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ABSTRACT

In the present paper, high entropy alloys based on an aluminum-chromium-iron-
manganese-nickel (Al-Cr-Fe-Mn-Ni) system were prepared by induction melting
and annealed in an inert atmosphere. The resulting samples were analyzed by
optical microscopy, scanning electron microscopy, and X-ray diffraction to
determine the structural characteristics before and after the heat treatment
process. Significant phase transformations and changes in the phase distribution
were noticed after the heat treatment process. The results were discussed against
the thermodynamic criteria calculations for most promising compositions. Hardness
tests were provided for the selected samples to indicate the changes in the
mechanical properties between various compositions and between as-cast and
annealed samples. Results indicated that the heat treatment process determined
a significant hardness increase in one of the studied high entropy alloys.

Keywords

high entropy alloy, heat treatment, characterization

Introduction

Newly emerged high entropy alloys (HEAs) are advanced metallic materials that exhibit a
wide range of excellent mechanical and physical properties such as high strength and
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toughness, high stiffness, and improved corrosion resistance. HEAs are composed of five
or more principle elements in equal proportions. While the high strength of conventional
metals and alloys rely mostly on the controlled distribution of a second phase, HEA prop-
erties are based on solid solution strengthening effects and the suppression of intermetallic
phases [1,2]. There is little information in literature regarding phase diagrams for HEAs
due to the high number of elements and the difficulty of obtaining thermodynamically
stable structures.

Previous research work on HEAs is based on various systems [3-9], among which
aluminum-chromium-iron-manganese-nickel (Al-Co-Cr-Fe-Ni) represents the most
studied system [10-14]. HEAs are mainly composed of transitional elements and usually
form face-centered cubic (FCC) or body-centered cubic (BCC) structures, or a mix of the
two [15]. FCC type alloys are softer and ductile, whereas BCC alloys are stronger and
brittle. It is known that chromium is a BCC stabilizer [16], whereas nickel is an FCC sta-
bilizer. The equations for the nickel equivalent (Nog = Ni % + 0.5 Mn % +0.25 Cu %,
atomic percentage) as FCC-forming ability and chromium equivalent (Creq = Cr % +
Fe %, atomic percentage) as BCC-forming ability were developed by Ren et al. [17]
and are similar to stainless steels. Furthermore, aluminum has the ability to change
the structural behavior of the alloy from FCC to BCC through additions over certain limits.
In general, equimolar addition of aluminum will produce dominant BCC phases in HEAs.

The preferential formation of solid solutions and the distinctive sluggish diffusion of
HEA structures suggest potential for tailoring the final properties by subsequent and well-
controlled heat treatment stages. In general, the final alloy structure has been found to be
influenced widely by alloy composition, melting/casting conditions, and heat treatment
conditions. Among the few reports found in literature, special attention was dedicated
to cobalt-containing HEAs due to their early stage development. Cobalt (an FCC-forming
element) in HEAs was found to increase the mechanical resistance of the alloy after
annealing at up to 600°C, but a significant drop in hardness is observed after annealing
at higher temperatures [18,19]. Recently, Chen et al. [20] found that if cobalt is replaced
with manganese, twice the increase in alloy hardness will be registered after annealing at
800°C, especially for alloys with lower aluminum content (containing FCC phases).

The present paper proposes the study of several compositions of HEAs with less criti-
cal metal content and the ability to maintain high hardness levels after extended work at
high temperatures, making them feasible for fabrication of dies and rolling equipment of
high mechanical endurance. A thermodynamic evaluation was also performed for several

promising compositions.

Experimental

HEAs AlysCr; sFe; sMnNig s, AlgsCrysFe; sMnNigs and Alg sCryFe; sMnNi were pre-
pared in an induction furnace with inert atmosphere, a Linn MFG-30, and cast in a copper
crucible. Technical purity (99.9 %) elementals aluminum, chromium, iron, manganese,
and nickel were used as raw materials. A 500-g charge of each alloy composition was ini-
tially loaded and melted under argon atmosphere (at 100 kPa) in a zirconia-based crucible.
The alloy was remelted to ensure a uniform chemical composition. The resulted as-cast
alloys were annealed in an electrical furnace, LHT 04/17 Nabertherm GMBH, with
a protective atmosphere (argon gas) and maximum temperature of 1,700°C. The heat
treatment stage was conducted at 900°C for 20 h with slow furnace cooling. Samples
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were taken before and after the heat treatment process for chemical, structural, and
mechanical analyses.

