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ABSTRACT

Microstructure and mechanical properties of the Fe-Mn-Cr-Ni-Al system non-equiatomic high entropy
alloys with a different Al content (x = 0—14 at.%) were studied in the present work. The Fe4oMn35CryNi15
alloy was composed of the face-centered cubic (fcc) matrix phase with a small amount of coarse body-
centered cubic (bcc) particles. Addition of a small amount of Al (x =2—6) resulted in an increase in the
fraction of the bcc phase to 26% and the formation of fine B2 precipitates within the bcc phase. At higher
amounts of Al (x=10 and x = 14) the microstructure consisted of coarse bcc matrix grains with the B2
precipitates inside. The alloys tend to become stronger with an increase in the Al content from O to
10 at.%; further increase in Al concentration did not influence strength considerably. The alloys exhibited
pronounced softening with an increase in testing temperature from 25 to 400 °C—600 °C. Ductility of the
alloys was high enough (>50%) at all temperatures. A quasi-binary Fe4oMn;5CrpoNiy5-Al phase diagram
was constructed using a ThermoCalc software and a TCHEA2 database; reasonable agreement between
the experimental and predicted phase compositions of the alloys was obtained. It was suggested that an
addition of the strong bcc-stabilizing and compound-forming Al to a bcc-prone Fe4oMnasCragNiss alloy is
beneficial for the development of the alloys with the disordered bcc matrix and the embedded B2
precipitates having attractive mechanical properties.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The so-called high entropy alloys (HEAs) represent a new class
of metallic alloys with promising properties suitable for advanced
applications [1—3]. Unlike most of the traditional metallic alloys,
HEAs have extremely complex chemical composition — according
to the original definition, they should be composed of at least 5
principal elements taken in approximately equiatomic concentra-
tions (5—35 at.%) [4]. Due to the chemical complexity, these alloys
were supposed to possess unique structures and properties unat-
tainable in conventional alloys [2,5]. Indeed, some of the reported
HEAs demonstrated remarkable properties like high strength (at
room or elevated temperatures), eminent toughness, wear resis-
tance and so on [6—19]. However, the design of HEAs with a good
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combination of properties suitable for practical applications still
remains an unsolved problem.

Although initially a strong emphasis has been made on alloys
with a single solid solution phase structure [1,4], it is well accepted
that the presence of two (and sometimes more) phases is beneficial
for the obtaining the best combination of mechanical properties
[20]. Like conventional metallic materials, alloys with the solid
solution matrix phase strengthened by precipitates of a second
phase with, probably, an ordered structure, are likely to possess a
good combination of strength (including that at high temperatures)
and ductility [21,22]. This approach has been recently developed for
CoCrFeNi(Mn) alloys with an face-centered cubic (fcc) matrix
[23—27]. For instance, alloying of a single fcc phase CoCrFeNi alloy
with 4at.% of Al and 2at% of Ti together with a proper heat
treatment has promoted strong precipitation strengthening by L1,
particles [28]. As a result, the alloy had the ultimate tensile strength
of ~1100 MPa and elongation of ~40%.

Abilities of the alloys with a bcc structure to precipitation
hardening are much less studied [29]. It is generally believed that
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the body-centered cubic (bcc) HEAs are stronger but less ductile in
comparison with the fcc counterparts, yet there are some examples
of highly ductile bcc alloys [1,30,31]. There are several elements
which can turn the fcc structure of the Co-Cr-Fe-Ni-(Mn) system
alloys into the bcc one. One of these elements is Al [32—42]. How-
ever, Al is also a strong intermetallic compound former, especially
when added together with Ni. For instance, an addition of Al to an
equiatomic CoCrFeMnNi alloy results in a gradual transformation of
an fcc-based structure to a bee-based structure through a mixture of
the fcc and bee phases [43]. This transformation is accompanied by a
continuous increase in strength. Nevertheless, it has been found that
the bcc-based structure is composed of an ordered B2 matrix phase
with disordered bcc precipitates. The alloys with such structure are
brittle even in compression.

Recently, several alloys of an Al-Co-Cr-Fe-Ni-Mn system which
have the bcc matrix phase strengthened by the B2 or L2 phase
particles were reported [44—48]. These alloys have been found to
possess reasonable ductility in tension and rather attractive
strength at high temperatures. For example, a Fe3gMn,1CrigNiq5Alqg
alloy was found to exhibit the ultimate tensile strength of
880 MPaat room temperature which even increased slightly at
400°C [44]. However at higher temperatures (500—600 °C) pro-
nounced softening occurred. A better understanding of the
composition-structure-properties relationship is needed to
improve properties of such alloys further. For instance, it is not
completely clear at the moment why the disordered bcc matrix
with the B2 precipitates can be obtained in certain alloys, what
amount of Al is required to produce such structures etc.

