and grew to around 4 nm after 20 h. In
contrast, the γ particles in the Re-bearing HESA-X1 alloy exhibited a size of approximately
4 nm after 10 h and about 6 nm after 20 h under the same aging conditions. The particle
sizes were quantitatively determined from SEM images. The findings demonstrate that
the γ particles in the Re-bearing HESA-X1 alloy exhibit enhanced thermal stability and
reduced coarsening compared to those in the Re-free HESA-3 alloy.
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Figure 14. Evolution of the morphology of γ′ precipitates within HESA-X1 alloys during extra aging
from 450 to 850 ◦C with 50, 100, and 200 h of SEM observations after Ag-1 aging treatment.

To rigorously validate the coarsening behavior, experimental analysis and quantitative
evaluation based on the LSW model were conducted using SEM images processed via
Image J (Bethesda, MD, USA). For example, the coarsening behaviors of HESA-X1 were
evaluated at 750 ◦C for 50 h, 100 h, and 200 h. The average γ′ precipitate size increased only
slightly, from 329 nm in the initial condition (after Ag-1) to 330 nm after 50 h, 331 nm after
100 h, and 333 nm after 200 h, corresponding to a calculated coarsening rate constant K of
approximately 1.83 (nm3/s). This relatively low value indicates excellent microstructural
stability and suppressed coarsening kinetics. Conversely, the γ′ precipitate size in the
Re-free HESA (HESA-3) alloy grew markedly at 750 ◦C, enlarging from 143 nm to roughly
170 nm after 100 h, and reaching around 190 nm after 200 h [55]. The corresponding
K value was calculated to be 5.47 (nm3/s) at 750 ◦C, which is three times higher than
that of HESA-X1. A lower K value implies that the mean radius of γ′ precipitates after
extended aging (t = 50 h, 100 h, and 200 h) remains close to that after the Ag-1 (HT-1 [29])
treatment (t = 0), thereby confirming the higher microstructural stability of HESA-X1 than
HESA-3. Figure 16 presents plots of (r3 − r0) versus time for HESA-X1 (Figure 16a) and
HESA-3 (Figure 16b), measured at 750 ◦C. For HESA-X1, measurements were taken at
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0 h, 50 h, 100 h, and 200 h, whereas for HESA-3, data were collected at 0 h, 100 h, and
200 h. The results also clearly indicate that the constant K for HESA-X1 is lower than that
of HESA-3. It should be emphasized that the y-axes of Figure 16a,b differ by one order of
magnitude, which makes the slope in Figure 16b appear smaller. The slope in Figure 16a is
approximately one-third of that in Figure 16b.

Figure 15. Simulated time-dependent evolution of (a) γ′ precipitate and (b) γ particle sizes in the
HESA-X1 alloy, as predicted by TC-PRISMA (using the thermodynamic database TCHEA7 and
the kinetics database MOBHEA2) and compared with experimental measurements. Both Y-axes
represent precipitate radius (in meters) on a logarithmic scale, while the X-axes indicate time, also on
a logarithmic scale. All plotted shapes and curves represent simulation results only, and the shapes
do not represent actual sizes. Experimental values are shown solely as annotated size labels for
reference and are not plotted as data points.

Figure 16. (r3 − r3
0) vs. time plots at 750 ◦C for (a) HESA-X1 and (b) HESA-3.