The chemical composition of the alloy was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) using an Agilent 725 spectrometer. The optical
microscopy investigation was performed with a Zeiss Axio Scope Alm Imager micro-
scope. Samples were previously etched in an HCI-HNO;-CH;COOH-H,O solution to en-
hance the visibility of the grains and the grain boundaries. The morphology of the alloy
was analyzed by scanning electron microscopy (SEM) using a FEI Quanta 3D FEG oper-
ating at 20-30 kV, equipped with an energy dispersive X-ray spectrometer (EDS). The
phase structure was analyzed by X-ray diffractometry (XRD). Data acquisition was per-
formed on BRUKER D8 ADVANCE diffractometer, using Bruker*DIFFRAC plus
software, Bragg-Brentano diffraction method, ® - ® coupled in vertical configuration,
with the following parameters: CuKa radiation, 20 Region: 20 + 1240, 20 Step: 0.020,
Time/step: 8.7 s/step. Cukp radiation was removed with a SOL X detector. The resulting
data was processed using Bruker® Diffracplus EVA v12 software to search the database
ICDD Powder Diffraction File (PDF-2, 2006 edition) and the Full Pattern Matching (FPM)
module of the same software package. Vickers microhardness of the samples was measured
at room temperature using an optical microscope attachment (Anton Paar MHT10)
with an applied load of 2 N and slope of 0.6 N/s. In order to determine the average
hardness of the alloy, seven indentations were made on the surface of the as-cast and
re-melted samples.

Results and Discussions

COMPOSITIONAL SCREENING PROCESS
The authors initially selected several alloy systems (AICrCuFeMnNi, AlCrCoFeNiTi,
AlICrCuFeMnNiSi, and AlCrFeMnNi) with low critical and less expensive element content
(aluminum, iron, manganese, silicon). The selection process was based mostly on the lit-
erature review for certain types of alloys. In order to improve the alloys properties, several
elemental additions were performed (manganese, titanium, and silicon) that potentially
could improve the properties required by intended application: wear resistance, corrosion
resistance, and stability at high temperatures. The experimental results were published
previously and showed unsatisfactory results that were caused by interdendritic segrega-
tions (copper) [7], brittle structures [21,22], and/or low corrosion resistance [7,21].
The AlCrFeMnNi system proved to offer the most promising solution due to its high
potential for tailoring the properties through composition variation and thermomechan-
ical treatment. A selection of viable compositions was performed previously using a guided
screening process based on the previous experimental results, showing the influence of
certain element addition to the structure and properties of HEA, and based on thermo-
dynamic calculations using the latest knowledge on the theoretical criteria development.
Among the transitional elements, iron and nickel are found in most of the entropy
alloys because of their ability to form thermodynamically stable alloys in combination with
other elements. Chromium has the role of increasing mechanical strength and corrosion
resistance. Manganese replaces cobalt (a critical element) and promotes the formation of
complex solid solutions. Aluminum has a hardening role but also the potential for fine
adjustment of the mechanical properties of HEA alloys because it has the ability to change
the structural behavior of the alloy from FCC to BCC through additions over certain limits.

Materials Performance and Characterization
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As the HEAs were defined initially, the mechanism for the formation of simple solid
solution phases in HEA relies on the thermodynamic assessment based on Boltzmann’s
hypothesis, which states that the maximum entropy of mixing an alloy is obtained at
equiatomic compositions.

The sufficiency of the above statement was later discussed, and it was found, through
experimental and theoretical analyses, that several alloy compositions that met the entropy
criterion do not form exclusively solid solution structures. In these cases, high negative
values of mixing enthalpy (AH,,;,) plays an important role in diminishing the high en-
tropy effect, and intermetallic secondary phases will form in the final structure.

Additional criteria were introduced [23,24] based on the Hume-Rothery rule of solid
solution formation and contain several important conditions on small differences between
atomic sizes (6), electronegativity (Ay), and valence electron concentration (VEC) between
elements. Also, an Q2 factor was introduced later by Yang and Zhang [25] to better approxi-
mate the influence of mixing enthalpy on the formation of solid solution phases.

The criteria parameters are calculated with the following equations:

AS,..=-R- Z ¢ - Ing (1)

AHmix = Z 4CiCj . AHIJ )
r; 2
5=100 /> ¢+ 1-= ®

xi\?
Ay =100 - Zci.(1—;’> @

VEC=) ¢ VEG ®
Q= TmASmix/|AHmix| (©)

The symbols in the formulas are described as follows: R is gas constant (8.314 J/molK),
¢; is the atomic fraction for element i, AHj; is the binary enthalpy of mixing for element
i and j, r; is the atomic radius of element i, 7 is the average atomic radius, y; is electro-
negativity of element i, 7 is average electronegativity, VEC; is valence electron concentra-
tion of element i, and T, is the melting temperature calculated with T,, = Z¢; - T,,; (where
T,; is the melting temperature of element ).