In the present work, we have studied the structure and me-
chanical properties of a series of alloys of the Fe-Mn-Cr-Ni-Al sys-
tem with different Al contents based on a non-equiatomic
Fe40Mny5CryoNiqs alloy which includes the previously reported
Fe3gMny1CrigNisAlqg alloy [44]. Two main aims were pursued: (i)
to gain a better understanding of the bcc/B2 structure formation in
the Fe-Mn-Cr-Ni-Al high entropy alloys; (ii) to estimate how the
phase evolution affects mechanical properties in such alloys,
including that at high temperatures.

2. Materials and methods

Alloys with the nominal compositions of (Fe4oMn35Cr;oNiis)100-
<Alx (x=0; 2; 6; 10; 14; the numbers indicate the atomic percent-
age (at. %)) were produced by vacuum arc melting. For simplicity, the
alloys will hereafter be designated by the percentage of Al (x=6

Table 1

alloy for example). High-purity (at least 99.9%) powders of the
constitutive elements were used as the starting materials. The
produced ingots had dimensions of ~10 x 15 x 60 mm?>. The ingots
were remelted 5 times to ensure chemical homogeneity. SEM-EDX
analysis showed that the actual chemical composition of the alloys
closely corresponded to nominal ones (Table 1). The specimens for
microstructural characterization and mechanical testing were cut
from the produced ingots using an electric discharge machine.

Microstructure and phase composition of the alloys in the as-
cast condition were studied using X-ray diffraction (XRD), scan-
ning (SEM) and transmission (TEM) electron microscopy tech-
niques. XRD analysis was performed using a RIGAKU diffractometer
with Cu Ko radiation. Samples for SEM observations were prepared
by careful mechanical polishing. SEM investigations were per-
formed using an FEI Quanta 600 field emission gun (FEG) micro-
scope equipped with a back-scattered electron (BSE) and an
energy-dispersive (EDS) detectors. Samples for TEM analysis were
prepared by the conventional twin-jet electro-polishing of me-
chanically pre-thinned to 100 um foils, in a mixture of 95% Co;H50H
and 5% HClO4 at the 27 V potential. TEM investigations were per-
formed using a JEOL JEM-2100 microscope equipped with an EDS
detector at an accelerating voltage of 200 kV. The volume fractions
of different phases were measured from SEM-BSE images using a
Digimizer Image Analysis Software.

Compression mechanical tests were performed using samples of
the alloys in the as-cast condition. The testing was performed on an
Instron machine equipped with a radial heating furnace. Rectan-
gular specimens with dimensions of 7 x 5 x 5 mm?> were used. The
testing was performed at room (25 °C) and elevated (400 or 600 °C)
temperatures at an initial strain rate of 104 s~! until 50% height
reduction. For the elevated temperature compressions, the speci-
mens were placed in the preheated to the testing temperatures
furnace and held for =10 min to equilibrate the temperature prior
to the testing. The temperature of the specimens was controlled by
a thermocouple attached to a side surface of the specimens.

Equilibrium phase diagrams were constructed using a Thermo-
Calc (version 2017a) software employing a TCHEA2 (high-entropy
alloys) database.

3. Results
3.1. Structure of the alloys

Fig. 1 shows XRD patterns which illustrate the effect of the Al

The chemical composition of the structural constituents of the (Fe40Mn,5Cra0Nijs)100-xAlx alloys with different Al concentration (x) as determined by SEM-EDS. Typical regions

for the analysis are shown in Fig. 1.

