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Abstract: High-entropy alloys (HEAs) offer a platform for designing microstructures suited to
extreme conditions. Dual-phase HEAs show promising strength-ductility combinations at high
temperatures, but maintaining phase stability above 800°C remains challenging. This study
introduces a novel dual-phase HEA (FCC + BCC) with microstructural evolution driven by spinodal
decomposition and intermetallic stabilization. The alloy transitions from initial FCC to mixed FCC-
BCC laths, with spinodal nanophases in the BCC matrix. Coarse o (FeCr-type) and NiZr-rich
intermetallics form at phase boundaries, enhancing stability. Post-solidification analysis shows o
phase consuming spinodal BCC at high temperatures, while retained nanoscale BCC spinodal
contributes to strain incompatibility and HDI hardening. This interplay balances phase stability and
mechanical performance. Compressive tests at 800-1000°C (strain rate 1/s) reveal phase stability and
deformation mechanisms. Behavior is governed by lamellar morphology and o/a-Cr < B2
interactions. Retained GNDs and enhanced twinning sustain work hardening up to 900°C. At 1000°C,
FCC-dominated strain localization triggers rapid softening via dynamic recrystallization. These
findings deepen understanding of high-temperature deformation in dual-phase HEAs, offering
pathways for optimizing alloy design in extreme environments.

Keywords: dual-phase alloys; high-temperature deformation; annealing; phase transformations;
multi-phase alloys; high entropy alloy; steels; compression test; solidification

1. Introduction

The introduction of a dual phase face centered cubic (FCC)+ body centered cubic (BCC)
microstructural template has proven effective in improving the mix of strength and ductility within
high entropy alloys (HEAs). While single phase HEAs often display singular impressive mechanical
behaviors, the high strength BCC alloys are often plagued by low ductility and the ductile FCC alloys
with low strength [1-3]. Dual phase compositions rely on the cooperative deformation of the FCC
and BCC phases to achieve a more balanced mix of properties. The high ductility of the FCC phase
serves to accommodate deformation, which is impeded by the inherent strength and additional phase
boundaries provided by the BCC phase [4,5]. Extending these properties to elevated temperatures
continues to prove challenging, as the dual phase structure and strength must persist as well as the
balance of properties between the BCC and FCC phases to prevent strain localization and early onset
of strain softening mechanisms.

The addition of Al to the normally single-phase FCC CoCrFeNi HEA system has been shown to
induce an FCC+BCC duplex structure as well as L12 and B2 phase ordering. This dual phase structure

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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remains stable over 1000°C and high strength at elevated temperatures is assisted by the inherent
ordering tendency of the system [4-9]. Though stability of the L12 phase rarely surpasses around
700°C, the B2 ordering is frequently observed to be stable up to the dissolution or melting of the BCC
phase, making it the more reliable choice for high temperature strengthening [6,7,10]. A study by Guo
et al. [11] varied the ratio of FCC to BCC in an AlCoCrFeNizsTios alloy, and found the best mix of
strength and ductility with near equal parts FCC and BCC. AlICoCrFeNiz1 eutectic and near-eutectic
HEAs are closer to 75% FCC, foregoing some of the total volume of strengthening BCC in favor of a
significantly increased phase boundary area, and achieving similar performance to the equal phase
alloy at room temperature [4-8]. Both AlICoCrFeNi2sTios and AlICoCrFeNiz1have a sharp decrease in
properties over 700°C associated with the dissolution of the L12 phase and a pronounced softening of
the FCC phase [7,10].

Efforts to improve the high temperature work hardenability of these alloys have relied primarily
on the formation of hierarchical structures and exploiting the phase boundaries between the FCC and
BCC phases. Nanoprecipitates of Cr-rich BCC are reported to form via spinodal decomposition out
of the Ni-Al enriched B2, which have been shown to produce precipitation hardening, strain
hardening and even martensitic transformations in the B2 phase [7,10-13]. Hierarchical B2 formation
within the FCC phase of eutectic compositions has similarly been reported upon thermal treatment
of the cast alloys [5,6]. AlCrFe:Ni», as pioneered by Dong et al. [12], features a similar hierarchical
FCC+BCC+B2 phase structure, but with a unique “noodle like” morphology formed by solid state
decomposition. This novel morphology was later expanded on by Niu et al. [13] in
Fe27Ni35Cr18.25A113.75Co2Ti2Mo2, who called it an ultrafine vermicular microstructure (UVM),
and proposed that it formed due to kinetic frustration of a Widmanstéatten structure caused by the
spinodal decomposition of the B2/BCC phase. Alloys based on AlCrFe2Ni2 make use of the solid-
state transformation into FCC+BCC to provide greater control over the phase ratio and hierarchical
structures due to the more limited diffusion and inherent metastability of the solid-state
transformation, while maintaining the high interfacial hardening found in eutectic compositions.