The authors provided certain numerical intervals to distinguish the type of structure
for the majority of HEAs. To summarize the results, we present here the most accepted

values for the formation of solid solution structures:

o Entropy of mixing (AS,,;) higher than 11 J/moleK and lower than 19.5 J/moleK.

« Enthalpy of mixing (AH,,;) between —22 and 7 kJ/mol.

o A small atomic size difference of 6 < 6.6 %, for the preponderant formation of solid
solutions and § <4 % to obtain only solid solutions.

o When parameters 2>1.1 and §<3.6 % only solid solutions are formed. If
1.1 <2< 10 and 3.6 % <5< 6.6 %, solid solutions and intermetallic compounds
are formed, and if £2 > 10, only solid solutions are formed.

o Allen electronegativity difference (Ay) of 3 % to 6 % indicates the presence of only
solid solutions.

Materials Performance and Characterization
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TABLE 1

Criteria parameters for several Al-Cr-Fe-Mn-Ni system based compositions.

Symbol Alloy ASconf, J/molK AHmix, kJ/mol 5, % VEC, % Aymix, % Tm, K Q

HEA1 Al sCrFeMnNi 13.14 —9.28 5.19 7.33 5.39 1,700 24

HEA2 AlCrFeMnNi 13.38 —12.48 5.82 7 5.6 1,623 1.74
HEA3 Al 5CrFeMnNi 13.25 —14.41 6.3 6.72 5.77 1,560 143
HEA4 Al 5Cr; sFeMnNi 12.94 —-8.4 5.1 7.2 5.36 1,742 2.68
HEA5 Al 5Cr) sFe; sMnNi 12.85 -7.53 5.07 7.27 5.22 1,748 2.98
HEAG6 Aly 5Cr,Fe; sMnNi 12.61 —-6.97 4.72 7.16 5.21 1,780 3.22
HEA7 Aly5Cry sFe; sMnNig 5 12,51 —6.52 5.00 7 4.85 1,751 3.36
HEAS Aly5Cr, sFe; sMnNi, s 12.84 ~7.53 5.02 7.5 5.53 1,747 2.76
HEA9 Aly;CrFe, sMnNi 12.61 —6.55 4.86 7.54 5.14 1,743 3.35
HEA10 Aly5CrFe; sMnNig 5 12.32 —55 4.70 7.26 4.6 1,745 39

HEAIL AlysCr, sFe; sMnNi s 12.17 494 453 7.12 471 1,785 439

« Valence electron concentration determines the type of solid solutions. Only a BCC
structure is formed when VEC < 6.87, BCC and FCC structures for 6.87 < VEC < 8,
and only FCC for VEC> 8

A preliminary group comprising 53 different compositions, based on the Al-Cr-Fe-
Mn-Ni system, was selected in the present research, among which 11 have the most prac-
tical interest for us because of the influence of component elements: aluminum with high
influence over the type of solid solutions (BCC or FCC), iron to lower the alloy price,
chromium to raise alloy hardness, and nickel to lower alloy price and decrease potential
NiAl-based phases.

The calculation results (Table 1) show that all compositions develop mainly solid
solutions, but HEA7 to HEA11 have lower mixing enthalpy and can form intermetallic
phases. The atomic size difference of all compositions shows preponderant formation of
solid solutions, while £ factor shows formation of complex solid solution and intermetallic
phases, a statement that cannot be verified by the electronegativity criterion. Only one
composition (Al sCrFeMnNi) has VEC lower than 6.87 and should form only BCC
phases, while the rest of them should have mixed FCC and BCC phases.

Aly 5Cr,Fe; sMnNi, Aly 5Cr; sFe; sMnNij s, and Al 3Cr; sFe; sMnNig 5 show a higher
melting temperature and a structure composed of BCC, FCC, and intermetallic com-
pounds, which is desirable for high temperature stability, high hardness, and fatigue

resistance.

CHARACTERISATION RESULTS AND DISCUSSION
The chemical analyses of as-cast samples indicate that the composition was relatively uni-
form across the ingot section and very close to the nominal values (Table 2).

