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The Al,CoCrFeNi family of high entropy alloys (HEAs) has received considerable attention due to its promising
thermal, mechanical, and corrosion-resistant properties which make it widely suited for aerospace and marine
applications. While the formation of secondary phases has been studied at various annealing temperatures, the
results have focused on the late stages of precipitation, highlighting the need for the analysis of the intermediate
stage precipitation. Here we use in-situ heating in the transmission electron microscope (TEM) complemented by
ex-situ characterization of bulk annealed specimens, thermodynamic calculations, and precipitation simulations
to study the phase evolution of Al ;CoCrFeNi. Due to the high density of nucleation sites in the thin film, in-situ
TEM reveals the formation of an additional intermediate phase, Co-B2 at 550 °C, where hundreds of hours are
predicted for this phase to be shown during ex-situ experiments. At higher annealing temperatures between 700
and 900 °C, in-situ TEM shows the formation of Cr-rich precipitates as the first intermediate phase, followed by
NiAl precipitates that form co-precipitates. The formation of these precipitates occurs concurrently, contrary to
the findings of previous studies. In conjunction with the in-situ and ex-situ TEM studies, thermodynamic calcula-
tions and precipitation simulations have been performed to predict the formation of these phases and are found
to support the experimental results. The present work provides new insight into the microstructural evolution of
HEAs and reveals the importance of intermediate stages of thermal evolution, enabling an enhanced predictive
view of phase evaluation in this class of alloys.

a dual phase Al,CoCrFeNi alloy deteriorates due to localized corrosion
formed along NiAl B2/ FCC interfaces [37-40] and Cr-rich precipitates

1. Introduction

Recently, a new class of materials, termed high-entropy alloys
(HEAS), has become the subject of emerging interest due to their unique
physical and structural properties [1-17]. Their unconventional alloy
design contains multiple principal elements in equal atomic concen-
trations [18-20]. HEAs tend to crystallize into single or dual phase
solid solutions, and most have either face-centered- cubic (FCC), body-
centered-cubic (BCC), or mixed FCC/BCC structures [1-20]. HEAs and
their phase evolution are thought to be governed by high configura-
tional entropy, sluggish diffusion, and severe lattice distortion [21-36].
It has been widely suggested that HEAs are potential candidates for high-
temperature applications. A key challenge in the advancement of HEAs
is phase stability, which affects not only the thermodynamic equilibrium
of the alloy system, but also its mechanical and corrosion resistance
properties. Recent studies have shown that the corrosion resistance of
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within dendrite regions [41]. Interestingly, the B2 phase is known to
enhance the mechanical properties of Aly 3CoCrFeNi [36], contributing
to strength and ductility [1].

Aluminum-containing HEAs (i.e. Al,CoCrFeNi), where Al is added
in order to lower alloy density and enhance corrosion resistance, has
been widely studied in terms of phase stability due to their suitabil-
ity for aerospace and marine applications [24,28,29,30,36]. Despite the
fact that many of these investigations focused on phase evolution dur-
ing prolonged annealing, there remains many open questions regarding
the formation of intermediate phases during annealing. A mechanistic
study of thermal evolution and precipitate stability is vital to creating
a predictive understanding of the HEA microstructure, leading to the
ability to tailor specific alloys for targeted applications.

2589-1529/© 2020 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved.
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To date, a consensus has not been reached regarding the tempera-
ture dependence of stable secondary phases formed in Al 3CoCrFeNi
[24,28-30,36]. According to previous experimental observations [28],
Al, ;CoCrFeNi exists as a single solid solution (a disordered FCC) phase
after aging at 900 °C based on data collected using x-ray diffraction. Oth-
ers have investigated the phase stability of this alloy after heating at var-
ious annealing temperatures and longer heating periods, showing that
the disordered FCC phase exists up to 700 °C and precipitates B2 (Ni-Al)
phase at temperature between 700 °C —1000 °C [29]. Additionally, the
formation of the L12 phase at 550 °C [32], 700 °C [36], and 850 °C [30],
and the presence of the B2 phase in as-received and homogenized alloys
at 1100 °C [24], have been reported from ex-situ studies. More recent in-
vestigations have utilized in-situ TEM heating techniques to monitor the
phase evolution of Al,CoCrFeNi (x = 0.3-0.7) at temperatures between
500 and 900°C [26]. When x = 0.3, the authors reported the precipi-
tation of secondary phases out of the disordered FCC phase at around
400°C and forming more readily with an increase in temperature to
900 °C[26]. While these results mark a step forward in the understand-
ing of the secondary phase formation, they lack chemical and structural
data necessary for the secondary phases reported for Al ;CoCrFeNi.

The discrepancies among studies in terms of phase evolution and
stability highlight the need for continued work towards understanding
the thermal evolution of this class of HEAs. In the present work, we
build a more robust understanding of phase stability windows in the
Al0.3CoCrFeNi alloy system through direct observation and computa-
tional analysis, combining both bulk and in-situ annealing techniques,
high-resolution and analytical TEM, thermodynamic calculations, and
precipitation simulation. We experimentally identify the phase separa-
tion of the single FCC Al 3CoCrFeNi HEAs during ex-situ and in-situ TEM
heating, at intermediate and high annealing temperatures. The infor-
mation that we gather from ex-situ experiments (potential phases and
temperature range where secondary phases formed) are used to further
understand the stability of Al) ;CoCrFeNi HEAs in a real-time observa-
tion using in-situ heating in TEM and tracking the early, intermediate,
and final stages of intermediate phase formation. Using in-situ TEM heat-
ing, we accelerate the formation of secondary phases by means of high
density surface nucleation sites in the thin foil, we are able to track the
formation of additional intermediate phases, for which formation during
ex-situ heating experiments currently remains unknown. It is important
to note, however, that similar behavior is expected during ex-situ exper-
iments if annealing extends for a long period of time or if the density of
nucleation sites is enhanced (such as in the case of a nanostructured al-
loy). The results are compared with thermodynamic calculations using
TCHEA1 and a precipitation simulation using the TC Prisma module of
Thermocalc to predict equilibrium phases, volume fraction, and chemi-
cal composition as a function of temperature in Al0.3CoCrFeNi.

