
lable at ScienceDirect

Acta Materialia 112 (2016) 40e52
Contents lists avai
Acta Materialia

journal homepage: www.elsevier .com/locate/actamat
Full length article
Decomposition of the single-phase high-entropy alloy CrMnFeCoNi
after prolonged anneals at intermediate temperatures

F. Otto a, A. Dlouhý b, K.G. Pradeep c, M. Kub�enov�a b, D. Raabe c, G. Eggeler a, E.P. George a, *

a Institute for Materials, Ruhr University Bochum, 44801 Bochum, Germany
b Institute of Physics of Materials, Academy of Sciences of the Czech Republic, 616 62 Brno, Czech Republic
c Max-Planck-Institut für Eisenforschung, Max-Planck-Straße 1, 40237 Düsseldorf, Germany
a r t i c l e i n f o

Article history:
Received 13 March 2016
Received in revised form
3 April 2016
Accepted 3 April 2016
Available online 14 April 2016

Keywords:
High-entropy alloy
Phase stability
Solid solution
Aging
Phase transformations
* Corresponding author.
E-mail address: easo.george@rub.de (E.P. George).

http://dx.doi.org/10.1016/j.actamat.2016.04.005
1359-6454/© 2016 Acta Materialia Inc. Published by
a b s t r a c t

Among the vast number of multi-principal-element alloys that are referred to as high-entropy alloys
(HEAs) in the literature, only a limited number solidify as single-phase solid solutions. The equiatomic
HEA, CrMnFeCoNi, is a face-centered cubic (FCC) prototype of this class and has attracted much attention
recently because of its interesting mechanical properties. Here we evaluate its phase stability after very
long anneals of 500 days at 500e900 �C during which it is reasonable to expect thermodynamic equi-
librium to have been established. Microstructural analyses were performed using complementary
analysis techniques including scanning and transmission electron microscopy (SEM/TEM/STEM), energy
dispersive X-ray (EDX) spectroscopy, selected area electron diffraction (SAD), and atom probe tomog-
raphy (APT). We show that the alloy is a single-phase solid solution after homogenization for 2 days at
1200 �C and remains in this state after a subsequent anneal at 900 �C for 500 days. However, it is unstable
and forms second-phase precipitates at 700 and 500 �C. A Cr-rich s phase forms at 700 �C, whereas three
different phases (L10-NiMn, B2-FeCo and a Cr-rich body-centered cubic, BCC, phase) precipitate at 500 �C.
These precipitates are located mostly at grain boundaries, but also form at intragranular inclusions/pores,
indicative of heterogeneous nucleation. Since there is limited entropic stabilization of the solid solution
state even in the extensively investigated CrMnFeCoNi alloy, the stability of other HEAs currently thought
to be solid solutions should be carefully evaluated, especially if they are being considered for applications
in vulnerable temperature ranges.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Multi-principal-element alloys (or high-entropy alloys as they
are often referred to in the literature) have attracted worldwide
attention because they open up a vast compositional space inwhich
newmaterials may be discovered [1]. An intriguing aspect of multi-
principal-element alloys containing five or more elements in nearly
equiatomic concentrations is that their high configurational en-
tropies (assuming that they are ideal randommixtures) might favor
the formation of solid solutions over the precipitation of brittle
intermetallic compounds [2]. And, indeed, there are several reports
in the literature of solid solution HEAs that appear to lend credence
to the notion of entropic stabilization [e.g. Refs. [1,3e22]].

One of the extensively investigated HEAs is the equiatomic
Elsevier Ltd. All rights reserved.
CrMnFeCoNi alloy that solidifies as a single-phase solid solution
with the FCC structure [8]. It has been produced by arc [7,9,10,23,24]
or induction [25] melting, and deformation processed by hot rolling
[9], room temperature rolling [7,10,23], cryogenic rolling [26], or
room temperature swaging [25]. It has also been severely deformed
(shear strains of 5000% or more) by high-pressure torsion (HPT) at
room temperature [27]. Recrystallization during hot rolling [9] and
after cold rolling or swaging [7,10,25] produces single-phase equi-
axed microstructures with grain sizes ranging from a few to hun-
dreds of mm, whereas HPT produces a much smaller grain size of
~50 nm [27].

At least part of the interest in the CrMnFeCoNi HEA stems from
its fascinating mechanical behavior, including increasing strength
and ductility with decreasing temperature [9,10] combined with
relatively weak strain rate dependence [9]. It has excellent fracture
toughness at room temperature, which remains high down to
cryogenic temperatures [28]. The material also shows a grain size
dependence of strength [10,27] and hardness [7]. Based on the
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limited grain size range (~4e26 mm) investigated in Ref. [7], hard-
ness appears to follow classical Hall-Petch behavior but with a
higher slope than for many FCC metals.