The difference in strength commonly observed between the FCC and BCC phases in these dual
phase HEAs has been shown to be a reliable source of heterodeformation induced (HDI) hardening
of the softer FCC phase. The buildup of geometrically necessary dislocations (GNDs) required to
maintain continuity of the phase boundaries serves to resist further yielding of the FCC phase,
extending both strength and ductility of the material. Severe strain partitioning caused by a
significantly stronger BCC phase can induce dynamic recrystallization and strain softening behavior
due to the buildup of GNDs adjacent to the phase boundaries [14]. The addition of small amounts of
refractory metals, such as (MoNb)oz2 [15,16] and Wo.1[17] was found to simultaneously increase both
the strength and ductility of AlCrFe:Niz, as the large atoms induced a greater degree of solution
strengthening amongst the smaller atoms of the FCC phase while only minimally distorting the Al-
rich BCC. This resulted in a more synergistic deformation of the two phases and an extension of the
work hardening regime at both room and elevated temperatures. Increasing the refractory content
resulted in the formation of brittle intermetallics and a decrease in the overall ductility of the alloy in
both cases.

In this work, we aim to synthesize the results of these prior efforts into a cast multiphase
AlCoCrFeNi based HEA composition which displays significant strength and work hardening at
temperatures above 700°C. We include minor additions of Ti to increase ordering, Cu for solid
solution strengthening, and Zr for selective solution strengthening of the FCC phase. Additionally, a
selection of samples was subjected to high temperature annealing to investigate the high temperature
equilibrium phase structure in addition to the metastable cast structure. Both the as cast and annealed
alloys were subjected to high temperature compression and advanced characterization of the
deformed samples were undertaken to provide insights into the accompanying changes in
deformation behavior.

2. Materials and Methods
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The as-cast (AC) AlCoCrFeNi(CuTiZr) alloy used in this study was purchased from ASI alloys
with the nominal composition outlined in Table 1, and was received in the form of a tilt cast ingot,
125x70x10mm in size.

Table 1. Composition of Duplex HEA.

Element Al Co Cr Cu Fe Ni Ti Zr
wt% 7.00 12.00 18.00 1.00 21.99 34.99 4.00 1.00
at% 13.59 10.66 18.13 0.82 20.63 31.22 4.38 0.57

The phase space of the alloy was modeled using the Thermocalc Software TCHEA®6 database.
Experimental validation of the phase field was performed using differential scanning calorimetry
(DSC) and in-situ heating X-ray diffraction (XRD). DSC was performed in a TA Instruments SDT 650
from 50°C to 1400°C at a heating rate of 5°C/min under argon atmosphere. In-situ heating XRD was
performed in a PANalytical Empyrean XRD with HTK 1200N furnace under a vacuum of 103 torr
(107 MPa). Scans from 20°-90° 20 were taken at room temperature and then every 200°C over the
range of 200-1200°C. A heating rate of 20°C/min was used, holding for 10 minutes at temperature
before taking a 10 min acquisition. This information was used to select an annealing condition, after
which high temperature annealed (HTA) samples were prepared via sectioning the as-cast ingot into
10x10x10mm cubes, followed by annealing in a box furnace at 1100°C for 50 hours wrapped in
stainless steel gettering foil and quenching to room temperature in a water bath.

Samples for compression testing were cut using wire electrical discharge machining into
rectangular axial samples with cross section of 8mmx8mmx12mm. Axial specimens were polished
on all sides using alumina suspension, and an R-type (Pt:Pt-Rh) thermocouple was spot welded to
the midspan of the samples. Isothermal compression testing was performed in a Gleeble 3500
thermomechanical simulator. Nickel paste and graphite foils were applied between the samples and
anvils to reduce frictional effects during elevated temperature testing. Compression tests were
performed on both the AC and HTA conditions at a strain rate of 1s and temperatures of 40°C, 800°C,
900°C and 1000°C. Samples were heated to target temperature at a rate of 5°C/s and held for 180s to
ensure uniform sample temperature. All tests were performed in argon atmosphere to a total strain
of 0.6, with the exception of the room temperature tests which reached the load limit of the testing
apparatus. Tests with a barreling coefficient of <1.1 and which did not experience excessive fracture
were considered valid.

Undeformed samples of both the AC and HTA conditions, as well as cross sections of each of
the high temperature deformed conditions, were prepared for electron microscopy by mechanical
polishing with SiC papers up to 1200 grit, followed by solution polishing in 3 pm diamond, 0.5 um
diamond, and finally 0.02 um colloidal silica solution. Samples were cleaned through a series of
ultrasonic cleanings in dilute soap solution followed by acetone and finally ethanol before drying
with compressed air. Samples were imaged in a ThermoFisher Helios Hydra G5 Scanning Electron
Microscope (SEM). Characterization of grain size, phase fractions, and defect density and distribution
was performed via electron back scattered diffraction (EBSD) using an EDAX Hikari Super EBSD
Detector at 20kV. Foils for transmission electron microscopy were prepared from both initial
conditions and the 800°C compression samples using a Thermofisher Quanta 3D FEG Ga+ FIB and
ThermoScientific Scios 2 DualBeam Ga+ FIB. Foils were imaged in a ThermoFisher Talos F200x G2 at
200k V.
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3. Results and Discussion
3.1. Phase Structure, Stability, and Transformations on High-Temperature Annealing of the As-Cast Alloy

The calculated phase fraction vs temperature plot for our alloy is shown in Figure la. The
BCC/B2 phase fraction remains relatively flat between 40-45% in the range from 500°C-1100°C, while
the FCC phase fraction reduces sharply below 900 C, primarily competing with sigma and D02
ordered phases. At lower temperatures, a number of additional ordered FCC and BCC based phases
are predicted, which should not impact the high temperature behavior, but might prove deleterious
to room temperature properties, if formed.
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Figure 1. (a) plot of calculated phase fractions versus temperature. (b) Inverse Pole Figure of as cast structure
from EBSD. (c) EBSD Phase map showing dual phase structure of As-Cast alloy with minor formation of parasitic

sigma and (d) SEM micrograph with corresponding EDS maps of AC condition. .