Designing a study concentrating on heterogeneous precipitation
events, we have uncovered key findings in HEA phase formation per-
taining Co-rich, Cr-BCC and B2 precipitation, revealing that the forma-
tion of these precipitates can happen concurrently, adding new insight
to previous studies [24,29,30,36].

2. Methods
2.1. Thermodynamic calculations and precipitation simulations

Thermocalc software, version 2017a [42] was used in conjunction
with the Thermocalc TCHEA1 [43] thermodynamic databases to per-
form the equilibrium phase diagram calculations for the quinary Al-Co-
Cr-Fe-Ni system. Phase equilibria were predicted for the Al ;CoCrFeNi
alloy at temperatures of 550 °C, 700 °C, and 900 °C, including expected
equilibrium phases and their respective phase fractions (as mole frac-
tions) and compositions. The thermodynamic calculations were per-
formed twice. First all phases in the database were included, which pre-
dicted the ¢ phase in equilibrium at temperatures below about 800 °C.
Because the formation of the ¢ phase is known to be extremely sluggish
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in many alloys (e.g., requiring thousands of hours at elevated temper-
atures in stainless steel [44,45]), it was suspended, and the thermody-
namic calculations were performed again excluding the o-phase.

In order to uncover the dynamic role of nucleation site density on
intermediate phase formation between various heating conditions, the
Thermocalc TC Prisma module was used to simulate the precipitation
behavior in the Alj ;CoCrFeNi alloy, again using the TCHEA1 thermody-
namic database along the Ni-based superalloy mobility database devel-
oped by Campbell et al. [46]. The simulations were performed at 550 °C
and 700 °C using two different nucleation site density assumptions. Sec-
ondary phase formation in the ex-situ experiments was observed primar-
ily on grain boundaries, therefore the grain boundary nucleation was as-
sumed to predict the precipitation in the ex-situ experiments. The default
grain size of 100 ym was assumed, yielding calculated grain boundary
nucleation site density of 6.5 x 1023 m ~ 3. For the in-situ TEM experi-
ments, nucleation was observed experimentally to occur in all areas of
the sample, not just along grain boundaries. This is almost certainly a
result of surface-dominated nucleation in the thin TEM specimens and
causes the intermediate phases to form much faster than in the bulk,
ex-situ experiments. To simulate the precipitation behavior in the in-situ
experiments, homogeneous, bulk nucleation was assumed, where the
nucleation site density was on the order of atomic density, 8.6 x 1028
m ~ 3, five orders of magnitude greater than for the grain boundary
nucleation.

For simplicity, a spherical precipitate morphology was assumed for
both BCC and B2 phases . Following the reported values of Chen et al.
[47], the interfacial free energies were estimated as 25 mJ/m? and 250
mJ/m? for the FCC-BCC and FCC-B2 interfaces, respectively. Addition-
ally, due to the short-comings in the thermodynamic database, the Gibbs
free energy of the Cr-BCC phase was modified by adding —300 J/mol
to increase its stability so that it precipitated from the FCC matrix at
700 °C. Precipitation simulation could not be performed at 900 °C due
to these same short comings.

2.2. Sample preparation and microstructural analysis

Ingots of Al ;CoCrFeNi were produced via vacuum-induction melt-
ing. The ingots then underwent hot isostatic pressing at 1204 °C and
103 MPa for four hours. To ensure chemical homogeneity, the alloys
were subsequently heat treated at 1250 °C for two hours in a vacuum
furnace. As-homogenized ingots were sliced into 300 um thick samples
by electrical discharge machining, followed by the traditional metallo-
graphic and related electropolish preparation for TEM. Samples were
in-situ heat treated in a JEOL 2100 LaBg TEM, equipped with a high-
resolution pole piece, using a Gatan heating holder at a ramp rate of
0.5°/s up to 550, 700, 900 °C, and held there for 10, 60, and 120 min,
respectively.

For ex-situ TEM observation, the as-homogenized samples were heat
treated up to 550 °C for 100 hrs, 700 °C for 72 and 500 hrs and at 900 °C
for 72 hrs in a vacuum furnace. Focused ion beam (FIB) was performed
in a FEI Strata DB 235, which was used to prepare TEM lamella from
areas of interest. The sample was prepared via a typical FIB in-situ liftout
procedure using 30 kV Ga-ions and was thinned to electron transparency
at 5 kv.

Microstructural analysis was carried out on as-homogenized and an-
nealed samples using energy dispersive x-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS) in the Scanning-TEM (STEM)
mode on a JEOL 2100 field emission TEM, equipped with a high-
resolution pole piece. EELS analyses were performed using direct de-
tection EELS (DD-EELS) system that offers great improvements in com-
bined energy resolution and energy field of view [48]. The precipitate
measurements were held using ImageJ software in conjunction with
AdobePS™ across many areas and samples to assure a reasonable level
of statistical significance.
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Fig. 1. a) Calculated phase diagram of Al ,CoCrFeNi showing the phase vari-
ation with temperature and Al fraction, and b) the same phase diagram with
excluding the ¢ phase from the calculations.

3. Results
3.1. Thermodynamic calculations and precipitation simulation

Phase equilibria in the Al,CoCrFeNi alloy system was calculated
using the Thermocalc software and the TCHEA1 high entropy alloy
database [42,43], including the equilibrium phase diagrams, equilib-
rium phase fractions, and the composition of each phase at the three
temperatures of interest, 550, 700, and 900 °C. Fig. 1 presents two iso-
pleth sections of the Al-Co-Cr-Fe-Ni equilibrium phase diagram for equi-
molar amounts of Co, Cr, Fe, and Ni, as a function of mole fraction of
the Al Fig. 1a shows the calculated equilibrium phase diagram, where
the ¢ phase (rich in Cr and Co) is present at temperatures below about
600 °C. Formation of the ¢ phase can be extremely sluggish in many al-
loys, and often is not observed experimentally during the investigation
of the microstructural evolution. Therefore, Fig. 1b presents the same
isopleth except that the o phase has been excluded from the calcula-
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tions. The calculated equilibrium phases and their predicted composi-
tions (without the ¢ phase) are found in Table 1 and compared to the
measured compositions of the experimentally-observed phases found in
the Al ;CoCrFeNi alloy after annealing at 550 °C, 700 °C, and 900 °C for
the different times. At temperatures above about 600 °C, two large phase
fields exist, a single-phase FCC region, and a two-phase FCC+B2#1 re-
gion. The boundary between these two regions increased with increas-
ing the Al content from 0 atomic percent (at%) Al around 550 °C to 10
at% Al around 1300 °C, very near the solidus. Below about 650 °C, a Cr-
rich BCC phase and a second B2-phase became stable, B2#2. The low-
temperature B2#2-phase is ferromagnetic, related to the B2 in the bi-
nary Co-Fe; while the B2#1-phase is paramagnetic, more closely related
to the NiAl-B2 phase. At still lower temperatures and high Al-contents,
the NizAl-based L1, phase appeared, though the maximum temperature
of its existence was only about 500 °C.