Structural analyses at multiple length scales using a variety of
techniques including optical microscopy (OM) [7,29], X-ray
diffraction (XRD) [8,9,11,30,31], SEM/TEM [9,10,23] and APT [32]
have shown that CrMnFeCoNi is a single-phase FCC solid solution
after homogenization at temperatures of 1000 �C or higher for
times up to two days, as well as after recrystallization at temper-
atures �800 �C for 1 h. However, two recent studies have shown
that the alloy decomposes into multiple phases at lower tempera-
tures as summarized below.

In the first study, Schuh et al. [27] produced material with a
grain size of ~50 nm by HPT and showed using APT and TEM that it
was single-phase down to the atomic scale in the severely
deformed state. However, precipitates were observed in the alloy
after annealing at 450 �C, starting with two phases (a Cr-rich phase
and a phase rich in Ni þMn) at times as short as 5 min, followed by
a third phase rich in Fe þ Co at longer times of around 15 h.
However, the crystal structures of these phases were not identified
and the study left open the question whether the nanoscale (and
possibly non-equilibrium) microstructure after HPT could have
influenced subsequent phase evolution.

Recently, Pickering et al. [24] annealed an arc-melted and
homogenized button of the CrMnFeCoNi alloy for times ranging
from 125 to 1000 h at 700 �C and showed definitively, using EDX
mapping in the SEM and SAD in the TEM, that a Cr-rich s phase
formed after 500 h and that its volume fraction increased after
longer anneals of 1000 h. They also found M23C6 type carbides after
a shorter anneal of 125 h, which they attributed to carbon
contamination from either the melting furnace or the raw mate-
rials. Their study thus showed that even coarse-grained CrMnFe-
CoNi is unstable and decomposes into a Cr-rich s phase at 700 �C.
However, data at other temperatures are still lacking.

Here we report results of a study that has been under way for
more than two years on the stability and evolution of phases in the
CrMnFeCoNi HEA after prolonged anneals of 500 days at temper-
atures ranging from 500 to 900 �C. Such long anneals make it likely
that our microstructures are close to equilibrium.

2. Experimental procedures

Three cylindrical ingots (each 25.4 mm in diameter and 127 mm
long) of the equiatomic CrMnFeCoNi high-entropy alloy were
produced by arc melting and drop casting in pure Ar atmosphere.
The starting materials and melting/casting procedures were similar
to those described in an earlier publication [10]. After solidification,
the ingots were cleaned in a solution of distilled water, hydrochloric
acid and hydrogen peroxide, dried, individually encapsulated in
evacuated quartz tubes, and homogenized for 48 h at 1200 �C to
minimize any casting-related segregation.

2.1. Annealing treatments

After homogenization, the encapsulated ingots were placed in
three nominally identical tube furnaces and annealed at 500, 700 or
900 �C for 500 days. Control thermocouples (K type) were posi-
tioned in the centers of each furnace and calibrated using a refer-
ence thermocouple before the annealing treatments began. The
reference thermocouple was also used to measure the temperature
profiles of the furnaces along their longitudinal axes after which
the cylindrical ingots were placed in the roughly constant-
temperature zones of the furnaces directly below the control
thermocouple. After each heat treatment, microstructures were
characterized by means of analytical and conventional SEM/TEM
and APT, as described below.
2.2. Scanning electron microscopy investigations

For the SEM investigations, the ingot cross-sections were
metallographically prepared by fine grinding followed by polishing
on a vibratory polisher using first an alumina suspension (particle
size 300 nm) and then a colloidal silica suspension (particle size
50 nm). The polished surfaces were analyzed in a FEI Quanta 650
microscope equipped with a field emission gun and an EDX de-
tector. Imaging and chemical analyses were performed at an ac-
celeration voltage of 20 kV. In addition to spot measurements,
composition maps were acquired to check for chemical in-
homogeneities. The collected data were evaluated using the soft-
ware Genesis (EDAX, Mahwah, USA, Version 6.39). After an
automatic background correction, the chemical compositions were
determined using the K lines for quantification.
2.3. Transmission electron microscopy investigations

Two different procedures were used for the TEM analysis. In the
first method, TEM samples were prepared from slices (~1-mm
thick) cut from the annealed rods with a precision saw (Accutom-
50, Struers, Ballerup, Denmark) equipped with a SiC cutting blade.
The slices were ground on both sides to a thickness of ~300 mm
using SiC paper with a grit size of P500 and then finer SiC paper
(grit size P1000) to obtain foils of thickness 120 mm. Round discs
with a diameter of 3 mm were punched out of these foils and
electropolished in a double jet polishing system (TenuPol-5,
Struers, Ballerup, Denmark) using an electrolyte consisting of 95%
acetic acid and 5% perchloric acid at a temperature of 12 �C and an
applied voltage of 30 V. The microstructural investigations were
performed in a Tecnai G2 F20 SuperTwinmicroscope (FEI, Hillsboro,
USA) or a JEOL JEM-2100 F microscope (Jeol, Tokyo, Japan) operated
at 200 kV and equipped with X-Max80 EDS detector for X-ray
microanalysis with an analytical systemAZtec (Oxford Instruments,
Abingdon, United Kingdom).