In addition to the LSW model, the Trans-Interface Diffusion-Controlled (TIDC) model
is also employed to evaluate coarsening behavior, particularly when interfacial diffusion is
the dominant mechanism [74–76]. This model is commonly applied to systems undergoing
early-stage coarsening, where interfacial diffusion processes dominate the kinetics. To
determine the most appropriate model for the present study, both approaches were exam-
ined. The nearly constant coarsening rate constant K obtained from the LSW model, along
with the minimal variation in γ′ precipitate size, suggests that the coarsening behavior
is more accurately described by the LSW model. In contrast, the TIDC model produced
slightly fluctuating K values across different aging times, indicating that bulk diffusion,
rather than interfacial diffusion, governs the coarsening kinetics under the current aging
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conditions. This observation is further supported by the presence of a slow-diffusing
refractory element such as Re [77], which significantly hinders atomic mobility within
the γ matrix and thereby favors diffusion-controlled coarsening as predicted by the LSW
model. It significantly reduces the effective diffusivity of solute atoms, thereby retarding
the migration of atoms and slowing the coarsening kinetics. The consistently low and
relatively temperature-insensitive K further confirms that Re additions effectively suppress
diffusion-controlled coarsening kinetics. This conformity indicates that the rate-limiting
step for γ′ coarsening is governed by the diffusion of the slowest-moving solute species
within the γ matrix. These results indicate that the incorporation of Re effectively stabilizes
both the fine γ nanoparticles and the L12-structured γ′ precipitates, mitigating coarsening
even under prolonged thermal exposure. Namely, the superior coarsening resistance in
HESA-X1 is primarily attributed to the presence of Re, the element with an extremely low
diffusion coefficient in the γ matrix. As a result, the γ′ precipitates in HESA-X1 remain
stable over long-term thermal exposure, ensuring enhanced microstructural integrity and
mechanical reliability. These findings provide compelling evidence that the addition of Re
is a highly effective strategy to improve phase stability in high-entropy superalloys. By
limiting atomic mobility, Re not only suppresses γ′ coarsening but also contributes to the
development of thermally stable alloy systems for high-temperature applications.

This study affirms that in HESA-X1, the element with the lowest diffusivity, typically
Re, acting as the rate-limiting factor for diffusion-controlled processes, is the main reason for
the improved phase stability. This understanding is crucial for the design and optimization
of HESAs intended for high-temperature applications, where microstructural stability is
paramount. Moving forward, the integration of kinetic simulations, such as TC-Prisma, is
essential to accurately predict the temporal evolution of γ′ precipitate and γ particles’ size
and fraction. Such modeling will aid in optimizing heat treatment strategies and tailoring
the phase morphology for superior mechanical performance.

4. Conclusions
This study presents the successful development and characterization of the SX Re-

bearing HESA-X1 with a thermally stable hierarchical γ–γ′–γ microstructure. The following
conclusions can be drawn.

(1) Through a two-step aging treatment (Ag-2), HESA-X1 exhibits a refined hierarchical
structure composed of FCC γ nanoparticles embedded within L12-ordered γ′ precipitates,
themselves uniformly distributed in an FCC γ matrix. This hierarchical γ–γ′–γ microstruc-
ture enhances high-temperature mechanical stability, resists microstructural degradation
under prolonged thermal exposure, and improves mechanical properties.

(2) APT revealed significant concentration profiles and partitioning of Al, Ti, and Ta
into γ′, while Co, Cr, Fe, Mo, W, and Re preferentially segregated into the γ matrix. Notably,
the observed increase in the Re partitioning coefficient from 5.57 (Ag-1) to 7.56 (Ag-2)
is a result of γ particle formation within the γ′ phase, in which Re redistributes from
the γ′ phase into the newly formed γ particles, facilitating γ particle formation within
γ′ during Ag-2 treatment. This finding highlights a distinctive partitioning behavior
compared to conventional superalloys, suggesting a unique kinetic pathway enabled by Re
incorporation.

(3) Long-term aging experiments (750–850 ◦C up to 200 h) demonstrated remarkable
phase stability in HESA-X1, with both γ nanoparticles and cuboidal γ′ precipitates main-
taining size and morphology. The coarsening rate constant (K) at 750 ◦C was calculated as
1.83 × 10−27 m3/s, significantly lower than that of Re-free analogues (e.g., HESA-3), indi-
cating suppressed diffusion and enhanced coarsening resistance due to the low diffusivity
of Re.
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In the present study, the findings underscore the critical role of Re in promoting
microstructural refinement and stability by limiting atomic mobility, reducing coarsening
kinetics, and enhancing phase integrity. The approach demonstrated here provides a
framework for designing next-generation superalloys that leverage controlled partitioning
behavior and diffusion kinetics to achieve superior thermal and mechanical stability.
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