Element at.% Fe Mn Cr Ni Al
Ne Structural constituent

x=0

1 Matrix 389 259 19.8 154 -

2 Particles 409 20.1 325 6.5 —
Actual composition 39.2 255 20.1 15.2 -
X=2

1 Matrix 38.1 242 19.5 15.7 2.5
2 Particles 40.5 20.2 28.7 8.2 24
Actual composition 39.0 233 20.1 15.1 2.5
Xx=6

1 Matrix 37.8 22.8 179 15.5 6.0
2 Particles 36.7 235 19.1 139 6.8
Actual composition 37.7 229 18.5 144 6.5
x=10

Actual composition 36.5 21.0 183 14.3 10.0
x=14

Actual composition 34.6 203 17.2 134 14.7
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Fig. 1. XRD patterns of the (FeqoMnysCraoNiis)i00-xAlx alloys with different Al
concentrations.

content in a range 0—14at.% on the phase composition of the
(Fe4oMny5CryoNiqs5)100-xAlx alloys. The alloy without Al (x = 0) was
composed of a main fcc phase and a minor bcc phase. The lattice
parameters of the fcc and bcc phases were 0.361 and 0.288 nm,
respectively. An addition of Al resulted in a gradual decrease in the
intensity of the fcc peaks and, vice versa, an increase in the intensity
of the bcc maximums. However, the fcc phase remained dominant
at the Al percentage up to 6 at.%. An increase in the Al concentra-
tions above 6 at.% had not resulted in noticeable changes of the
lattice parameters of the fcc and bcc phases. At yet higher Al con-
tents, i.e. x =10 or X = 14, the fcc phase was not found. However, a
strong splitting of the bcc peaks suggested that the alloys were
composed of two bcc phases with different lattice parameters —
0.288—0.289 and 0.290 nm, respectively. Note that the character-
istic B2 superlattice reflections were detected for only one of the
bcc phases.

Fig. 2 shows SEM-BSE images of the (Fe4oMn35CroNi5)100-xAlx
alloys microstructure depending on the Al content. The chemical
compositions of the constitutive phases are summarized in Table 1.
The alloy without Al (Fig. 2a) was composed of two phases: the
matrix one (#1 in Fig. 2a) had a composition close to the nominal
one, and the darker second phase particles (#2) were found to be
enriched with Cr and depleted of Mn and Ni (Table 1). Note that Cr
is a well-known bcc stabilizer while Mn and Ni are fcc-stabilizing
elements. The second phase particles had a complex irregular,
often elongated shape and a thickness of 1—5 pm. A volume fraction
of the second phase was 6%. An average size of the matrix grains
was 75 pm.

With an increase in the Al content to x =2 (Fig. 2b) or x=6
(Fig. 2¢) microstructure of the alloys remained quite similar to that
of the Al-free alloy. However, one can clearly see that the volume
fraction of the second phase particles increased with an increase in
the Al content to 12% (2 at.% Al) or 26% (6 at.% Al). The second phase
particles in the x=2 alloy also became coarser attaining the
thickness of 4—10 um. In the x = 6 alloy, the thickness of the second
phase particles was close to that in the Al-free alloy, but they
started to form a continuous network with mostly elongated cells.
A closer look at the structure of the alloy (insert in Fig. 2c) revealed
some finer, cuboidal or rectangular particles inside the coarse
second phase particles. Similarly to the Al-free alloy, the coarse
particles were enriched with Cr and depleted of Mn and Ni
(Table 1).

Drastic changes in microstructure were observed when the Al
content increased to x = 10 and x = 14 (Fig. 2d and e). In both alloys,

low magnification images demonstrated apparently a single phase
granular structure with a grain size of ~150—200 pm. However,
higher magnification inserts clearly showed the presence of pre-
cipitates inside the coarse matrix grains. In both alloys these pre-
cipitates had a submicron size; however, they tend to have a
cuboidal morphology in the alloy with 10 at.% of Al, and a spherical
one — in the alloy with 14 at.% of Al. The chemical composition of
these precipitates could not be determined by SEM-EDS analysis
reliably because of a small size.

To gain more detailed information on the (Fe4oMny5CraNii5)100-
«Aly alloys structure, additional TEM studies were performed
(Fig. 3). The Al-free (x =0) alloy was composed of the matrix (#1,
Fig. 3a) and coarse second phase particles. Selected area diffraction
patterns (SAEDs) demonstrated that the matrix has an fcc structure
while the second phase particles had a bcc structure. Moreover,
numerous very fine precipitates inside the second phase particles
can be recognized. The crystal structure and chemical composition
of these particles could not be determined via SAEDs/EDS because
of a very small (~3 nm) size.

TEM images of the alloys with a higher Al content (x =2 and
X =6) demonstrated rather similar structures of the fcc matrix
phase (#1 in Fig. 3b and c) with the bcc second phase particles (#2).
Moreover, in both alloys cuboidal precipitates were observed inside
the bcc phase. Analysis of SAEDs had revealed that these pre-
cipitates had a B2 structure. Examination of the chemical compo-
sition of the cuboidal precipitates in the alloy with x=6 has
demonstrated that they are enriched with Al and Ni. TEM-EDS
chemical analysis of other phases showed results pretty similar to
those obtained by SEM-EDS (Table 1).