A combination of SEM EDS and EBSD, Figure 1b—d, reveals the as-cast alloy to be dual phase,
composed of an FeCrCo rich FCC and a NiAlTi rich BCC. The cellular microstructure has fine FCC
lamella in a continuous BCC matrix with both vermicular and Widmanstatten lathe morphologies
visible. A coarse extracellular FCC phase separates the lamellar regions. Small regions of secondary
BCC are visible inside the extracellular FCC regions. From EBSD, it was found that the average size
of FCC grains is ~9 um, with two peaks in the size distribution corresponding to the lamellar regions
(~5 um) and coarse extracellular regions (~20pm). Grain size in the BCC phase showed two
populations corresponding to the continuous interlamellar BCC, between 15-40 um, and the fine scale
BCC phases formed in the extracellular FCC or separated by intersecting FCC lamella, between 0.5-4
um in size (Figure S1). The phase fraction is relatively even, with about 55% FCC and 44% BCC, and
the remaining 1% composed of sigma forming amongst the lamellar FCC structures. An additional
NiZr rich phase can be observed closer to the center of the cast ingot, forming at the interface of the
coarse FCC and BCC phases (Figure S2).

The thermal series of diffraction spectra taken during in-situ heating XRD, plotted in Figure 2a,
shows the persistence of the duplex structure up to 1000°C, after which the BCC peak has disappeared
by 1200°C leaving a fully FCC microstructure. DSC, Figure 2¢, shows three distinct endothermic
events, with a broad peak at 900°C, a small sharp peak at around 1150°C and a large peak between
1200°C and 1325°C, centered at 1275°C. The endotherm at 900°C is likely due to a disordering
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transformation in the FCC phase as shown by the associated inflection in the thermal expansion of
the FCC peaks between 800°C and 1000°C. The sharp endotherm at 1150°C corresponds to the
dissolution of the BCC phase, as confirmed by the spectra in Figure 2a, and the final endotherm at
1275°C likely corresponds to the melting of the alloy. This confirms that annealing the material up to
1100°C should remove persistent low temperature ordered phases and homogenize the alloy while
maintaining the dual phase structure.
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Figure 2. (a) In-situ heating XRD of the as-cast condition with (b) plot of FCC lattice parameter vs temperature
showing inflection point between 800°C and 1000°C and (c) Differential Scanning Calorimetry of the as-cast

material with tie-line signifying the temperature used for annealing.

After thermal treatment, the microstructure in the HTA samples, shown in Figure 3, has
coarsened significantly as compared to the as-cast. The prior cellular structure has transformed into
a bicontinuous network of FCC and BCC phases, the previous lamellar morphology retained in
regions of discreet FCC phases. The NiZr intermetallic phase persists after annealing, having
globularized from the weblike structures observed in the as-cast structure (Figure S3). While the
sigma phase was not observed, the phase fractions after annealing are nearly identical to the as-cast
with ~44% BCC and ~56% FCC. After annealing, EBSD again shows two populations of grain sizes in
the FCC spanning from 1.3-11.8 um and from 20.4-42.4 um, corresponding to the former lamellar and
extracellular regions respectively. The BCC grains vary in a single broad population from ~5um-
33um, with a sharp peak at 27.7 um. (Figure S4) The similar phase fractions before and after annealing
indicate that there was little chemical driving force for microstructural coarsening. The primary
driving force for the observed coarsening therefore appears to be the shape instability of the lamellar
FCC phase, as only minimal growth was observed in the boundary regions. A much larger volume
fraction of globularized FCC grains are observed than BCC grains, with the later remaining
predominantly continuous (Figure S5).
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Figure 3. (a) Secondary electron SEM image of HTA condition with corresponding EDS maps and (b) Inverse
Pole Figure of Annealed structure from EBSD. (c) EBSD Phase map showing persistence of phase fraction after

high temperature annealing and elimination of sigma phase.

The substantial microstructural coarsening following HTA heat treatment obscures precise
identification of the initial instability mechanisms responsible for the structural evolution. EBSD of
the AC condition (Figure S5), reveals a mix of lamella with both trans-lamellar grain boundaries and
boundary-free lamella, suggesting the FCC phase globularized through combined boundary splitting
and cylinderization mechanisms [18]. Boundary splitting occurs when the tensional balance between
a through-thickness boundary and the adjacent phase boundary induces sufficient thermal grooving
to cleave the lamellar structure. Cylinderization, conversely, results from capillary forces generated
from the curvature difference between the lamellar edges and flat surfaces, driving edge recession
and lamellar breakdown. More extensive thermal grooving effects are visible in larger extracellular
FCC regions of the HTA-treated samples (Figure S5).

The pronounced increase in the grain size of the FCC phase during annealing without an
accompanying change in phase fraction, highlights that microstructural evolution primarily depends
on lamellar instability rather than phase instability.