To further our understanding of concepts related to nucleation site
density effects on the formation of secondary phases, precipitation sim-
ulations were performed using the TC Prisma module of Thermocalc.
Employing the bulk nucleation to approximate the high density of sur-
face nucleation sites in the thin foil during in-situ TEM investigation,
the simulations demonstrate that at 550 °C, (see Fig. 2a), it took tens of
minutes for the Cr-BCC phase to nucleate, and more than hour for the
Co-rich B2#2 phases to nucleate. If GB-nucleation is used instead, as ob-
served in the ex-situ experiments, the simulations predict that only the
Cr-BCC phase will form for times up to > 100 h, as shown in Fig. 2b. At
700 °C, where Cr-BCC is less stable, relative to B2 than at 550 °C, both
BCC and NiAl-B2#1 are predicted to form in < 1 hour, Fig. 2c. However,
because of the much larger driving force for the formation of NiAl-B2#1,
compared to Cr-BCC at 700 °C, the former dominated the precipitation
behavior at longer times. For GB nucleation, Fig. 2d, Cr-BCC was the
first intermediate phase to form, in tens of hours. NiAl-B2#1 then began
to form after 100 hour, while the volume fraction of Cr-BCC decreased
with increasing time. The simulation predicted that the Cr-BCC phase
would completely dissolve by 1000 hrs, indicating that it is metastable
at 700 °C in the thermodynamic database, even with - 300 kJ/mol added
to the phase’s free energy. Precipitation simulations could not be per-
formed at 900 °C due to the limitation of the thermodynamic database
(the Cr-BCC phase is unstable above about 700 °C).

TC Prisma is not capable of addressing co-precipitation, but the sim-
ulation results presented here serve as a qualitative interpretation of
the expected precipitation behavior in Al 3CoCrFeNi during both in-situ
TEM observation and ex-situ experiments. In summary, the TC Prisma
simulations demonstrate that the greatly increased nucleation site den-
sity in the in-situ experiments allows precipitation of secondary phases
to occur one to two orders of magnitude faster than possible using ex-
situ experiments. It should also be noted that while the attractiveness
of calculations based on Thermocalc databases lies in the ability to pre-
dict the multicomponent alloy phase equilibria using thermodynamic
descriptions built from binary and ternary systems, the accuracy of such
calculations relies on the availability of the experimental data. For con-
ventional alloys, based on a single principal element, the experimen-
tal data are typically widely available, and calculated phase equilib-
ria are reasonably accurate. HEAs, by definition, lie in the middle of
the multicomponent compositional space, where experimental data of
ternary and higher-order systems are often sparse or nonexistent. There-
fore, the extrapolation of such databases, even those designed for HEAs
like TCHEA1, can provide valuable qualitative information about phase
equilibria and microstructural evolution in these alloys, however, quan-
titative prediction of phase boundaries, compositions, and kinetics may
be limited.

3.2. Phase evolution of Al 3CoCrFeNi
3.2.1. As-homogenized state

Figs. 3(a-b) contain the representative STEM-high-angle annular
dark-field (HAADF) images, EDS analysis, and selected-area diffrac-
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Table 1
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Phase and chemical composition of Al, ;CoCrFeNi as obtained by EDS and equilibrium thermodynamic calculations.

Heating conditions

Chemical Composition (at.%)

T(°C) Time Phase Al Co Cr Fe Ni
Thermodynamic 550 FCC-A1 0.60 23.90 26.50 18.30 30.60
Calculations BCC-B2 12.30 28.90 7.90 29.50 21.30
(excluding ¢ phase) BCC-A2 0.00 2.90 93.70 3.30 0.10
700 FCC-A1 1.00 24.60 30.00 25.00 19.40
BCC-B2 21.90 24.00 8.700 18.90 26.60
900 FCC-A1 3.20 24.90 27.20 24.80 20.00
BCC-B2 24.90 22.30 8.20 16.20 28.30
As Homogenized 1250 2 hr. FCC-A1 7.47 22.98 24.05 23.76 21.74
In-situ TEM 550 1 hr. FCC-A1 7.32 22.58 24.78 23.15 22.17
2hr FCC-A1 6.17 24.39 23.82 22.40 23.22
BCC-B2 8.00 28.77 19.58 20.72 22.93
BCC-A2 6.97 17.56 28.06 21.92 25.49
700 10 min. FCC-A1 8.15 22.42 23.86 22.68 22.89
BCC-A2 5.92 18.73 33.88 19.62 21.85
1 FCC-A1 6.23 23.43 24.71 23.00 22.63
hr. BCC-A2 0.45 18.95 48.17 15.85 16.58
2 FCC-A1 6.37 24.61 23.77 23.59 21.66
hr. BCC-A2 3.60 7.08 74.17 10.24 491
BCC-B2 32.36 16.48 6.18 14.13 30.85
900 10 min. FCC-A1 5.35 24.94 20.93 2411 24.67
BCC-A2 0.00 19.71 48.41 15.12 16.76
1 FCC-A1 291 27.27 24.46 23.84 21.52
hr. BCC-A2 3.52 3.14 86.04 4.09 3.21
BCC-B2 27.94 11.50 2.25 13.60 44.71
Ex-situ TEM 550 100 FCC-A1 6.45 23.20 25.51 22.79 22.05
hr. BCC-A2 5.73 23.05 27.52 21.91 21.79
700 72 FCC-A1 5.68 23.06 25.99 23.68 21.59
hr. BCC-B2 20.87 17.42 14.20 17.22 30.29
500 FCC-A1 3.19 24.19 24.57 25.37 22.68
hr. BCC-A2 0.00 0.00 93.83 0.00 6.17
BCC-B2 33.01 12.81 4.18 8.82 41.18
900 72 FCC-A1 4.12 24.42 27.16 24.62 19.68
hr. BCC-B2 29.86 15.17 5.57 10.35 39.05