In the second method, a dual beam LYRA 3 XMU FEG/SEM-FIB
microscope (TESCAN, Brno, Czech Republic) was used to machine
TEM lamellae (10 � 10 � 0.12 mm3) from grain-boundary regions of
interest using a Gaþ focused ion beam (FIB). A micromanipulator
was used to lift out the lamella and weld it to a copper support
designed for TEM sample holders. Bright field (BF) and dark field
(DF) diffraction contrast as well as selected area diffraction (SAD)
techniques were employed as part of conventional TEM in-
vestigations. Additionally, scanning TEM (STEM) experiments using
BF and high-angle annular dark field (HAADF) detectors were also
performed.
2.4. Atom probe tomography investigations

To investigate elemental distributions along the grain bound-
aries at near-atomic scale, APT measurements were performed
using a local electrode atom probe (LEAP™ 3000X HR, Cameca
Instruments, USA). The measurements were performed in voltage
mode applying a voltage pulse fraction (Vp/Vdc) of 0.15 at a repeti-
tion rate of 200 kHz with the tip temperature maintained at ~60 K.
APT tips were prepared by site-specific lift-out using a dual-beam
focused ion beam (FEI Helios Nanolab 600i, USA) following the
procedures described elsewhere [33,34]. In order to minimize Gaþ

beam damage, a low-energy (5 kV) milling was performed at the
final stage. APT data reconstruction and analyses were carried out
using the IVAS 3.6.6 software provided by Cameca Instruments.
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3. Results

3.1. As-homogenized state

Fig. 1a shows a representative low-magnification SEM image of
the as-homogenized material. After homogenization, the CrMnFe-
CoNi HEA has coarse grains exceeding 1 mm in size. A few pores are
visible in this and all other material states investigated; they appear
to be casting porosity and/or holes left over from particles that fell
out during the polishing process. Some intact particles are also
visible, usually within the grains. Several of these particles were
analyzed by EDX and were found to be rich in Cr, Mn and O, indi-
cating that they are oxides, likely of type Cr2MnO4 (based on their
EDX spectra). The presence of such inclusions is not surprising since
they have been previously found in this alloy [9,23,24]. Some par-
ticles were found to be rich in Mn and S, indicating that they are
Fig. 1. Microstructure of the CrMnFeCoNi HEA after homogenization at 1200 �C for 48 h. Rep
showing the uniform distribution of Co (b), Cr (c), Fe (d), Mn (e), and Ni (f) in the area sho
manganese sulfides, probably a result of S introduced as an impu-
rity through the raw materials. Other than these inclusions (oxides
and sulfides), no intermetallic particles ascribable just to the con-
stituent elements of the HEA were observed after homogenization
at 1200 �C. Indeed, the EDX maps (Fig. 1bef) of the area in Fig. 1a
show that the constituent elements of the HEA are homogenously
distributed with no evidence of segregation or clustering at the
length scales of these images. Our present results are consistent
with previous EDX results at similar length scales [24] and APT
results at much finer scales [27,32] which show that the CrMnFe-
CoNi HEA is a single-phase solid solution after homogenization at
elevated temperatures as well as after severe plastic deformation.
3.2. After annealing at 900 �C for 500 days

Fig. 2a shows a representative SEM image of the microstructure
resentative BSE image showing the relatively coarse grains (a) and elemental EDX maps
wn in (a). The scattered dark particles in (a) are oxide or sulfide inclusions.



Fig. 2. Microstructure of the CrMnFeCoNi HEA after a 500-day anneal at 900 �C. Representative BSE image showing the relatively coarse grains (a) and elemental EDX maps showing
the uniform distribution of Co (b), Cr (c), Fe (d), Mn (e), and Ni (f) in the area shown in (a). The scattered dark particles in (a) are oxide or sulfide inclusions.
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after annealing for 500 days at 900 �C and Fig. 2bef shows the
corresponding EDX maps obtained from the area in Fig. 2a. These
results are similar to those of the as-homogenized state (Fig. 1).
Other than scattered Cr- and Mn-rich inclusions (oxides and sul-
fides), again no intermetallic particles were observed. The con-
stituent elements are homogeneously distributed and the
CrMnFeCoNi alloy remains a single-phase solid solution after 500
days at 900 �C.