Samples of both the AC and HTA alloy were cold rolled in multiple passes until failure as a
quick assessment of the thermal treatments effect on room temperature mechanical behavior. Cracks
were visible on the AC sample after just 3% reduction in thickness, whereas the HTA condition was
able to undergo a 38% reduction in thickness before crack formation occurred, having regained a
notable degree of ductility after thermal treatment (Figure S6).

TEM analysis of both the undeformed samples reveals the FCC phases to be compositional
homogenous, while a dispersion of Cr rich nanoprecipitates are observed in the BCC phase both
before and after annealing. Superlattice spots in the SAED patterns of the AC sample at (110) and
(121) indicate the presence of L12 and L21 ordering in the FCC and BCC phases respectively. It should
be noted that while (121) is typically a forbidden reflection, the absence of an equivalent d-spacing in
BCC and B2 structures, in combination with the presence of the L21 (111) peak in XRD (Figure S7) has
been considered sufficient to identify the ordering. The inclusion of Ti in NiAl B2 forming HEAs has
been previously shown to stabilize the formation of the Ni2AITi L2:1 phase [19]. This structure
transforms to a disordered FCC+B2 structure after annealing at 1100°C, though the Cr rich BCC
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nanoprecipitates appear to persist. This BCC phase has been established to form due to a conditional
Cr miscibility gap in B2 ordered NiAl [20].
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Figure 4. STEM-BF with STEM EDS showing presence of Cr rich nanophase in the AC and HTA microstructures,
with SAED patterns showing phase ordering.

3.2. Plastic Flow Behavior Under Compression as Function of Temperature

In comparing the room temperature flow behavior of the AC and HTA samples, Figure 5, we
observe that although thermal treatment is accompanied by a significant drop in initial yield strength,
from 1.4 GPA for the AC to 800 MPa for the HTA, both conditions were able to sustain a significant
degree of work hardening. Even though the tests were restricted by the force limit on the load cell
used, this is consistent with the observed improvement in plasticity in the HTA condition noted
during cold rolling (Figure S6). Consistent to our results, the effects of globularization of lamellar
domains on room temperature mechanical behavior was previously investigated in AlozCoCrFeNi,
where even partial transformation of the lamellar domains resulted in a marked decrease in the initial
flow stress, but was accompanied by an increase in work hardenability of the alloy [21]. The decrease
in the yield strength of the annealed alloy versus the cast alloy can likely be attributed to the
disordering of the FCC phase and the coarsening of the lamellar structure. The coarsened structure
has a significant reduction in phase boundaries to block dislocation motion, reducing the measured
yield stress, but has been shown to have an increased dislocation storage capacity as compared to the
lamellar FCC, contributing to the sustained work hardening in the HTA condition [22]. The growth
of the BCC nanophase within the B2 regions also likely contributes to the observed work hardening,
trapping dislocations within the harder phase.
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Figure 5. True stress strain compression curves tested at temperatures of 40C, 800C, 900C, and 1000C at a strain

rate of 1s! for a) As-Cast and b) high temperature annealed conditions.

Despite the clear differences in room temperature compression, the effects of pre-annealing on
high temperature compression appear to be more subdued. Both AC and HTA specimens plastically
flow near identically at 800°C, Figure 5a,b, with a sharp initial peak leading into an extended work
hardening regime before transitioning to continuous flow softening. There is a slight increase in peak
flow stress in the HTA condition, 793.5 MPa, compared to the AC condition, 782.3 MPa, and a slight
increase in the strain at peak flow stress at 0.144 up from 0.137 respectively, as listed in Figure 5¢,d.
The differences in flow behavior are more pronounced at 900°C, where the HTA sample displays a
prolonged work hardening region and a 15% increase in the peak flow stress over the AC at 900°C.
While the HTA sample transitions into a flow softening region with a similar slope to that observed
in the 800°C condition, the AC sample displays a brief work hardening region followed by a much
shallower flow softening regime, very near to stead state. From the flow curves for the HTA and AC
samples at 1000°C, the HTA sample again demonstrates the higher peak flow stress. However, it
displays no work hardening region, instead transitioning directly into a steady state deformation
regime upon yielding. Although reaching a lower peak flow stress of 301.1 MPa, versus the 324.4MPa
achieved in the HTA, the AC sample demonstrates a very brief initial work hardening region before
entering a steady state deformation regime.

3.3. Deformation Mechanisms and Work Hardening

EBSD of the AC-800C, AC-900C, and AC-1000C samples, Figure 6a,c,e, show that the lamellar
morphology of the AC microstructure is retained even after high temperature compression. The
phase maps show that sigma phase persists in the AC-800C and AC-900C conditions but is absent in
AC-1000C. An additional BCC phase is revealed by the IQ of the maps among the lamellar regions
and is shown to be coherent with the surrounding BCC, Figure 6f. This second BCC phase was found
to be a-Cr via EDS (Figure S8). With increasing deformation temperature, the fraction of sigma phase
decreases and both the number and size of a-Cr grains appear to increase. The absence of a positional
relationship between the sigma and a-Cr would indicate that the shift in phase content occurs via
dissolution of sigma and precipitation of BCC rather than structural transformation of sigma phase
to BCC. The IPF map of the HTA-800C sample, shown in Figure 6d, reveals the presence of high
densities of deformation twins within the FCC phase, indicated within the dashed circle. The identity
of these boundaries as deformation twins was confirmed in TEM, shown in Figure 9f. The coarsening
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of the lamellar microstructure during annealing would reduce the twinning stress required for
activation [23]. The activation of twinning-based deformation modes in the HTA condition would
account for the increased plasticity and work hardening responsible for its similar flow behavior to
the AC-800C condition despite the latter having a much finer lamellar microstructure.
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Figure 6. Image quality + phase maps (a, ¢, e) from EBSD of the AC-800C, AC-900C and AC-1000C conditions,
showing the retention of the lamellar morphology as well as the change in minor phase content. White arrows
indicate a second BCC phase which is coherent with the major B2 phase. Additional phase (b) and IPF maps (d)
from the HTA-800C condition reveal the absence of these minor phases from the HTA condition and the presence