tion patterns (SADPs) of the as-homogenized Alj;CoCrFeNi. The re-
sults show that the material is chemically and structurally homoge-
neous, and there is no evidence of chemical segregation or phase sepa-
ration. The EDS-measured chemical composition of the as-homogenized
Al ;CoCrFeNi is listed in Table 1. The corresponding SADP from the
[013] zone axis shows only FCC reflections. Our results are consistent
with those reported in the literature [26,32], in which Al 3CoCrFeNi is
revealed to be a single FCC phase after the homogenization treatment.

3.2.2. Ex-situ tem heating

To examine the stability of as-homogenized single phase
Alj ;CoCrFeNi, ex-situ TEM heating experiments were performed
at temperatures between 550 and 900 °C. Figs. 3c-e show the rep-
resentative STEM-HAADF and STEM-EDS elemental maps of the
Al ;CoCrFeNi annealed ex-situ at 550 °C for 100 hrs. Nanoscale precip-
itates formed exclusively along grain boundaries (GBs) with an average
size of 135 nm. Based on the STEM-EDS analysis, these precipitates are
primarily enriched with Cr. The SADPs from the Cr-rich precipitates
show the reflection of the [113] BCC from the precipitates, indicating
the disordered BCC structure of Cr-rich precipitates.

Figs. 3f-h present the STEM-HAADF and STEM-EDS analysis of
Al 3CoCrFeNi ex-situ annealed at 700 °C for 72 hrs. As shown in the
STEM-HAADF image (Fig. 3f), micro-sized precipitates were formed
along GBs. These precipitates are plate-like with an average length of
1.2 ym. The SADPs (Figs. 3p-q) taken from the precipitates show the
[112] BCC within the [113] FCC, iy reflections. The precipitates were
further analyzed via STEM-EDS and found to be enriched with mainly
Ni-Al, indicating the formation of the NiAl-B2 phase.

The STEM-HAADF and STEM-EDS analyses of Al 3CoCrFeNi ex-situ
annealed at 700 °C for 500 hrs are presented in Figs. 3i-k. Phase sepa-
ration was detected along GBs. Specifically, two distinct types of pre-
cipitates formed along GBs: NiAl-B2 and Cr-rich BCC precipitates. The

average size of NiAl precipitates increased significantly in comparison
to the 700 °C 72 hrs annealing treatment, reaching sizes of up to 2.4 um.
Chemical analysis of the Cr-rich phase shows that these precipitates con-
sist almost completely of Cr (~94 at% Cr), and are encased with the
B2 (NiAl) precipitates. The morphology of these precipitates are both
spherical and blocky, with an average size of 300 nm.

The STEM-HAADF and STEM-EDS analyses of Al 3CoCrFeNi ex-situ
annealed at 900 °C for 72 hrs are shown in Figs. 31-n. In a similar fashion
to that which was found in the 700 °C annealing conditions, NiAl-B2
phases formed along the GBs, with an average size of 2.7 pm.

Thus, based on the experimental analysis, we find that the
Al ;CoCrFeNi alloy beyond 500 °C degrades by forming multiple sec-
ondary phases (Cr-BCC, NiAl-B2, and Co-B2). The summary details of
the phase evolution regarding the precipitates structure, preferred loca-
tion and size over different annealing conditions are listed in Table 2.

3.2.3. In-situ tem heating

In-situ TEM heating was performed in order to characterize dynamic-
precipitation events in Aly 3CoCrFeNi at temperatures ranging between
550 and 900 °C. As shown in Figs. 4a-b, the alloy annealed at 550 °C
for 1 hour and exhibits a similar microstructure to that found in
the as-homogenized state, in which only a single FCC phase was ob-
served. When held at 550°C for 2 hrs, however, secondary phases
were observed. Figs. 4c-g show STEM-HAADF, and EDS analysis of
Al 3CoCrFeNi annealed at 550 °C for 2 hrs. As evident in Figs. 4c and
4e, the Alj ;CoCrFeNi alloy is no longer a single phase, and nanoscale
secondary phases have begun to form within the grain interior. Based
on the EDS and EELS analysis, and unlike the ex-situ analysis, two differ-
ent types of precipitates formed: Co-rich, and Cr-rich precipitates. The
Cr-rich and Co-rich precipitates possess a blocky and /or spherical mor-
phology with an average size of ~ 25 nm and ~ 18 nm, respectively.
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Fig. 2. Precipitation simulations using the TC Prisma module of Thermocalc for Al ;CoCrFeNi at 550 °C for (a) bulk nucleation and (b) grain boundary nucleation;
and at 700 °C for (c) bulk nucleation and (d) grain boundary nucleation. The in-situ experiments were approximated by bulk nucleation (thin film surface nucleation);
while the ex-situ experiments used grain boundary (GB) nucleation as observed in the experiments.