Quite a different structure was observed in the alloys with a high
Al content (x = 10 (Fig. 3d) and x = 14 (Fig. 3e)). The microstructure
was found to be composed of the bcc matrix phase with the
embedded B2 precipitates (which are clearly visible in the corre-
sponding dark-field inserts). The precipitates had cuboidal or
spherical shapes in the x = 10 or the x = 14 alloys, respectively. The
change in the morphology of the precipitates can potentially be
attributed to the difference in the lattice misfits between bcc matrix
and B2 precipitates in the two alloys [46]. An average size of the B2
precipitates was 160 nm or 190 nm in the x =10 or x = 14 alloys,
respectively. In both alloys, the B2 precipitates were enriched with
Al (16—18 at.%) and Ni (20—23 at.%), while the matrix was primarily
composed of Fe (43—47 at.%) and Cr (22—23 at.%). Mn was uni-
formly distributed between the phases.

3.2. Mechanical properties

Fig. 4 presents stress-strain curves obtained during compression
testing of the (FesoMny5CraoNiqs5)100-xAlx alloys with different Al
concentrations at room or elevated temperatures (25, 400, or
600 °C). Increasing slope of the elastic part of the curves suggested
growing elastic modulus of the alloys with an increase in the Al
content; yet the testing conditions (compression) did not allow an
accurate measurement of the elastic moduli. Nevertheless, it seems
that the difference in the elastic moduli of the alloys was less sig-
nificant at 600 °C in comparison with that at room temperature or
400 °C. Note that an increase in the elastic modulus with Al con-
centration in similar alloys at room temperature has already been
reported [49].

Mechanical behavior of the alloys at room temperature after
yielding was associated with a prolonged hardening stage (Fig. 4a).
The slope of the curves at the strengthening stage was similar for all
the alloys with different Al concentrations. Also, all the alloys can
be compressed without fracture to 50% reduction (both at room and
elevated temperatures). However, the yield strength of the alloys at
room temperature showed a pronounced dependence on the Al
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Fig. 2. SEM-BSE images of the (Fe4oMn,5CragNijs)100-xAlx alloys with different Al concentration (x): a —x=0; b —x=2; ¢ — x=6; d — x=10; e — x = 14. Numbers on the images

indicate typical structural constituents, determined by the chemical analysis (see Table 1).

concentration (Fig. 5) almost linearly increasing for Al from O to
10 at.% and then slightly decreased at x = 14.

At 400°C the alloys demonstrated mechanical behavior very
similar to that at room temperature. Note that the yield strength
values were only slightly lower in comparison to those at room
temperature (Fig. 5). However, a pronounced hardening stage was
observed in the alloys with a low Al content only while the alloys
with a high Al concentration (10 or 14 at.%) showed rather weak

work hardening. Further increase in temperature to 600 °C resulted
in more pronounced changes. The yield strength of the alloys
dropped significantly (Fig. 5) in comparison to 400 °C or 600 °C
with an increase in the Al concentration. Interestingly, the alloys
with a high content of Al (10 or 14 at.%) demonstrated nearly
steady-state flow stage soon after the yielding whereas the alloys
which contain less Al (0 or 2 at.%) showed continuous strength-
ening. As the result, the flow stress of the x = 2 alloy became higher
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Fig. 3. TEM bright-field images of the Fe-Mn-Cr-Ni-Al alloys with different Al concentrations (x): a — x=0; b —x=2; c — x=6; d — x=10; e — x = 14; Selected area diffraction
patterns of the constitutive phases and dark-field images of the B2 phase (d, e) are shown in inserts.
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Fig. 4. Compression stress-strain curves of the (Fe4oMn,5CraoNiss)100-xAlx alloys with different Al concentrations (x) obtained at different temperatures: a - 25°C, b - 400°C, d -
600°C.
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Fig. 5. Dependence of the compression yield strength of the (FesoMn;sCr;oNiss)100-
xAly alloys with different Al concentrations (x) obtained at 25 °C, 400 °C, or 600 °C.

than those of the rest of the alloys after =15% of compression
deformation.