of deformation twins.

Further EBSD analysis of the high temperature deformed samples provides insights into the
microstructural evolution during compression. The retained density of GNDs, as represented by the
kernel average misorientation (KAM), shown in Figure 7, is observed to decrease with increasing
deformation temperature for both the AC and HTA conditions. Across all temperatures, the HTA
condition was observed to have a higher average KAM than the AC, although if only considering the
FCC phase, a higher average KAM is observed in the AC-800C condition compared to the HTA-800C
condition. Considering the individual phase partitions, the average KAM is found to be higher in the
FCC phases of the AC-800C and HTA-900C sample and is found to be roughly equivalent between
the FCC and BCC phases of the remaining conditions. In both the AC-800C and HTA-900C samples,
the high KAM regions are observed within the FCC phase adjacent to the phase boundaries,
indicating the buildup of GNDs at the FCC-BCC interface. The presence of strain partitioning in these
conditions suggests that these GNDs are accommodating the strain incompatibility of the two phases.
According to the theory behind HDI strengthening, the buildup of these GNDs should induce a
backstress into the FCC phase counter to the applied stress, increasing its effective strength. These
factors would indicate HDI strengthening as a contributor to the observed work hardening in both
the AC-800C and HTA-900C samples.
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Figure 7. Kernel Average Misorientation maps and average KAM of the isothermally deformed samples. Phase

boundaries are traced in black, while grain boundaries are traced in white.

Despite the similar flow behavior observed between the two initial conditions at 800°C, there is
minimal indication of strain partitioning in the HTA sample, which would suggest that the displayed
work hardening is likely dominated by the deformation twinning in the FCC phase. While the HTA-
1000C condition displays roughly equivalent retained dislocation densities in the FCC and BCC
phases, the presence of significantly more DRX grains, predominantly in the FCC phase, indicates
that strain partitioning during the deformation still likely occurred. The heavy strain localization
which accompanies the buildup of GNDs at phase boundaries associated with heterodeformation
resulted in the almost immediate onset of DRX softening in the early stages of yielding. This early
onset softening is responsible for the apparent lack of a work hardening regime in the HTA-1000C
flow curve, Figure 5b. In the case of the AC-900C and AC-1000C samples, the absence of obvious
strain partitioning as well as minimal recrystallization indicate that the FCC and BCC phases
deformed homogeneously.

Maps of the low and high angle boundaries in Figure 8 show that the flow behavior of the AC
samples is heavily dependent on the dislocation storage capacity of the lamellar regions. High
gradient misorientations and small subgrain formation are visible in both the FCC and BCC phases
in the AC-800C condition. The degree of substructuring, the lamellar thickness and the subgrain size
all increase at 900C and again at 1000C, following the established trend of subgrain size increasing
with decreasing stress. During compression, the initial lamellae are elongated, reducing in thickness
with increasing strain. When the phase boundary separation is equivalent to the subgrain size, further
reduction in thickness makes the grain unstable to dynamic growth, resulting in spheroidization, and
limiting the dislocation storage capacity of the lamella. As the subgrain size increases with increasing
deformation temperature, a lower strain is necessary to reduce the lamellar thickness to the subgrain
size, resulting in a truncation of the work hardening regime and a lower stored dislocation density.
The presence of lamella with both single and multi subgrain thicknesses in the AC-800C sample
indicates that the critical lamellar thickness was reached near the end of compression. The absence of
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lamella more than one subgrain thick in the 900C and 1000C conditions indicates that the critical
thickness was reached much earlier during compression. Additionally, the initial lamellar thickness
appears to be smaller than the subgrain size at 1000C, resulting in the coarsening of lamella and the
absence of sustained work hardening in the AC-1000C condition.

800°C

900°C

1000°C
-

T e
Min Max
20 150
152  30°
30° 180°

Figure 8. EBSD Phase maps showing rotation boundaries and lamella thickness in AC (a, b, ¢) and HTA (d, e, f)

conditions after high temperature compression testing.

In the HTA samples, the flow behavior is significantly more dependent on the co-deformation
behavior of the FCC and BCC phases. At 800°C, Figure 8d, fine scale recrystallized grains can be
observed along the twin boundaries as well as the phase boundaries in the FCC. The BCC appears
less recovered, with large retained misorientation gradients.

At 900°C, Figure 8e, in the absence of the high twinning density, dislocations stored in the FCC
primarily occupy subgrain boundaries adjacent to phase boundaries, with a highly recrystallized
shear band forming to either side of a coarse Ni-Zr rich intermetallic. The BCC structure is less
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severely deformed, with much of the stored defect density found in localized substructures adjacent
to the phase boundaries, further indicating the role of HDI strengthening in the sustained work
hardening observed in HTA-900C condition.