Table 2
Summary of precipitate type, location, and size for ex-situ and in-situ TEM-heated samples.
Heating conditions Temp (°C) Time Precipitate Type Precipitates locations Precipitates diameter(nm)
Ex-situ TEM 550 100 hr Cr-BCC GBs 134.142
700 72 hr NiAl-B2 GBs 1191.00
500 hr Cr-BCC NiAl-B2 2400.00(co-precipitates)
NiAl-B2 GBs
900 72 hr NiAl-B2 GBs 2739.00
In-situ TEM 550 1hr No separation
2 hr Cr-BCC Grain interior (matrix) 24.268
Co-rich(B2) Grain interior (matrix) 18.462
700 10min Cr-BCC Grain interior (matrix) 36.00
1 hr Cr-BCC Grain interior (matrix) 159.460
2 hr Cr-BCC B2 phase 286.820 (co-precipitate)
NiAl-B2 Grain interior (matrix)
900 10min Cr-BCC Grain interior (matrix) 142.770
1 hr Cr-BCC B2 phase 1151.530 (co-precipitate)
NiAl-B2 Grain interior (matrix)
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Figs. 5a-f show the representative STEM-HAADF images and EDS
maps of the Al, 3CoCrFeNi at 700 °C for 10 min, 1 hour, and 2 hrs. Af-
ter annealing at 700 °C for 10 min, nanoscale secondary phases are seen
in the grain interior (Fig. 5a). These precipitates are globular, enriched
with Cr and Co, with an average size of ~ 36 nm. Increasing the an-
nealing time to 1 hour (Fig. 5b), the average size of Cr-rich precipitates
increased significantly to around 160 nm. The chemical composition of

FCC[013]
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Fig. 3. Microstructures of Al, ;CoCrFeNi after homogeniza-
tion and ex-situ TEM annealing. Representative HAADF im-
age of the as-homogenized Al, ;CoCrFeNi and EDS elemen-
tal maps showing the distribution of Al, Ni, Cr, Co, and Fe
(a), SADPs presenting the reflection of the FCC phase of the
as-homogenized state. STEM-HAADF image of the annealed
sample at 550°C for 100 hr (c). The EDS elemental maps
showing the distribution of Cr (d), Co (e). STEM-HAADF im-
age of the annealed sample at 700 °C for 72 hr (f). The EDS
elemental maps presenting the distribution of Ni (g), Al (h).
STEM-HAADF image of the annealed sample at 700 °C for
500 hr (i), EDS elemental maps showing the distribution of
Ni and Al (j and k, respectively). STEM-HAADF image of the
annealed sample at 900 °C for 72 hr (1), and EDS elemen-
tal maps exhibit the distribution of Ni (m) and Al (n). SADP
shows the FCC refection from the matrix (0). SADP of Ni-Al
precipitates presents the BCC reflection (p). SADP of Cr-rich
precipitates shows the BCC reflection (q).

BCC[113]

these precipitates was very similar to those that were observed in the
700 °C-10 min condition.

In order to study the effects of long-period annealing on phase de-
composition, the alloy was further annealed for 2 hrs at 700 °C (Fig. 5d).
Similar to the previous heat treatments, several precipitates formed.
Based on the STEM-EDS analysis (Figs. 5e-f), the precipitates can be
classified into: a phase rich in Ni and Al, and a Cr-rich phase. The av-
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Fig. 4. Microstructures of Al, ;CoCrFeNi after in-situ TEM heating at 550 °C. Representative STEM-HAADF images of the annealed sample at 550 °C for 1 hr (a) and
SADP showing the reflection of the FCC phase (b). STEM-ADF image of the annealed sample-areal at 550 °C for 2 hr (c) and EELS elemental mapping of Co(d).
STEM-ADF(Annular Dark Field) images of the annealed sample-area2 at 550 °C for 2 hr, EELS elemental mapping of Co(f) and Cr(g).

erage size of the co-precipitates was around 286 nm. These precipitates
were further analyzed, using SAED, and Figs. 5m-o show the reflections
of [001] FCC matrix and [011] BCC from Cr-rich precipitates, which
are comparable to the crystal structure of the precipitates observed at
550 °C (2 hrs), 700 °C after 10 min, and 700 °C after 1 hour, and [111]
BCC from NiAl precipitates.

Figs. 5g-1 show STEM-HAADF of the Al, ;CoCrFeNi after in-situ TEM
annealing at 900 °C for 10 min (g-i), and 1 hour (j-1). The microstructure
of the alloy in this condition was indistinguishable to the 700 °C state,
where Cr-BCC and B2 phases were formed.

At 900°C after 10 min, secondary phases with the average grain
size of ~142 nm formed in the grain interior. Figs. 5g-i show a bright-
field TEM image of precipitates, and present a STEM-HAADF image of
individual precipitates, respectively. These precipitates are plate-like,
and enriched mainly with Cr and Fe, indicating the formation of Cr-
BCC phase. Figs. 5j-1 present STEM-HAADF and EDS analysis of the
Al ;CoCrFeNi after annealing at 900 °C for 1 hour. Similar to 700 °C-
2 hrs, co-precipitates with Cr-rich BCC and NiAl-B2 phases formed in
the grain interior. The average size of the co-precipitates increased sig-
nificantly in comparison with 700 °C-2 hrs to around 1.15 pm.

4. Discussion

4.1. Phase evolution of Al 3CoCrFeNi: the role of heterogeneous
nucleation site density on precipitation events of intermediate phases

The thermodynamic calculations and precipitation simulations show
excellent qualitative agreement with the experimental results where Co-
B2, Cr-BCC, and NiAl phases are predicted to form. While the phase

equilibria calculations predict multiple phases to be in equilibrium at
intermediate temperatures, the precipitation simulations, in conjunc-
tion with the experimental results, uncover the role of heterogeneous
nucleation site density on precipitation events of intermediate phases.

Considering the short annealing time, the thermodynamic calcula-
tions correspond very well to our three observed phases after 2 hrs at
550 °C, the FCC matrix, and two BCC phases one slightly rich in Cr
and one rich in Co. An equally good agreement between experiments
and calculations is observed at 900 °C, where FCC and B2 phases are
both predicted and observed experimentally (except for a small amount
of the Cr-rich BCC phase observed during the in-situ experiment after
1 hour). After 72 hrs at 900 °C, where kinetics are sufficiently fast, the
microstructural evolution may approach equilibrium and the measured
and calculated compositions of the two phases are also in good agree-
ment.