3.3. Phase diagrams

In order to gain a better understanding of the phase equilibrium
in the experimental alloys, we have produced a quasi-binary
Fe40Mny5CryoNijs—Al phase diagram using the ThermocCalc soft-
ware (Fig. 6a). For the sake of comparison, a well-studied CoCr-
FeMnNi-Al [43] system phase diagram was also produced (Fig. 6b).
The Fe40Mn35CryoNiys alloy was expected to solidify starting from a
bcc phase; an fcc phase appeared at the latter stages of solidifica-
tion (Fig. 6a). After solidification, the alloy was composed of a
mixture of the fcc and bcc phases; a tiny single fcc phase field was
observed at lower temperatures. Below =1150 °C, a prolonged
fcc+sigma phases field was expected. An addition of Al resulted in:
(i) A gradual increase in the liquidus temperature of the alloys,
associated primary with some expansion of a liquid+bcc field. (ii)
The suppression of the fcc phase, for example, an alloy started to
solidify with the bcc phase solely when the Al content was higher
than =4%, and the single fcc field disappeared when the Al content
was above =1%. Yet, in a low-temperature part of the phase dia-
gram the fcc phase was presented in multiphase fields at the Al
concentrations up to =11%. (iii) The solvus temperature of the
sigma phase pronouncedly decreased from = 1150 °C to =1000 °C
when the Al content increased from 0 to =6%. (iv) The B2 phase

a 1600 | Liquid (L)
L+bcc+cc
© 1400 -
o
)
=
5 1200 | . fcctbee
jd oo fcc+bec+B2
g fcctbec+
£ 1000 | sigma
)
[ fcc+ :
a0 | Sigma fcc+becc+B2+sigma boc+B2+
fcc+sigma+B2 sigma
600 T T . . . T T
0 2 4 6 8 10 12 14

Al content, at.%

precipitation started when the Al concentration reached =6 at.%;
the solvus temperature of the B2 phase gradually increased with an
increase in the Al concentration.

The quasi-binary CoCrFeMnNi-Al phase diagram (Fig. 6b)
showed significant differences from that for the Fes9Mnys5Craq.
Nii5—Al system (Fig. 6a). The equiatomic CoCrFeMnNi alloy solidi-
fied through a single fcc phase, and a sigma phase was expected to
precipitate starting from =800°C. The predicted sigma phase
precipitation was in agreement with some recent reports [50,51].
With an increase in the Al concentration to =1.5 at.%, the B2 phase
started to precipitate first from the fcc primary phase. The solvus
temperature of the B2 phase quickly increased with a further in-
crease in the Al concentration. At the Al percentage of =6 at.%, the
bcc phase appeared at the solidification stage. Its fraction contin-
uously increased, and at the Al concentration of =11% the solidi-
fication occurred completely through the bcc (+B2) phase(s) and
the fcc phase occurred through a solid state reaction, while at
=17 at.% Al the fcc phase disappeared in the alloys (not shown in
Fig. 6b) completely.

4. Discussion

The obtained information suggested that the addition of Al to
the Fe4oMn35NiyoCrys alloy resulted in: (i) a gradual transformation
of the (mostly) fcc structure into the fully bcc one and (ii) the or-
dered B2 precipitates formation (Figs. 1-3). The stability of
different phases, including the bcc and fcc ones, in 3d transition
metals HEAs is well studied. It was found that the valence electron
concentration parameter (VEC, VEC = X ¢;VEG;, where ¢; and VEG; are
the atomic concentration and the valence electron concentration of
the i element, respectively) can be used to predict the fcc and bcc
phases formation in HEAs. According to the statistical analysis
conducted by Guo et al. the fcc phase(s) form in HEAs with VEC > 8,
the bcc phase(s) form at VEC < 6.87 and both the fcc and bcc phases
coexist in the alloys with the VEC values between 6.87 and 8.0; i.e. a
decrease in VEC favors the bcc structures [52].

Our results are in reasonable agreement with these predictions;
the VEC parameter of the studied alloys gradually decreased from
7.65 to 7.0 with an increase in the Al concentration from 0 to 14 at.%
because Al has low VEG; (3). The VEC values of the alloys with the
fcc+bece structure (x = 0—6) were 7.37—7.65, i.e. fell in the range of
VEC for fcc+bcc mixtures, while the solely bec alloys (x = 10—14)
have VEC of 7.00—7.19. These values were slightly higher than the
threshold values for the bcc to fcc+bec structures transition (6.87).
Possibly, this discrepancy can be attributed to a large amount of Mn
in the studied alloys [52]. However, note that the recent analysis of
Al-Co-Cr-Fe-Ni HEAs with different ratios of Co, Cr, Fe, and Ni has
revealed a transition from the bcc+fcc to the bec+B2 structure at

b Liquid (L) L+bcc+B2
1400 1 | +fce L+fcc+bee ——
1) bcc+B2
1200 | L+fcc+bcc+B2
° fcc
@ fce+bee fcc+bec+B2
e
= fce+bee+
g 1000 1 gocs fec+B2 B2+sigma
g ¢
§
2 800 + -
fcc+B2+sigma bcc+B2+
sigma
600 -
B2+sigma
0 2 4 6 8 10 12 14