The FCC phase has fully polygonised at 1000°C, Figure 8f, with a number of high angle grains
similar in size to the subgrain structure. The BCC phase displays similar recovery of the subgrain
structure, with populations of small grains appearing along phase boundaries. These undeformed
grains likely formed through discontinuous nucleation as they’re significantly smaller than the
subgrain structure.

S/TEM analysis of the AC and HTA conditions deformed at 800°C confirm the primary modes
of plasticity accommodation to be dislocation mediated and mixed deformation twinning and
dislocation mediated respectively. The dislocations are primarily localized to the FCC phase in the
AC-800C condition, forming dislocation walls in the lamellar regions and full dislocation cells in the
coarse extracellular FCC. Deformation nanotwins are visible in the FCC phase of the HTA-800C
condition, with little evidence of polytwinning or cross slip. Recrystallized grains have formed along
phase boundaries and in areas of high twin boundary density. A number of fine scale Cr rich grains
are observed in the recrystallized regions, seen in Figure 9e. Dislocation buildup along phase
boundaries is present in both samples, contributing to the observed work hardening. Both samples
possess FCC+B2 microstructures, the additional superlattice reflections from the L12 and L2: ordering
observed in the base AC condition absent in the post deformed samples. This change in ordering
likely occurred during the initial heating and therefore had little effect on the observed deformation

behavior.

~

Sigma

|

AC-800°C

Cr-richSpinodal
Dislocation Pileup nanophase
Deformation

Nanotwins

HTA-800°C

4'_\ Cr-richDRXgrains

Figure 9. STEM-HAADF and STEM EDS of the AC-800C and HTA-800C samples. SAED from the twinned region
of the HTA-800C-1/s sample is included as an inset.

The Cr-rich spinodal BCC phase is absent in B2 regions adjacent to sigma grains in the AC
sample, shown in Figure 9b. From Figure 6a,c,e, the observed coarsening and size uniformity of the
sigma and a-Cr grains after deformation at elevated temperature implies that the phase growth is
favored over further nucleation of these phases at the testing temperatures. This growth appears to
be driven by the diffusion of Cr from the surrounding B2 phase at the expense of the spinodal
nanophase. The presence of these coarse Cr rich phases suggests that the spinodal nanophase is
absent in the lamellar regions of all deformed AC samples.
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The presence of the spinodal nanophase in the base HTA sample without discernable sigma or
a-Cr indicates that the separation likely formed during quenching. During the annealing of the HTA
samples, the sigma phase, coarse a-Cr, and spinodal phase found in the cast structure dissolve. Since
the Cr-NiAl spinodal separation has previously been reported during the rapid cooling of HEAs, it
is likely that the Cr rich BCC nanophase reformed during the quenching after annealing [24]. The
elimination of sigma and a-Cr nuclei introduces an incubation period into Cr separation via
nucleation and growth, during which separation by spinodal decomposition is kinetically favored
due to the inherently low activation energy needed. As the spinodal decomposition progresses, the
associated reduction in the Cr supersaturation of the B2 phase further reduces the driving force for
sigma and a-Cr nucleation, extending the stability of the spinodal nanophase at higher temperatures
by preventing ripening.

The formation of the spinodal nanophase in the B2 phase has been shown to both improve its
initial strength and work hardenability [7]. Despite the absence of the spinodal nanophase in the AC-
800C condition, the intrinsic strength of the B2 appears to have been sufficient to achieve the strain
incompatibility required for HDI strengthening, as evidenced by the strain partitioning shown in
Figure 7 and the sustained work hardening regime observed in Figure 5. At 900°C and 1000°C, the
thermal reduction in the strength of the unreinforced B2 phase appears to have been sufficient for
homogeneous deformation of the FCC and BCC phases to occur, as evidenced by the lack of strain
partitioning. The presence of the spinodal nanophase in the HTA-900C and HTA-1000C samples
extends the strength of the B2 phase to higher temperatures, maintaining the strain incompatibility
with the FCC and the resulting strain partitioning. At 900°C, this results in the greater sustained work
hardening and higher peak flow stress of the HTA sample as compared to the AC as a result of the
difference in heterodeformation behavior. At 1000°C, the increased strength of the B2 in the HTA
sample and accompanying strain partitioning results in a severe strain localization within the FCC
which at the elevated temperature causes an almost immediate activation of DRX softening upon
plastic yielding. The more homogeneous deformation observed in the AC-1000C sample experienced
less strain localization, and therefore possessed a small discernable work hardening regime, despite
its lower peak flow stress as compared to HTA-1000C.