The calculations and experiments differ slightly at 700 °C. Experi-
mentally, the FCC and B2 phases are observed after annealing for 72 hrs
at 700 °C, while a third phase, the Cr-rich BCC structure is found after
annealing for 500 hrs, as well as after 2 hrs during the in-situ experi-
ment. The calculated phase equilibrium consists of two-phase FCC and
B2 structures, while Cr-rich BCC phase is predicted to be unstable. How-
ever, it should be noted that the predicted BCC solvus temperature is
quite close to 700 °C, (685 °C for the as-homogenized composition). This
trend suggests that the Cr-rich BCC phase is nearly stable, assuming that
kinetics are not favorable for the o-phase formation. Small deviations in
the composition or temperature, or shortcomings in the thermodynamic
database, may be cause for this discrepancy. This trend also explains the
need to add - 300 J/mol to the free energy of the Cr-BCC phase in order
to perform the precipitation simulations at 700 °C, and the inability to
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simulation precipitation at 900 °C because of the instability of the phase
even with the addition of - 300 J/mol to its free energy.

The precipitation simulations also show excellent qualitative agree-
ment with the experimental results at 550 and 700 °C, where Co-B2,
NiAl and Cr-BCC are predicted to form. Using homogeneous nucleation
to simulate the in-situ TEM experiments at 550 °C, where a high density
of surface nucleation sites in the thin film are available, the Co-rich B2
phase along with the Cr-BCC phase are predicted to form after 1 hour
of heating, which is consistent with in-situ TEM results. If GB nucleation
is assumed instead, as observed experimentally in ex-situ TEM experi-
ments, Cr-BCC phase is predicted to form in a few hours, while the pre-
cipitation of Co-B2 phase is expected to require several hundred hours at
550 °C. This explains the absence of the Co-B2 phase observed in ex-situ
TEM experiments after 100 hrs, where only the Cr-BCC phase formed.
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Fig. 5. Microstructures of Al, ;CoCrFeNi after
in-situ TEM annealing at 700°C and 900 °C.
STEM-HAADF images of annealed samples at
700 °C for 10 min., 1hr (a and b, respectively),
EDS elemental map showing the distribution
of Cr (c). Representative STEM-HAADF image
of the annealed Alj ;CoCrFeNi at 700 °C for 2
hr (d), and EDS elemental maps presenting the
distribution of Cr (e)and Ni (f). Representative
STEM-HAADF image for the annealed sample
at 900°C for 10 min (g), STEM-HAADF im-
age from Cr-rich precipitates(h), and EDS ele-
mental maps exhibiting the distribution of Cr
(i). STEM-HAADF image for the annealed sam-
ple at 900 °C for 1 hr (j), EDS elemental maps
showing the distribution of Ni(k) and Cr(l). The
SADP of the matrix after annealing at 700 °C for
2 hr (m). SADPs of the Cr-rich BCC and NiAl
B2 precipitates show the reflections of the BCC
structure (n, o, respectively).

BCC[111]

Similar agreement is demonstrated at 700 °C, where Cr-BCC and NiAl
phases are predicted. However, due to the much larger driving force for
the formation of NiAl-B2#1, compared to Cr-BCC, the former dominates
the GB precipitation behavior for longer times, consistent with ex-situ
experimental observations.

We found that the combination of in-situ heating in the transmission
electron microscope (TEM) complemented by ex-situ characterization of
bulk annealed specimens, thermodynamic calculations, and precipita-
tion simulations facilitates the study of phase evolution of multicompo-
nent HEAs and effectively monitors the early stages of the intermediate
phase formation. Our finding that is supported in literature is that the
single FCC phase Alj ;CoCrFeNi alloy is unstable at a temperature be-
yond 500 °C [26,32]. However, our results are inconsistent with other
previous studies [24,28,29,30,36] concerning the temperature depen-
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dence and structure of stable secondary phases where we see that the
formation of these features is governed by a complex diffusion mecha-
nism, indicating the importance of monitoring the diffusivity measure-
ments for these alloys in a real-time observation.

Phase separation is known to be controlled by several factors, such
as atomic size, free energy of mixing (enthalpy and entropy), and elec-
tronegativity [49,50]. Here we interpret the formation of secondary
phases and their chronological sequence based on thermodynamic bar-
riers and diffusion kinetics. While in-situ TEM enables tracking the evo-
lution of Co-B2 phase because of the high density of heterogeneous nu-
cleation sites, we found that the sequence of co-precipitates (Cr-BCC,
NiAl-B2) is governed by diffusion kinetics.

Specifically, our experimental results report the formation of co-
precipitates (NiAl-B2 and Cr-BCC) in both ex-situ TEM (700 °C-500 hrs)
and in-situ TEM (700 °C-2 h and 900 °C-1hour), however, the chronolog-
ical order of the Cr-BCC and the NiAl-B2 phases was inconsistent. Dur-
ing in-situ TEM, the Cr-rich BCC phase was the only secondary phase
that separated out of the disordered FCC phase after 10 min and 1 hour
exposure at 700°C and 10 min at 900 °C, while the longer annealing
time was required for the NiAl-B2 phase to form at 700°C (2 h) and
formed more readily with increasing the heating temperature to 900 °C
(1hour). Ex-situ TEM heated microstructure, by comparison, showed the
formation of the NiAl-B2 phase as the first secondary phase, followed
by the Cr-BCC phase after 500 hrs at 700 °C. If various heterogeneous
nucleation sites were to be characterized in terms of nucleation barrier
for precipitation, the sequence from lowest to highest is typically: free
surfaces, grain boundaries/interfaces, stalking faults, dislocations, and
vacancies [51]. Therefore, in the case of ex-situ experiments where grain
boundaries are the main nucleation sites and annealing times are signif-
icantly longer, the phase with the greatest thermodynamic stability, in
the present case B2, will dominate the observed precipitation behavior
regardless of other nucleation-related barriers such as interfacial energy
or the relative diffusivities of the various elements. The calculated ther-
modynamic driving forces for precipitation of Cr-BCC and NiAl-B2 (at
550 °C) phases from the homogenized Al ;CoCrFeNi alloy investigated
here are 2.1 kJ/mol and 7.7 kJ/mol, respectively, indicating NiAl-B2
should dominate precipitation after long periods of time in the ex-situ
experiments.