Al content, at.%

Fig. 6. Quasi-binary phase diagrams: a - the Fe4oMn;5CryNij5—Al system and b - CoCrFeMnNi-Al system.
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VEC<7.35 [46], i.e. very similar to our results. In turn, the B2 Al, Ni-
rich precipitates formation in Al-containing alloys can be attributed
to highly negative formation enthalpy of intermetallics compounds
(4Hy) in the AINi pair. An extensive analysis by Troparevsky et al.
have demonstrated that the corresponding 4Hfvalue equaled to —
677 meV/atom [53].

Eventually, an addition of Al to 3d transition metals HEAs has a
twofold effect: (i) stabilization of the bcc structure due to a
decrease in VEG; (ii) the Al, Ni-rich intermetallics formation due to
their low formation enthalpy [32]. In the studied series of alloys,
the starting Fe4oMny5CrygNijs alloy was already prone to the bcc
phase formation (Fig. 1). Therefore, relatively small amounts of Al
(10 at.%) were required to a complete turn to the bcc structure. This
amount of Al resulted in the formation of B2 Al, Ni-rich phase, yet
only as precipitates in the disordered bcc matrix. When Al was
added to entirely fcc equiatomic alloys, like CoCrFeNi or CoCr-
FeMnNi (the corresponding VEC values were 8.25 or 8.0, respec-
tively [54]), a much higher amount of Al was required to form the
entirely bcc structure. For example, more than 16 at.% of Al should
be added to the CoCrFeMnNi alloy to make it completely bcc [43].
Apparently, this amount of Al strongly promoted the formation of
intermetallic phases, and, as the result, the CoCrFeMnNi alloys with
a high amount of Al have the ordered B2 matrix.

The comparison of the experimentally obtained data on the
structure of the (FeqoMnys5CroNiss)100-xAlx alloys (Figs. 1-3) and
the calculated phase diagram (Fig. 6a) showed rather a close
resemblance. Please note that the experimental alloys were studied
in a non-equilibrium as-cast condition and therefore a direct
comparison between the experimental and calculated results is not
quite correct. Nevertheless, it seems that the transition between
the fcc+bcec and bec structures with an increase in Al concentration
is rather accurately predicted; in high-temperature phase fields
(not including the sigma phase) this transition is expected at
=~9-10 at.% of Al. However, there is also some discrepancy with the
experimental results. For example, the B2 particles are expected to
precipitate at a relatively high Al concentration (>6 at.%), although
they were experimentally observed already in the alloy with 2 at.%
of Al (Fig. 3b). This can be associated with some difference in the
predicted chemical composition of the B2 phase (which is close to
the binary NiAl compound) in comparison with the experimental
alloys where the total concentration of Al and Ni in the B2 particles
was ~35-40 at.%.

The following sequence of the phase transformations in the
experimental alloys during cooling from the melt can be expected
from the phase diagram (Fig. 6a). All alloys start to solidify through
single bcc phase, yet in the alloys with low Al concentration
(x =0—6) the fcc phase appears at the latter stages of solidification
and consumes most of the initial bcc phase. The irregular appear-
ance of the bcc phase in the (x = 0—6) alloys (Fig. 2 a—c) confirms
that the fcc+bcc mixture was produced during solidification. Dur-
ing further cooling, fine unidentified (x = 0 alloy (Fig. 3a)) or Al, Ni-
rich B2 (x = 2—6 alloys (Fig. 3b and c)) precipitates appear in the as-
solidified bcc phase by solid-state reaction. Most probably, this is
due to the highly non-equilibrium chemical composition of the as-
solidified bcc phase. Meanwhile in the alloys with high Al con-
centration (x = 10—14) the solidification finishes with the sole bcc
phase (Fig. 2d and e), and the fine B2 precipitates are produced
during further cooling (Fig. 3d and e).