From the previous observations, we propose the solidification and processing pathway shown
in Figure 10. Moving below the liquidus line around 1375°C, a primary FCC phase enriched in Ni, Al
and Ti, dubbed FCC’, forms from the melt, ejecting Zr and minor amounts of Fe and Cr into the
liquid. By 1200°C, the melt has fully solidified into a completely FCC structure, with two distinct
compositions; a cellular structure with FCC’ surrounded by a second Fe, Cr, and Zr enriched FCC,
dubbed FCC”, which formed from the last solidifying liquid. Moving below the B2 solvus at 1150°C,
the FCC’ phase decomposes into lamellar structures of FeCrCo rich FCC and AINiTi rich B2 phases.
Small secondary B2 phases form within the coarser boundary FCC” and NiZr intermetallics form at
the boundaries of the Zr-enriched FCC” and the newly formed Ni-rich B2 phase. After the formation
of B2 and the NiZr intermetallics, the composition of the remaining boundary FCC and lamellar FCC
regions are roughly equivalent. Cooling below some temperature between 1100°C and 1000°C, the B2
phase enters a conditional miscibility gap, and begins to form a fine scale Cr-rich BCC phase via
spinodal decomposition. Further cooling below ~950°C, FeCr rich Sigma phase begins to form along
the FCC-B2 boundaries, growing by the diffusion of Cr from the supersaturated B2 phase into the
FeCr rich FCC. This accounts for the vast majority of the microstructure observed in the As-Cast
sample. Raising this structure to 1100°C, the sample is above the solvus lines for both sigma and BCC-
Cr, resulting in the dissolution of Cr back into the B2 phase during the early stages of heating. The
remaining FCC+B2+NiZr microstructure proceeds to coarsen significantly over the following 50
hours, driven primarily by the shape instability of the fine lamellar phases which formed from FCC’.
Upon quenching in water, the sample moves rapidly through the Cr miscibility gap in the B2 phase,
which is still able to separate via spinodal decomposition due to the relatively low activation barrier.
The nucleation of coarse Cr-rich phases such as sigma and a-Cr are suppressed completely.


https://doi.org/10.20944/preprints202407.1945.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2025

14 of 17

Above Liquidus Below Liquidus Below Solidus
T>1375C 1375C>T>1200C (1200C>T>1150C)

FCC, FCC’ -
_-— M .
Ld -
- LI
FCC”!
Al, Ni, and Ti enrich first Last solidifying llqu;d forms a second
Completely liquid solidifying FCC, ejecting Zr, FCC phase around periphery,
Fe, and Crinto the melt. enriched in Fe, Cr, and Zr
i
aL
A4
Below Sigma Solvus Below B2 Conditional Spinodal Below B2 Solvus
~900C>T (1100C>T) (1150>T>11000)

o ol 3%

/| - ¢ :
Sigma nucleates at FCC/B2 boundaries ~ Fine scale Cr-rich A2 phase forms FCC'> FeCrrich FCC and NIAITi
and grows into the FCC phase out of B2 rich B2 lamella. )
. Secondary B2 phases form in FCC'
r 1 NiZr rich intermetallic forms at
~! '7 boundaries between B2 and FCC”
\, . N
High Temper'ature Anneal High Temperature Anneal High Temperature Anneal
T=1100C, 5 min T=1100C, 50 Hr T-25C, Water Quench
% ’% ,--.\> p——y
% Y
Sigma and a-Cr dissolve in early stages FCC and BCC lamella coarsen, On rapid cooling, Cr separates from the
at high temperature. NiZr intermetallics spheroidize B2 phase solely through spinodal

decomposition, with nucleation of sigma
and a-Cr suppressed
Figure 10. Schematic of proposed solidification pathway of the As-Cast material and structural transformation

during high temperature annealing.

The liquidus, solidus and B2 solvus temperatures can all be pulled directly from DSC, shown in
Figure 2. High temperature XRD, also shown in Figure 2, confirms that only FCC phases are present
at 1200°C, below the solidus line. Comparison of the nominal compositions of the boundary FCC
phase with the lamellar regions indicates solute partitioning of Al, Ni, Ti and Zr during solidification
and the formation of two separate FCC phases from the melt. The spinodal temperature was
determined from the coarse a-Cr grains observed in the As-Cast samples. The a-Cr was observed in
AC-1000C, Figure 6, but not in the HTA condition, Figure 3, and therefore must become unstable
between 1000°C and 1100°C. Since the spinodal temperature is always less than or equal to the solvus
temperature of the bounding phases, the stability of the spinodal phase should also fall somewhere
between 1000°C and 1100°C. The temperature for sigma formation was pulled from CALPHAD,
shown in Figure 1, and is supported by the phases observed in the high temperature deformed AC
samples, shown in Figure 6. Evidence for the evolution during high temperature annealing was
included in the discussions of Figures 3, 6 and 9.

To summarize, the initial annealing of the HTA condition produces notable changes in the high
temperature deformation mechanisms of the dual-phase HEA over the AC condition. The AC and
HTA samples display very similar flow curves at 800C, with dislocation buildup at phase boundaries
and HDI hardening caused by the mixture of soft FCC and hard B2 contributing to the high peak
flow stresses and work hardening observed in both cases. The lower contribution of phase boundaries
to the coarse grained HTA condition is offset by the activation of deformation twinning in the FCC
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phase, providing additional plasticity and barriers to dislocation motion, resulting in its similar
performance to AC-800C.

Work hardenability of the AC conditions additionally depends on the ratio of lamellar thickness
to subgrain size, with the increased subgrain size at higher temperatures lowering the critical strain
at which the lamella can no longer store additional dislocations. The persistence and growth of coarse
sigma and a-Cr in the AC samples depletes the NiAl B2 phase of Cr at the expense of the spinodal
nanoprecipitates and their contribution to strengthening and work hardening of the B2 phase. Sigma
and a-Cr nuclei formed during solidification are eliminated by high temperature annealing, and
cannot form during the subsequent quenching.