The results of microstructural analyses (Figs. 1-3) by optical microscopy revealed
significantly different morphologies between as-cast and heat-treated states for all alloy
compositions. The Alj;Cr, sFe; sMnNij 5 alloy showed a wide dendritic area (darker re-
gion) that contained a fine eutectic-like structure composed of precipitates embedded in a
large solid solution structure. In the as-cast structure there were small and rounded phases
(light brown color), uniformly dispersed in the alloy mass. The heat-treated alloy shows a
highly homogeneous structure composed of a large eutectic-like area and uniformly dis-
tributed hard phases of small dimensions. The as-cast AlysCr; sFe; sMnNips and

Materials Performance and Characterization
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TABLE 2
The obtained (actual) and calculated (nominal) chemical composition of the studied alloys.

Composition, wt. %

Alloy type Composition Type Al Cr Fe Mn Ni
Aly5Cry sFe, sMnNig 5 calculated 3.18 30.69 32.96 21.61 11.54
actual 3.15 30.7 33.6 20.3 12.2
Aly5Cr; sFe; sMnNij 5 calculated 52 30.05 32.28 21.16 11.3
actual 5.41 28.9 334 232 12.8
Al 5Cr,Fe; sMnNi nominal 3.82 30.6 27.3 18.2 19.8
actual 4.3 33.02 26.6 17.44 18.63

FIG. 1 Optical microscopy of AlpzCrisFe;sMnNig s alloy before (a) and after (b) heat treatment.

FIG. 2 Optical microscopy of AlpsCrisFe;sMnNig s alloy before (a) and after (b) heat treatment.

Materials Performance and Characterization
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FIG. 3 Optical microscopy of AlssCroFe; sMnNi alloy before (a) and after (b) heat treatment.

Aly 5Cr,Fe; sMnNi alloys had distinguished dendrite formations composed of eutectic-like
precipitates, but no rounded phases were observed. Instead, intermetallic formations were
found uniformly dispersed in the alloy. The heat-treated microstructures show equiaxed
grain structures with well-defined eutectic areas that contained larger precipitates.
Segregated phases appear at grain boundaries and cover a larger area in the
Aly 5Cr,Fe; sMnNi alloy. This shows that the increase of chromium content in the alloy
leads to the formation of segregations at grain boundaries, which may cause cracks during
the mechanical stresses.

Microstructural analyses at higher magnification levels through SEM show a signifi-
cant increase in the size of the eutectic precipitates after the heat treatment process in all
three alloy compositions (Figs. 4-6). Also, segregations at grain boundaries and signifi-
cant larger eutectic precipitates are observed in the Alj sCr,Fe; sMnNi alloy (Fig. 6b). The
Energy Dispersive X-ray Analysis (EDAX) mapping (Fig. 7) of a representative area of

FIG. 4 SEM images of AlgzCrisFe;sMnNig s alloy before (a) and after (b) heat treatment.

Materials Performance and Characterization
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FIG. 5 SEM images of AlgsCrisFe;sMnNig s alloy before (a) and after (b) heat treatment.

Al 5Cr,Fe; sMnNi alloy structure reveals a high level of iron and nickel segregations in the
intergranular area. Aluminum and chromium are found in high concentrations in the
grain area where dispersed iron is also present. Nickel is found concentrated in the in-
tergranular area, and manganese is found to have a relatively uniform distribution across
the whole structure.

X-ray analyses of the alloy’s structure shows significant phase changes between the as-
cast and heat-treated states (Table 3). The large difference between phases is also influ-
enced by the high solidification rate of the as-cast alloy (copper mould casting), where
non-equilibrium structures can be obtained. The as-cast Al ;Cr; sFe; sMnNig s alloy
(Fig. 8) contains a predominant BCC phase (A2 type) and lower content of tetragonal
o phase (FeCr type), while after heat treatment, ¢ phase becomes dominant and a
new FCC phase (Al type) is formed. The AlysCr; sFe; sMnNi 5 alloy (Fig. 9) contains
only BCC phases (A2 and B2 types) in their as-cast states, which are preserved in
heat-treated state together with a very low amount of newly formed o phase. The
Al sCr,Fe; sMnNi (Fig. 10) alloy contains BCC (A2 and B2 types) and FCC (Al type)

FIG. 6 SEM images of AlysCroFe; sMnNi alloy before (a) and after (b) heat treatment.

Materials Performance and Characterization
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FIG. 7 EDAX analyses of heat-treated AlpsCroFe;sMnNi alloy.

phases in the as-cast state. After the heat treatment process, the FCC phase becomes pre-
ponderant in the structure, which also contains the remaining BCC phase (A2 type).
The experimental results showed significant differences compared with the theoreti-
cal predictions made previously through criteria calculations, especially for the as-cast
specimens. The Alj;Cr; sFe; sMnNig s alloy has no FCC phase in the as-cast state, but
it does have all predicted phases in the heat-treated phase. Still, the intermetallic phase
is predominant in the heat-treated state. The AlysCr;sFe; sMnNips alloy has no

Materials Performance and Characterization
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Phase evolution after heat treatment.