3.3. After annealing at 700 �C for 500 days

Fig. 3a shows a representative SEM image of the microstructure
after a 500-day anneal at 700 �C and Fig. 3bef shows the corre-
sponding EDX maps obtained from the area in Fig. 3a. Clearly, the
microstructure is no longer single-phase. In the backscattered
electron image (Fig. 3a), a second phase with brighter contrast can
be seen on the grain boundaries (which are delineated with dashed
lines as a guide to the eye). Similar precipitates were observed also
at the intragranular voids or inclusions mentioned earlier. Their
presence (almost exclusively) at these locations suggests hetero-
geneous nucleation. The precipitates are blocky, faceted and
enriched in Cr (Fig. 3c). Thirteen of these particles, all of them
located at grain boundaries, were analyzed by EDX (in the SEM) and
their chemical compositions (at.%) were found to be practically
identical with small standard deviations: Cr ¼ 46.5 ± 1.0,
Fe ¼ 16.6 ± 0.2, Co ¼ 17.6 ± 0.1, Mn ¼ 12.7 ± 0.4, and Ni ¼ 6.6 ± 0.4.
Grain interior regions that were devoid of precipitates were also
analyzed for comparison; none of those regions showed a signifi-
cant deviation from the nominal equiatomic alloy composition
within the uncertainty of EDX. These results are summarized in
Table 1. Interestingly, the elemental maps (Fig. 3e,f) show a slight
indication of Ni and Mn enrichment in the vicinity of the grain



Fig. 3. Microstructure of the CrMnFeCoNi HEA after a 500-day anneal at 700 �C. (a) Representative BSE image showing the presence of blocky faceted precipitates on a grain
boundary. (bef) Elemental EDX maps showing significant enrichment of Cr in the precipitates (relative to its concentration in the HEA) and depletion of all other elements. The
dashed line delineating the grain boundary in (a) was added as a guide to the eye. There appears to be a slight enrichment of Mn and Ni near the grain boundary in (e) and (f).

Table 1
Average chemical compositions (at.%) and standard deviations of grain-boundary precipitates (s phase) present in CrMnFeCoNi after 500 days at 700 �C. Grain interiors were
also analyzed and their compositions are close to the nominal HEA composition.

Method Location Cr Mn Fe Co Ni

SEM-EDX Precipitate 46.5 ± 1.0 12.7 ± 0.4 16.6 ± 0.2 17.6 ± 0.1 6.6 ± 0.4
Grain 20.0 19.6 19.9 20.1 20.4

TEM-EDX Precipitate 46.8 ± 0.5 12.5 ± 0.3 16.9 ± 0.2 18.1 ± 0.2 5.7 ± 0.2
Grain 18.5 ± 1.0 19.8 ± 0.2 20.2 ± 0.0 20.8 ± 0.4 20.7 ± 0.4

APT Precipitate 46.0 ± 0.6 12.3 ± 0.4 17.1 ± 0.5 18.2 ± 0.5 6.7 ± 0.3
Grain 18.7 ± 0.5 19.4 ± 0.5 19.8 ± 0.5 20.4 ± 0.5 21.5 ± 0.5
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boundary; this could not be quantified and is therefore not included
in Table 1.

We initially tried to identify the crystal structure of the above
Cr-rich grain-boundary phase with the help of conventionally
thinned (twin-jet polished) TEM samples. However, due to the
coarse grain size, grain boundaries were rarely present in the
electron transparent regions. When we did come across a pre-
cipitate, SAD analysis was performed with a low-index crystal
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axis parallel to the incident electron beam. The experimental
pattern was then compared to simulated patterns for low-index
zone axes and good agreement was obtained between the
experimental and simulated SAD patterns for a [101]-oriented
CreFe type s phase [35] indicating that our phase is likely a
quinary variant of this topologically close-packed phase. How-
ever, the analyzed precipitate was situated in a relatively thick
part of the TEM foil and thus the SAD data need to be interpreted
with care.

In order to obtain further confirmation, another blocky grain
boundary precipitate was selected for analysis and, together with
the surrounding solid solution matrix, subjected to the FIB thinning
procedure described in the experimental section. The resulting
lamella with thickness �120 nm was suitable for rigorous SAD
analysis, the results of which are presented in Fig. 4. The circles
marked in the STEM image of Fig. 4a indicate the size and positions
of the aperture used for the SAD experiments on the precipitate (1)
and the HEA solid solution matrix (2). Corresponding SAD patterns
are shown in Fig. 4b (precipitate) and 4c (matrix). To rationalize the
experimental diffraction data, the electron diffraction intensities
Fig. 4. STEM and SAD analysis of a FIB lamella extracted from the CrMnFeCoNi alloy
after a 700 �C anneal for 500 days. (a) STEM BF image showing part of a grain-
boundary precipitate (left) and the surrounding CrMnFeCoNi matrix (right). Circles 1
and 2 indicate the locations and sizes of the aperture used for the SAD experiments on
the precipitate and matrix, respectively. (b) and (c) show SAD images for the precip-
itate and matrix, respectively, on which the simulated diffraction patterns (red circles)
are superimposed. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 5. STEM and EDX analysis of a FIB lamella extracted from the CrMnFeCoNi alloy
after a 700 �C anneal for 500 days. (a) STEM BF image showing part of a grain-
boundary precipitate (left) and the surrounding CrMnFeCoNi matrix (right). EDX was
performed at the locations marked by circles 1 and 2 (precipitate and matrix,
respectively). Figures (b) and (c) display the corresponding EDX spectra.
were simulated using JEMS software [36] assuming a [10-1] zone
orientation for the tetragonal Cr-rich s phase precipitate (ICSD
structure file no. 102747, tetragonal P42mnm, lattice parameters
a¼ 0.87966 nm, c¼ 0.45582 nm [37]) and a [1-10] zone orientation
for the FCC HEA matrix (cubic Fm-3m, lattice parameter
a ¼ 0.360 nm [25]). There is good agreement between the JEMS
data (red circles) and the experimental SAD patterns in Fig. 4b,c