The lower activation energy of the spinodal separation results in the decomposition of the B2
and the formation of the spinodal nanophase despite the rapid cooling. When the samples are heated,
the progression of the spinodal decomposition decreases the driving force for nucleation of sigma
and a-Cr, further increasing the stability of the nanoprecipitates. The spinodal dispersion persists in
the HTA samples, increasing the strength of the B2 phase and maintaining the property balance for
heterodeformation of the two phases at higher temperatures. The combined observations of enhanced
work hardening and strain partitioning to the FCC phase seen in the HTA-900C condition indicate
the role of HDI strengthening in its improved performance over the AC-900C condition, which
displayed more uniform deformation behavior. This is likely indicative that the absence of the
spinodal nanoprecipitates reduces the difference in the mechanical strengths of the FCC and B2
phases resulting in more homogeneous deformation. The limited formation of GNDs and the
resulting back stresses reduces the observed sustained work hardening. For the AC-1000C and HTA-
1000C conditions, these same influences are seen, but with different effects on the overall observed
work hardening. The absence of strain localization in the AC-1000C condition delays activation of
softening by DRX, resulting in the presence of a small work hardening regime arising from the large
number of retained phase boundaries in the lamellar structure. In contrast, the increased hardness of
the B2 phase in the HTA-1000C condition produces a notable increase in peak flow stress but also
results in the almost immediate activation of DRX softening upon yielding due to the high strain
localization to the phase boundaries in the FCC phase.

4. Conclusions

In this study, we aimed to produce a cast multiphase AICoCrFeNi(CuTiZr) based HEA with
FCC + BCC phase structure in which the effects of microstructural morphology, hierarchical
structuring, and phase composition are tested in high temperature compression in both as-cast and
high temperature annealed conditions. Our primary results are as follows:

e  The as-cast AICoCrFeNi(CuTiZr) multiphase HEA formed a cellular microstructure composed
of vermicular and Widmanstatten structures of FCC/L12 + BCC/L2: surrounded by
extracellular coarse FCC/L1.. Additional minor phases in the form of sigma and a Ni-Zr rich
intermetallic appear among the FCC laths and boundaries of the extracellular FCC
respectively. A fine scale Cr-rich spinodal nanophase was found within the ordered BCC
phase.

e High temperature annealing of the as-cast alloy resulted in a transformation into a bi-
continuous coarse-grained structure. Absence of superlattice diffraction indicated the FCC to
be entirely disordered while B2 ordering was found in the BCC phase. TEM revealed the
spinodal nanophase to be present in the B2 phase. The relative phase fractions of the major
phases did not change with annealing, and the Ni-Zr rich intermetallic phase persists,
appearing to have spheroidized with the heat treatment. No signs of sigma were found after
high temperature annealing.

e  Room temperature compression of the AC and HTA conditions revealed a drop in initial yield
stress of the annealed condition from 1.4GPa to 800MPa, accompanied by an increase in the
work hardening of the alloy, however both tests were truncated due to force limitations of the
load cell used. Both of these changes align with the softening of both the FCC and BCC phases
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due to changes in ordering, as well as the coarsening of the fine lamellar/lathe/vermicular
microstructure to a bi-continuous structure.

e In compression at 800°C with a strain rate of 1s, both the AC and HTA samples displayed
near identical flow curves with prolonged work hardening regimes to a peak flow stress of
782.33MPa and 793.45MPa at strains of 0.137 and 0.144 respectively before entering regimes of
continuous flow softening. With increasing temperature, the behavior of the as cast and
annealed material diverges, with the HTA sample sustaining a longer work hardening regime
and a 15% higher peak flow stress than the AC sample at 900C. At 1000C, the AC sample
displays an incredibly abbreviated work hardening regime before strain softening dominates,
while the HTA sample displays a higher peak flow stress but no work hardening regime,
immediately beginning to soften upon yielding.

e  The variation in high temperature deformation behavior of the AC and HTA samples was
found to primarily depend on the change in microstructural morphology and formation of Cr-
rich phases. The coarsened bicontinuous structure of the HTA samples displayed a higher
density of retained GNDs than the lamellar AC structure, in addition to a reduction in the
twinning stress and the activation of deformation twinning the HTA-800C condition. The
growth of the sigma and a-Cr phases in the AC samples was found to consume the spinodal
reinforcement phase, softening the B2 at higher temperatures. While the intrinsic strength of
the B2 phase of the AC samples was sufficient for HDI strengthening to occur at 800°C, the
structure deformed homogeneously at 900°C and 1000°C, limiting the observed work
hardening. The elimination of sigma and a-Cr nuclei during annealing of the HTA samples
extended the spinodal nanophase to higher temperatures, maintaining the strain
incompatibility required for HDI hardening at both 900°C and 1000°C. At 1000°C however, the
resulting strain partitioning to the FCC phase was sufficient to almost immediately induce
softening via DRX.

The present work should serve to provide insights into the sensitivity that the high temperature
deformation of dual phase HEA systems can have to simple changes to their thermal history, as well
as the variety of deformation mechanisms accessible which might be exploited to extend their use to
elevated temperature regimes.
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