A very important aspect of the constructed phase diagram
(Fig. 6a) is the presence of the large single bcc phase field followed
by the lower temperature dual-phase bcc+B2 phase field in the
alloys with a high Al content (>10 at.%). This type of the phase
diagram suggests wide opportunities for the microstructure con-
trol, i.e. solution heat treatment in the single phase field with a
subsequent aging treatment at lower temperatures to attain a high

strengthening effect due to the formation of precipitating particles
with a required size and volume fraction. For example, it was
revealed that duplex B2 precipitates can be introduced into ferritic
(bcc) Fe-Cr-Ni-Al steel by proper heat treatment; such duplex
precipitates had a beneficial effect on room temperature mechan-
ical properties [55]. In the case of the investigated
(Fe4oMny5CroNiqs5)100-xAlx alloys, the as-cast dual phase bcc/B2
structure of the x =10 alloy can be maintained after annealing at
1200°C for 24 h [44]. Only microhardness measurements were
performed after annealing, but they did not suggest significant
variations in other mechanical properties. However, a considerable
decrease in microhardness was found in the alloy after annealing at
1000 °C for 24 h. Softening was associated with the formation of fcc
phase [44]. Therefore, future studies are required to experimentally
establish the effect of heat treatment on structure and mechanical
properties of the alloys and to select the best possible processing
routes.

Contrary to the FeqoMnysCrygNi;s—Al system, in the
CoCrFeMnNi-Al alloys with a low Al content the only expected
solidification product is the fcc phase; the bcc phase is expected to
appear at Al concentrations of >6 at.% only, and the fcc phase dis-
appears completely at 17 at.% of Al (Fig. 6b). The predicted phase
diagram of the CoCrFeMnNi-Al system is in good agreement with
experimental data [43]. In the as-cast condition, the fcc structure
was found in the alloys with the Al fraction <8 at.%, the fcc+bcc
structure was observed at 8—16 at.% of Al, and the single-phase bcc
structure was obtained at a yet higher Al concentration. It should be
noted that a similar transition from the fcc phase to the bcc (B2) one
as the primary solidification product was demonstrated both
experimentally and computationally in other systems like AlyCo-
CuFeNi; [42]. Moreover, according to the phase diagram, in the
alloys with the Al content above 11 at.% the bcc+B2 mixture forms
already during solidification. Therefore the possibilities to control
the B2 phase fraction and morphology via a heat treatment are
limited.

The disordered bcc matrix phase apparently benefits ductility of
the studied (FeqoMny5CragNiss)100-xAlx alloys; all of them have
demonstrated high compression ductility (>50%) in the tempera-
ture interval 25—600 °C (Fig. 4). The chemical and phase compo-
sitions of the alloys have not affected their ductility. Nevertheless
one must keep in mind that uniaxial compression is a “soft” testing
scheme; while tensile ductility of the alloys may be much lower. For
instance, the x = 10 alloy has earlier been demonstrated the elon-
gation to fracture of only 2.5% at room temperature [44]. Therefore
tensile ductility of the alloys will probably be more sensitive to
their composition and/or structure.

Meanwhile the yield strength of the alloys was significantly
affected by their chemical composition, as the yield strength
increased from ~200 MPa to ~1000 MPa at room temperature with
an increase in the Al content (Fig. 5). It is already well established
that an increase in the fraction of a “hard” bcc(+B2) phase(s) results
in pronounced strengthening of 3d transition metals HEAs
[32,33,43,56]. The dependence of the yield strength of the experi-
mental Fe-Mn-Cr-Ni-Al alloys as a function of the bcc(+B2) pha-
se(s) fraction is shown in Fig. 7. The studied alloys can clearly be
grouped into two types with respect to the bcc(+B2) phase(s)
fraction: the first type contains a relatively small amount of the bcc
phase(s) — 5.6—26.0% (x = 0—6 alloys); the second type is entirely
composed of the bcc+B2 structure (x = 10—14 alloys). For the first
group of the alloys, a linear relationship between the yield strength
and the bcc(+B2) phases fraction is found (Fig. 5). This type of
dependence suggests a composite-like behavior of the alloys
composed of the softer fcc phase and the harder bcc(+B2) phase(s)
and is in agreement with previous reports [33,43].