Fig. 6. APT analysis of grain-boundary sigma precipitate in the CrMnFeCoNi HEA after a 500-day anneal at 700 �C. (a) Elemental maps showing homogeneous distribution of all
elements in the precipitate. (b) Concentrations of the elements comprising the precipitate plotted along the long axis of the blue cylinder shown in the inset (diameter, 20 nm) with
0.5 nm bin width. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

F. Otto et al. / Acta Materialia 112 (2016) 40e5246
confirming our earlier conclusion that the precipitate is likely a
quinary variant of the binary CreFe s phase.

A striking feature of the STEM image in Fig. 4a is the high dislo-
cation density in the HEA matrix. Since regions far from the matrix-
particle interface were practically devoid of dislocations, one possi-
bility is that these dislocations formed to accommodate the differ-
ential thermal contraction of the two phases during cool down from
the annealing temperature. They could also have formed to accom-
modate volume misfits during growth of the s phase in the HEA
matrix. Further work is required to clarify this issue.

Chemical compositions of the s-phase precipitates observed in
the FIB lamella were then analyzed using EDX. As an example,
Fig. 5a shows locations (circles 1 and 2) where EDX spectra were
collected from the precipitate and matrix, respectively. The EDX
spectra are shown in Fig. 5b (s phase) and 5c (HEA matrix). Chro-
mium is the strongest peak in the spectrum of the s phase, followed
by smaller but almost equal Fe, Co and Mn peaks and a rather weak
Ni peak. In contrast, the peaks are nearly all equal in the spectrum
from the matrix (location 2, which is slightly more than 1 mm away
from the particle-matrix interface). Both spectra exhibit a small
parasite Cu peak due to secondary scattering from the Cu support to
which the lamella was welded. This extraneous peak was neglected
during the subsequent quantification of the spectra to obtain
chemical compositions. The average chemical compositions were
calculated based on at least two independent EDXmeasurements in
each of the two phases and the results are summarized in Table 1.
As can be seen, the chemical compositions of the s phase obtained
by EDX in the SEM and TEM are comparable.

The s phasewas further analyzed using APT, as shown in Fig. 6. A
relatively large s phase situated along a grain boundary was first
identified and then material from the precipitate was lifted out.
Three APT tips were obtained from the precipitate; for comparison,
three APT tips were also obtained from the grain interior (HEA
matrix). The elemental maps of the precipitate (Fig. 6a) show that
the distribution of constituent elements within the analyzed vol-
ume is homogenous with no indication of segregation or clustering
at the atomic scale. Fig. 6b plots the concentrations of the different
elements along the needle axis, within the 20-nm-diameter
cylinder shown in the inset. As summarized in Table 1, the average
composition (in at.%) of the s phase is approximately
46Cre12Mne17Fee18Coe7Ni, which is comparable to those
determined by EDX in the SEM and TEM. The composition of the
grain (HEA matrix) is close to the nominal alloy composition and
comparable to those determined by EDX.

3.4. After annealing at 500 �C for 500 days

Fig. 7a shows a representative SEM image of the microstructure
after a 500-day anneal at 500 �C and Fig. 7bef shows the corre-
sponding EDX maps obtained from the area in Fig. 7a. While the
grain interiors are still almost entirely single-phase, an intricate
chemical decomposition is observed along most grain boundaries
(but not at coherent twin boundaries, which remain precipitate
free). At low magnification, this decomposition makes the previ-
ously smooth grain boundaries ragged (convoluted). At higher
magnification, a seam of small particles is evident on the grain
boundaries, examples of which are shown in Fig. 7a. Given their
small size (~1 mm), TEM was performed on FIB machined lamellae
for detailed chemical and crystallographic analyses. Fig. 8a is a
representative HAADF image showing the decomposition of the
HEA solid solution into a multitude of particles with complicated
morphology and distribution. Based on EDX mapping of their
chemical compositions, the results of which are shown in the
overlay in Fig. 8b, the precipitates can be classified into three types:
(i) a phase rich in Ni andMn (yellow), (ii) a phase containing almost
exclusively Cr (red) and (iii) a phase rich in Fe and Co (blue). Areas
in Fig. 8b that are not color-coded represent either the untrans-
formed HEA solid solution or regions where the EDX signal was
insufficient for unambiguous classification. These individual phases
were further investigated by SAD and EDX. Results of three repre-
sentative SAD experiments are shown in Fig. 9. A portion of the
color-coded map in Fig. 8a is shown in Fig. 9a, where the three
arrowed circles represent positions and sizes of the corresponding
SAD apertures. Fig. 9bed illustrates very good match between the
experimental SAD patterns and those simulated using JEMS cal-
culations (the overlaid red circles). The calculations were