Conversely, the short times of the in-situ TEM experiments favor the
phase that nucleates most easily, i.e. lowest nucleation barrier. The nu-
cleation barrier for precipitation is affected by the precipitate/matrix
interfacial energy and the diffusivity of the elements required for the
phase to form and grow. From reference [47], the Cr-BCC interfacial en-
ergy is likely lower than that of NiAl-B2, consistent with the observation
of the precipitation sequence in the in-situ TEM experiments. However,
the NizAl-L1, phase, which is also metastable relative to the homoge-
nized Al, 3CoCrFeNi alloy, has a low interfacial energy because of its
related FCC crystal structure. It also has a similar precipitation driving
force, 2.6 kJ/mol (at 550 °C), compared to the Cr-BCC phase, but was
not observed in any of the present experiments. Consequently, the main
factor controlling the formation and the sequence of co-precipitates here
must be the diffusion kinetics, where the phase containing elements with
the highest diffusivity will form first. Dabrowa et al. [16] studied the
diffusion of the single FCC AlCoCrFeNi HEAs, combining experiments
using diffusion couples and simulations applying the Darken Manning
approach. The authors reported that Cr has the highest diffusivity, fol-
lowed by Fe, Co, and Ni (which said to have the lowest diffusivity). This
trend is consistent with the current in-situ TEM results where the Cr-rich
BCC phase is formed as the first intermediate phase within the FCC ma-
trix and NiAl-B2 as the second phase, while Ni3Al-L1, does not form
at all in the present investigation because of its low driving force and
requirement for Fe, Co, and Ni diffusion.

The major influence of using the in-situ heating technique we re-
port here is the formation of the Co-rich B2 phase at 550 °C, where the
in-situ TEM accelerates its formation due to the aid of high density of
nucleation sites in the thin film. We anticipate that the phase transfor-
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mation we reported will have noticeable impact on the mechanical and
corrosion properties of the Al, ;CoCrFeNi. For example, it has been re-
ported that BCC structure phases exhibit higher strength than the FCC
phases. Therefore, at the low annealing temperature of 550 °C, the for-
mation of Co-rich B2 phase along with the Cr-BCC phase is expected to
exhibit a remarkable influence on the overall strength of HEAs. Addi-
tionally, the co-precipitation of phases (NiAl and Cr-BCC) was reported
to further enhance the mechanical properties of the aged alloy, since
these co-precipitates provide a complex obstacle to dislocation move-
ment [52,53]. Unlike the mechanical properties, the formation of Al,
and Cr rich phases may negatively impact the formation of the protec-
tive oxide layers and thus, deteriorate the corrosion properties when the
alloy is exposed to a corrosive environment. Specifically, a severe degra-
dation in the corrosion properties, and particularly the pitting resistance
[39] in both NaCl and H,So, solutions, have been reported when the B2
(NiAl) phase is presented in the Al-based HEAs, contrary to the Butler
et al.[54]. study suggesting that the formation of the B2 (NiAl) phase
near the alloy surface may work as a reservoir for Al, promoting the
formation of Al,04 oxide layers.

4.2. Structure and chemical composition of intermediate phases

In the literature, there are three possible phases reported in
Alj 3CoCrFeNi including FCC, NiAl-B2, and NiAl-L12 phases [25]. Our
experimental results demonstrate, in addition to FCC and NiAl-B2, the
formation of Cr-BCC and Co-rich (B2) phases. Fig. 6 shows a correla-
tion between in-situ TEM heating, ex-situ TEM heating, thermodynamic
calculations, and the literature in terms of stable phases.

The Cr-BCC phase (red box in Fig. 6) is observed experimentally in
all heating conditions (except ex-situ 900 °C-72-hours condition). It is
important to mention that the Cr-rich phase has not previously been
reported experimentally to form in Al ;CoCrFeNi after ageing at inter-
mediate and high annealing temperatures, which is clearly observed in
our ex-situ and in-situ TEM experiments.

The Cr-rich phases in HEAs have been reported as two different struc-
tures: the Cr-BCC phase, and Cr-rich ¢ phase. The Cr-rich BCC phase was
recently reported in AICuCoCrFeNi [55], Al; 5CoCrFeNi [56], and CoCr-
FeNiMn [57], and were labeled as an A2 structure with a lattice param-
eter of a = 0.2884 nm [25]. In AlCuCoCrFeNi [55], the Cr-BCC phase
is mainly enriched with Cr-Co, which is similar to the precipitates that
formed during our 700 °C-10 min, and 700 °C-1 hour experiments. Also,
the Cr-rich BCC phase that was reported in Al; ;CoCrFeNi [56] contains
Cr and Fe as principal elements, which is consistent with our Cr-Fe pre-
cipitates that formed at 700 °C-2 hrs, 900 °C-10 min, and 900 °C-1 hour.
Additionally, our chemical analysis of Cr-rich BCC precipitates (the heat-
ing condition: 900 °C-1 hour) nearly matches the precipitates observed
in CoCrFeNiMn after the 500 days exposure at 500 °C, where Cr content
was about 86 at% [57].

The other reported structure of Cr-rich precipitates is the tetragonal
P4,mnm structure (referred to the Cr-rich ¢ phase), lattice parameters,
a = 0.360 nm and ¢ = 0.45582 nm [57], where previously reported in
Al ,CoCrFeNi [26] and CoCrFeMnNi [57]. In the study of CoCrFeNiMn
[57], the authors reported the formation of Cr-rich ¢ phase after ex-
situ TEM heating at 700 °C for 500 days, where the Cr content of these
phases is about 46 at%. Rao et al. [26] reported the formation of Cr-rich
o phase in Al ,CoCrFeNi after in-situ TEM heating at 900 °C for 10 min,
where the precipitates were identified using SADPs.

Similar to Cr-rich phases, there are two different crystalline phases
reported for Ni-rich phases: ordered BCC-B2 phase, and ordered FCC-L1,
phase. For the B2 phase, our results are consistent with previous studies
where the B2 phase formed at relatively higher annealing temperatures
(700-900 °C) during in-situ and ex-situ TEM heating. Shun et al. [36] re-
ported the formation of the B2 phase in Al 3CoCrFeNi after ex-situ TEM
heating at 900 °C for 72 h with a chemical composition similar to our
B2 phase. A more recent study [29] investigated the thermal stability of
this alloy after prolonged annealing at 700 °C for 100, 200, and 500 hrs.
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Fig. 6. Schematic diagram comparing in-situ TEM, ex-situ TEM, thermodynamic calculations, and literature in terms of the phase stability. Cr-rich BCC phase, which
is not reported experimentally in the literature of Al,;CoCrFeNi, is present during the in-situ and ex-situ TEM heating (except ex-situ 900 °C), and thermodynamic

calculations (below 700 °C).