The investigated series of alloys covers only limited set of
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Fig. 7. Dependence of the yield strength of the (Fe4oMn25Cr2oNiss)100-xAlx alloys with
different Al concentrations on a fraction of bcc(+B2) phases.

possible bcc amounts, yet the approximation of the dependencies
obtained for the x = 0—6 alloys to a fully bcc+B2 structure
(x = 10—14 alloys) gives ~2 times higher yield strength values than
that of the experimental alloys. This finding suggests that the linear
relationship between the strength and the fraction of the bcc
phase(s) is valid for a certain range of the bcc(+B2) fraction only.
Linear dependencies obtained for the relatively low bcc(+B2)
fractions suggest that the maximum strength level of the experi-
mental alloys is reached at =42—53% of the bcc(+B2) phase(s); i.e.
when the fraction of the fcc and bcc phases are approximately
equal. It might be suggested that when the fcc phase is dominant,
plastic deformation occurs mainly in this softer phase, while the
bcc(+B2) phase(s) serve as a reinforcement. However, when the
alloys have the bcc-based structure, it became strongly involved in
the plastic flow and the much softer fcc phase does not provide any
effective strengthening. In this case, probably, the strength of the
alloys would be strongly dependent on the fraction and size of the
B2 phase inside the bcc matrix. For instance, the strength of the
x = 14 alloy is slightly lower than that of the x = 10 alloy (Fig. 5)
most probably due to coarser B2 precipitates (Fig. 3d and e).

Data obtained in the current study also suggests that strength-
ening by the bcc(+B2) phase(s) is strongly dependent on testing
temperature. For example, one can compare the slope dependence
of the yield strength on the bcc(+B2) fraction (linear part) at 25 °C/
400 °C or 600 °C (Fig. 7). Apparently, the strengthening effect is
almost identical at 25 °C or 400 °C and is much less pronounced at
600 °C. It is well accepted that generally the bcc metals and alloys
soften faster with increasing temperature than the fcc ones [57].
Therefore, it is not surprising that the drop of strength with an
increase in testing temperature becomes much more pronounced
as the Al concentration (and the bcc phase fraction) increases
(Fig. 5). Note that similar behavior has been already reported for 3d
transition metals HEAs; for instance, AlyCoCuCrFeNi alloys with a
high Al content softened faster at elevated temperatures [58].

To sum up, the present study has demonstrated that an addition
of Al to the 3d transition metals HEAs which are already prone to
the bcc phase formation results in a superalloy-like microstructure
composed of the bcc matrix with the embedded B2 precipitates.
Such alloys demonstrate high strength together with reasonable
ductility and therefore can be considered as promising structural
materials. ThermoCalc calculations can be used to predict the phase
composition of these alloys and therefore tailor their chemical and

phase compositions, microstructures, and properties. In particular,
additional efforts are required to develop alloys with higher resis-
tance to softening at temperatures of 600 °C and above.

5. Conclusions

In this work, microstructure and mechanical properties of the
(Fe4oMn35CroNiqs5)100-xAlx high entropy alloys with a different Al
content (x = 0—14 at.%) after vacuum arc melting and casting were
studied. The following conclusions were drawn:

1) The FeqoMnys5CryoNijs alloy was composed of the fcc matrix
phase with a small amount (6vol.%) of coarse bcc particles
containing nanoscale precipitates of an unidentified structure.
Alloying with small amounts of Al (x=2 and x = 6) resulted in
an increase in the fraction of the bcc phase to 12% and 26%,
respectively. Inside the bcc phase, fine B2 precipitates were
found. The bcc phase was enriched with Fe and Cr, and the B2
precipitates - with Ni and Al. Alloys with higher amounts of Al
(x=10 and x = 14) were composed of coarse bcc matrix grains
with the B2 precipitates inside.

2) The equilibrium quasi-binary Fe4oMn5CroNiq5-Al phase dia-
gram was constructed using a ThermoCalc software and TCHEA2
database and used to analyze the effect of Al on the phase
composition of the experimental alloys. Reasonable agreement
between the experimental results and the phase diagrams was
revealed. It was found that an addition of Al to the bcc-prone
Fe4oMnys5CryoNijs alloy can result in an alloy with a high-
temperature single (bcc) and a lower temperature dual
(bcc+B2) phase fields.

3) Compression tests at room and elevated temperatures (25, 400,
or 600 °C) have revealed that the alloys tend to become stronger
with an increase in Al from 0 to 10%; further increase of Al
concentration had not affected strength noticeably. The alloys
exhibited pronounced softening with an increase in testing
temperature from 400 °C to 600 °C. At all temperatures the al-
loys were highly ductile (>50%). The complex relationship be-
tween the bcc(+B2) phase(s) fraction and the yield strength of
the alloys was proposed.
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