Fig. 7. Microstructure of the CrMnFeCoNi HEA after a 500-day anneal at 500 �C. Representative BSE image showing multiple precipitates on a grain boundary (a) and elemental EDX
maps showing the distribution of Co (b), Cr (c), Fe (d), Mn (e), and Ni (f) in the area shown in (a).
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performed using the following conditions: (i) for the pattern in
Fig. 9b, [110] zone orientation of the tetragonal L10 phase NiMn
(ICSD structure file no. 104916, tetragonal P4mmm, lattice param-
eters a¼ 0.261 nm, c¼ 0.349 nm, [38]), (ii) for the pattern in Fig. 9c,
[111] zone orientation of the BCC Cr phase (ICSD structure file no.
44731, cubic Im-3m, lattice parameter a ¼ 0.28845 nm, [39]) and
(iii) for the pattern in Fig. 9d, [111] zone orientation of the cubic B2
phase FeCo (ICSD structure file no. 56273, cubic Pm-3m, lattice
parameter a ¼ 0.28572 nm, [40]).

Fig. 10 shows a portion of the color-coded map discussed
before (Fig. 8) together with representative EDX spectra obtained
from the three different phases. The arrowed circles in Fig. 10a
indicate the locations where EDX spectra (Fig. 10bed) were
collected. One phase consists predominantly of Cr, another is
enriched in Ni and Mn, and the third is enriched in Fe and Co. Four
EDX point spectra were collected from each of these phases and
the resulting average chemical compositions are summarized in
Table 2. Although these phases are not unary or binary, for the
sake of simplicity we will refer to them as Cr, NiMn and FeCo in
keeping with the crystal structures determined from our SAD
experiments.

The NiMn precipitates were further analyzed using APT and
Fig. 11a shows a representative needle containing these pre-
cipitates where the dark green regions (iso-concentration sur-
faces) represent contours of Ni concentration � 30 at.%. Fig. 11b
shows the statistical proximity histogram including all four pre-
cipitates and matrix visible in the analyzed volume. The compo-
sition of the matrix is close to the nominal alloy composition and
comparable to the EDX results obtained from the matrix. The
precipitate is enriched in Ni and Mn and depleted in the other
elements and its composition is similar to that obtained by EDX in
the TEM (Table 2).



Fig. 8. STEM and EDX analysis of a FIB lamella extracted from the CrMnFeCoNi alloy
after a 500 �C anneal for 500 days. (a) STEM BF contrast reveals the presence of several
secondary precipitates on a grain boundary of the CrMnFeCoNi matrix. (b) EDX maps
superimposed on the image in (a) show that the precipitates have three distinct
chemical compositions.

Fig. 9. SAD analysis of a portion of the map shown in Fig. 8b. (a) Arrowed circles
indicate the sizes and locations of the apertures used for SAD on the precipitates
(NiMn, Cr, and FeCo). (b), (c) and (d) present the corresponding SAD images on which
the simulated diffraction patterns (red circles) are superimposed. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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4. Discussion

Our microstructural analyses using multiple complementary
techniques including, SEM, TEM, EDX, SAD, and APT have shown
that the CrMnFeCoNi HEA produced by arc melting and drop
casting is a homogenous single-phase solid solution after a 48-h
anneal at 1200 �C. It retains its single-phase solid solution state
after a prolonged anneal of 500 days at 900 �C. However, it de-
composes into metallic and intermetallic phases at lower
temperatures. After 500 days at 700 �C, relatively large blocky
precipitates were observed at heterogeneous sites, mainly grain
boundaries, but also at intragranular pores and inclusions. Analysis
of the SAD patterns showed that their crystal structure was the
same as that of the tetragonal CreFe s phase. EDX and APT analysis
showed that although they were rich in Cr (~47 at.%), they con-
tained all the constituent elements of the HEA (Table 1). Therefore,
our s phase appears to be a quinary variant of the binary s phase,
which may be rationalized as follows: 1) Cr is known to be a strong
s-phase former. The s phase has been shown to form in all binary
systems of the type CreXwhere X¼Co, Fe, Mn and Ni [37,41e43]. It
is thus conceivable that a quinary s phase containing these five
elements can also form. 2) Despite being stable over different
compositional ranges, the lattice parameters of the reported binary
CreX s phases are very similar. Additionally, these elements all
have similar atomic radii [44]. Therefore, one might reasonably
expect these atoms to substitute for each other without making the
s phase unstable. 3) For the chemical composition of the pre-
cipitates found in the present study, the s phase is predicted to be
the stable structure on the basis of atomic size difference and
electronic d-band filling [45].