The study reveals that the B2 phase formed after ageing at 700 °C for
200 and 500 hrs. However, no phase separation has been reported after
annealing at 700 °C for 100 hrs, which is clearly seen in our ex-situ TEM
700 °C 72 hour condition.

In the case of the ordered FCC-L1, phase, Gwalani et al. [32] re-
ported the formation of nanosized L1, precipitates after ex-situ TEM
heating at 550°C for 150 hrs of the thermomechanical-processed
Aly 3CoCrFeNi (20% rolling + heating at 1200 C for 30 min), where
the average size of the precipitate was around 5 nm. The chemical anal-
ysis using Atom Probe Tomography showed that the precipitates were
mainly enriched in Ni and Cr. In comparison, using a similar tempera-
ture regime, we did not observe the formation of the L1, phase for both
ex-situ and in-situ TEM experiments. The L1, phase may require longer
exposure time at 550 °C, highlighting the role of the diffusion mecha-
nism discussed in Section 4.1.

Unlike previous studies of Aly 3CoCrFeNi, we detected the formation
of the Co-rich (B2) ordered BCC phase formed at 550 °C during in-situ
TEM annealing. Recently, Otto et al. [57] reported the formation of Co-
rich B2 phase in CoCrFeNiMn after ex-situ TEM ageing at 500 °C for
500 hrs along with the NiMn-L1, and Cr-rich BCC phases. They further
investigated the precipitates using Scanning Electron Microscopy-EDS,
where the Co content of the Co-rich B2 phase was about 46 at%, rela-
tively higher than the content of Co in our B2 phase (~ 28 at%), which
may be attributed to the extended ageing regime essential for chemical
homogeneity.

It is not surprising to mention that the size of the secondary phases
increased continuously by increasing the heating temperature and the
time for both heating conditions (see online supplementary Sland S2),
where precipitates tend to coarsen into a larger size and lower density
to reduce the total interfacial energy of the system [51].

Fig. 7 illustrates the influence of in-situ TEM conditions (heating tem-
perature and time) on the Cr content of the Cr-BCC phase. As shown in
the figure, the Cr concentration increased from around 30 at% at 550 °C

Cr-BCC precipitates

900

700
Temperature °C

Fig. 7. Effect of in-situ TEM heating conditions on the Cr content of the Cr-BCC
precipitates. The Cr content in precipitates increases with annealing time and
temperature.

to about 48 at% at 900 °C-10 min. Increasing the exposure time from
10 min to 2 hrs at 700 °C, the content of Cr increased from 35 at% to
74 at%, and a similar trend was seen for the 900 °C condition (the Cr
concentration increased from 48 to 85 at% for 10-minutes and 1-hour
exposure times, respectively). This can be attributed to the nucleation of
NiAl-B2 (poor-Cr phase) along Cr-BCC interphase, where Cr is rejected
towards Cr-rich areas, enhancing the Cr content of Cr-rich precipitates.
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In addition, in regard to the B2 phase, we observed a slight increase
in the concentrations of Ni and Al by increasing the heating temperature
and time, achieving 30 at% for the Al and 40 at% for the Ni. This trend
is another indication of the dynamic role of diffusion kinetics on the
stability window of these alloys.

5. Conclusion

We have evaluated the stability of the Al ;CoCrFeNi system via de-
signing a study concentrating on heterogeneous precipitation events and
directly comparing the role of nucleation site density on the formation of
intermediate phases using in-situ and ex-situ TEM, coupled with precipi-
tation simulations and thermodynamic calculations. In-situ TEM allows
us to reveal the formation of an additional intermediate phase (Co-B2
phase) after 2 hrs heating at 550 °C due to the aid of high density sur-
face nucleation sites in the thin foil. We would expect this process to
take hundreds of hours (based on our precipitation simulation) for this
phase to form during ex-situ TEM experiment, explaining its absence
after 100 hrs annealing at 550 °C.

Contrary to previous studies, the in-situ TEM results confirmed the
formation of co-precipitates (Cr-BCC and NiAl-B2 phases) where the Cr-
BCC phase formed prior to the NiAl-B2 phase. The B2 phase took a
longer time to form and was observed exclusively together with Cr-rich
precipitates during in-situ TEM heating, which may have been attributed
to the preexisting Cr-rich phase interphase. Moreover, the content of Cr
in Cr-rich precipitates increased significantly by increasing the heating
temperature and time, while the contents of Ni and Al in the B2 phase
were slightly increased. The technique provides a more detailed view
of mechanisms behind phase separation, particularly the role of diffu-
sion and thermodynamics on the formation and stability of secondary
phases.

The experimental results compared well with thermodynamic cal-
culations in terms of the precipitation temperature and composition of
secondary phases excluding the ¢ phase. However, the Cr-BCC phase
was not predicted at temperatures beyond the 700 °C condition while it
was clearly observed in ex-situ and in-situ TEM experiments, suggest-
ing the importance of modifying the methods to consider the diffu-
sion kinetics of these alloys. (i.e., the Multi-Cell Monte Carlo Relaxation
method [58]). Additionally, the precipitation simulations show an ex-
cellent agreement with experimental results, revealing the importance
of employing various nucleation sites on intermediate phase formation.
When bulk nucleation (approximated by in-situ TEM) is employed, the
precipitation time of Co-B2 phase was minimized from hundreds of
hours (if ex-situ TEM experiment is used) to only 1 hour, and a simi-
lar agreement is demonstrated at 700 °C in which Cr-BCC and NiAl-B2
phases are predicted. The results of this study imply that much care
should be taken when investigating and predicting potential intermedi-
ate phase formation in other HEAs, especially when considering differ-
ent annealing times during heat treatment. Intimate knowledge of the
particularities of the intermediate phases (i.e. Cr-rich and/or Al-rich)
plays a vital role in fundamentally understanding the high-temperature
performance of HEAs.
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