After 500 days at 500 �C, a more complex decomposition takes
place and three distinct phases are observed: a phase rich in Ni and
Mn, another that is predominantly Cr, and a third that is enriched in
Fe and Co. To establish their crystallography, JEMS simulations were
performed assuming the tetragonal L10 crystal structure for the
NiMn phase, BCC for the Cr-rich phase, and B2 for the FeCo phase.
Superlattice reflections were clearly visible in the experimental
SAD pattern of the NiMn phase indicative of atomic orderingwithin
the phase. Additionally, in the paper by Egorushkin et al. [38] from
which the crystal structure data were taken, the NiMn phase is
reported to be stable only below 665 �C which is consistent with
our results. The crystal structure of the Cr-rich phase was virtually
indistinguishable from that of pure BCC Cr [46] for a [111] zone axis.
Finally, the B2 FeCo phase [40] forms near the equiatomic compo-
sition in the binary Fe-Co system below temperatures of



Fig. 10. EDX analysis of a portion of the map shown in Fig. 8b. (a) Arrowed circles
indicate electron beam positions where EDX point spectra were acquired from the
three different types of precipitate. (b), (c) and (d) show the corresponding EDX
spectra.

F. Otto et al. / Acta Materialia 112 (2016) 40e52 49
approximately 730 �C [47], which is consistent with both the
composition and temperature of our FeCo phase. Comparison of the
experimental SAD patterns with the JEMS simulations showed
excellent agreement between the experimental and simulated
patterns of all three phases.

Our 700 �C results are in good agreement with the recent results
of Pickering et al. [24] who observed blocky grain-boundary par-
ticles with shapes similar to those seen by us here. Based on SAD
analysis they also concluded that the crystal structure of the pre-
cipitates was consistent with the s phase. Moreover, their lattice
parameters were close to those deduced here. As for its chemical
composition, Pickering et al. [24] reported that “it was significantly
enriched in Cr, and also contained some Mn, Fe, and Co, but very
little Ni.” This is consistent with what we found in the present
study, but amore detailed comparison is not possible since they did
not provide a chemical composition for their s phase. In the study
of Pickering et al. [24], the s phase appeared in samples annealed
for relatively short times (500 h) compared to the 500-day anneals
of this study. An open question is whether the composition of the s

phase evolves with time between 500 h and 500 days or whether it
is already close to its equilibrium composition at shorter times.

Our 500 �C results can only be compared with the 450 �C results
of Schuh et al. [27] but even then only qualitatively since they did
not unambiguously identify the crystal structures of the phases
observed. Chemically, however, our three phases appear to be
similar to, if not the same as, what they reported. Amajor difference
is that Schuh et al. [27] observed the NiMn and Cr-rich phases after
times as short as 5 min and the FeCo phase after 15 h. Here we
looked at samples that had been annealed for 500 days. Since
shorter anneals were not investigated in this study, it is not possible
to say whether these phases would appear in our material more
quickly, or whether a starting nanocrystalline state produced by
HPT inherently results in significantly faster precipitation kinetics.
If the latter is the case, the question then becomes whether it is the
result of grain boundaries offering faster diffusion pathways and/or
additional nucleation sites, or whether the HPT state has high in-
ternal energy that provides additional driving force for precipita-
tion. These are all interesting aspects that need to be investigated in
future studies. Regardless of the formation kinetics, however, it has
been shown that the precipitates have the potential to severely
embrittle the CrMnFeCoNi HEA [27].

A noteworthy aspect of the present study is that after 500 days
at 900 �C, the CrMnFeCoNi HEA remained a single-phase solid so-
lution. Consistent with this, when Schuh et al. [27] annealed their
four-phase material (HEA matrix containing NiMn, Cr, and FeCo
precipitates) at 800 �C for 1 h, they obtained a single-phase solid
solution (i.e., all the precipitates dissolved back into the HEA ma-
trix). Together, these results indicate that the FCC solid solution
state is stable above approximately 800 �C and that at lower tem-
peratures several different precipitates form depending on time
and temperature. Considering all the available data, it is possible to
envisage a schematic TTT diagram, such as the one shown in Fig. 12,
for the CrMnFeCoNi HEA. Of course, additional work is needed to
quantify and understand the various factors (grain size, under-
cooling, etc.) that affect the phase transformation kinetics.

Meanwhile, it is now clear that there is only limited entropic
stabilization of the solid solution state in the CrMnFeCoNi HEA. Our
experimental results may be compared with multinary phase dia-
grams created from the constituent (known) binaries [48]. In the
case of the CrMnFeCoNi quinary, the predictionwas that a FCC solid
solution would be stable above 600 �C, which would decompose
into a BCC and FCC phase at lower temperatures. The experimental
results are at odds with this prediction indicating the need for
further refinement of thermodynamic models.

Our results should motivate the investigation of possible phase
transformations in other HEAs that are currently thought of as
being single phase but may decompose if annealed at the right
temperature-time combination. Information about phase



Table 2
Average chemical compositions (at.%) and standard deviations of phases present in CrMnFeCoNi after 500 days at 500 �C.

Method Phase Cr Mn Fe Co Ni

TEM-EDX L10 NiMn 1.9 ± 0.6 37.4 ± 6.6 2.2 ± 0.8 3.6 ± 1.0 54.9 ± 8.9
BCC Cr 86.3 ± 3.6 4.3 ± 3.1 5.2 ± 2.6 3.6 ± 2.8 0.6 ± 1.0
B2 FeCo 2.0 ± 2.1 5.5 ± 2.1 46.0 ± 3.2 45.9 ± 2.2 0.6 ± 0.9

APT L10 NiMn 2.3 ± 0.3 42 ± 0.9 1.2 ± 0.5 3.9 ± 0.3 50.6 ± 1

Fig. 11. (a) APT Ni map showing the distribution of the NiMn precipitates in the CrMnFeCoNi HEA after a 500-day anneal at 500 �C using ~30 at.% iso-concentration surfaces, and (b)
statistical proximity histogram (0.5 nm bin width) including the four precipitates and matrix region visible in (a) showing near-equiatomic composition in the matrix and Ni þ Mn
enrichment in the precipitate.

Fig. 12. Schematic (hypothesized) TTT curve for the CrMnFeCoNi high-entropy alloy.
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instabilities will be important in alloys that are being considered for
applications in sensitive temperature regimes and where potential
embrittlement by intermetallic precipitates is a concern.
5. Summary and conclusions

The microstructural evolution of an equiatomic, single-phase,
solid solution high-entropy alloy, CrMnFeCoNi, was investigated
after 500-day anneals at temperatures of 500, 700 and 900 �C.
These long annealing times were chosen to promote thermody-
namic equilibration of the microstructure. The annealed micro-
structures were characterized over several length scales using
scanning and transmission electron microscopy along with energy-
dispersive X-ray spectroscopy and atom probe tomography. The
results can be summarized as follows.

(1) After homogenization for 48 h at 1200 �C, the equiatomic
CrMnFeCoNi high-entropy alloy is a single-phase solid solu-
tion. It remains a single-phase solid solution after 500 days at
900 �C. Results obtained in an earlier study [27] indicate that
the solid solution state is stable also at ~800 �C. Together,
these observations suggest that entropy probably stabilizes
the FCC solid solution in CrMnFeCoNi at temperatures higher
than ~800 �C. At lower temperatures, the solid solution be-
comes unstable and several secondary phases precipitate,
probably because of their enthalpies.

(2) A Cr-rich precipitate is observed after annealing for 500 days
at 700 �C and is present almost exclusively at grain bound-
aries and inclusions/pores indicating that its nucleation is
likely heterogeneous. Its chemical composition (in at.%) is
approximately 46.5Cre16.6Fee17.6Coe12.7Mne6.6Ni and
its crystal structure is that of the CreFe type s phase.
Therefore, this secondary phase is likely a quinary variant of
the binary s phase.

(3) A complex chemical decomposition takes place at the grain
boundaries after 500 days at 500 �C. Three distinctly
different phases were identified: a BCC phase that consists
predominantly of Cr (~86 at.%), a tetragonal phase (L10
structure) that is rich in Ni and Mn (~55 and 37 at.%,
respectively), and an ordered cubic phase (B2 structure) that
is rich in Fe and Co (~46 at.% of each).

(4) Preliminary attempts have been made in the literature to
create phase diagrams for the CrMnFeCoNi HEA from its
known constituent binaries. However, their predictions do
not agree with our experimental results indicating that cur-
rent thermodynamic databases and models need to be
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extended and refined to better handle complex solid solu-
tions. Further work is also needed to experimentally deter-
mine the full temperature-time-transformation (TTT)
characteristics of this and other HEAs.

(5) The limited entropic stabilization of the prototypical FCC
high-entropy alloy, CrMnFeCoNi, highlights the need to
carefully evaluate the stability of other HEAs that have not
been extensively investigated but are nevertheless
believed to be stable solid solutions. Phase decompositions
and their associated effects on mechanical properties,
although unlikely to be important at cryogenic tempera-
tures (because of slow diffusion), certainly need to be
taken into account for elevated temperature applications
since potentially embrittling second phases could precipi-
tate during service.
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