Alloy Type Alloy State Phases
Aly5Cr, sFe, sMnNi 5 as-cast A2 type (BCC)
<20 % o phase type
annealed at 900°C >60 % o phase type
Al type (FCC)
A2 type (BCC)
Aly5Cr, sFe; sMnNig 5 as-cast A2 type (BCC)
B2 type (BCC)
annealed at 900°C A2 type (BCC)
B2 type (BCC)
<5% ¢ phase type
Aly5Cr,Fe; sMnNi as-cast A2 type (BCC)

B2 type (BCC)
>30% Al type (FCC)
>60% Al type (FCC)

A2 type (BCC)

annealed at 900°C

intermetallic phase present in the as-cast state and no FCC phase in the heat-treated state.
The Alj 5Cr,Fe; sMnNi alloy has no intermetallic phase in either the as-cast or heat-treated
state. However, further research can be performed by annealing the alloys at lower temper-
atures for a longer period of time in order to reach a completely stable structure.

A different criteria for determining the presence of intermetallic phases in HEAs was
provided recently by Senkov and Miracle [26] based on the database provided by
Troparevsky et al. [27]. The authors formulated a k;” factor based on annealing temper-
ature, mixing entropy, and mixing enthalpy, which needs to be higher than the ratio be-
tween intermetallic and mixing enthalpies to form only solid solutions, as expressed in the
following equation:

)

FIG. 8 X-ray diffraction of as-cast (a) and heat-treated (b) Alg 3CrsFe;sMnNig s alloy.
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FIG. 9 X-ray diffraction of as-cast (a) and heat-treated (b) AlgsCrisFe;sMnNig s alloy.
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FIG. 10 X-ray diffraction of as-cast (a) and heat-treated (b) AlpsCroFe; sMnNi alloy.
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where T, is the annealing temperature of the alloy, AHJy, is the enthalpy for formation of
intermetallic compounds, and k; is a coefficient representing the intermetallic phase en-
tropy over solid solution entropy of mixing and is considered equal with 0.6 for a partially
ordered condition. The parameter £2 is calculated now as a function of T, temperature.
Considering T, = 1,173 K, the calculations for these criteria (Table 4) show that all alloys
have k;” smaller than the enthalpy ratio; thus, intermetallic phases may appear in the
annealed alloys. The experimental results for AlysCr,Fe; sMnNi alloy (no intermetallic
phases) show that this criterion is also not entirely verified.

In order to show the potential of studied alloy compositions for application in the tool
industry, hardness tests were provided. Vickers microhardness results are presented in
Table 5.

The Al ;Cr; sFe; sMnNig 5 alloy shows a major increase of hardness in its heat-
treated state, while the AlysCr; sFe; sMnNiy s and Alj sCr,Fe; sMnNi alloys have small
changes in hardness values. The correlation of hardness tests and alloy phase composition

Materials Performance and Characterization
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TABLE 4
Criteria parameters of selected HEAs in annealed state.
AHjy,

Allo AHpy Q(1173) K =M

Y : AH,,
Aly5Cry sFe; sMnNig 5 ~12.76 2.88 2.15 2.58
Aly 5sCr, sFe; sMnNi 5 -16.17 2.25 1.9 2.48
Aly sCr,Fe, sMnNi ~16.03 2.12 1.84 23
TABLE 5
Microhardness results.
Alloy type Aly 5Cr; sFe; sMnNig 5 Aly5Cr; sFe; sMnNig 5 Aly 5Cr,Fe; sMnNi
State as-cast annealed as-cast annealed as-cast annealed
Hardness, HV 424 1,224 481 386 498 440

shows that the high content of hard ¢ phase in the heat-treated Aly;Cr; sFe; sMnNig 5
alloy determined a much improved mechanical resistance. Even if the aluminum and chro-
mium content increase in conventional alloys are generally known to strengthen the
material, in Aly 5Cr; sFe; sMnNij s and Al, sCr,Fe; sMnNi alloys they determine elemental
segregations at grain boundaries, which are detrimental for the alloys’ mechanical
resistance.

Conclusions

o A selection of the most appropriate compositions of the Al-Cr-Fe-Mn-Ni system
was performed based on literature data, known influence of certain elements,
and thermodynamic evaluation. Eleven compositions presented interest, among
which three were selected for further experimental analyses.

o Three HEAs (Aly;Cr, 5Fe; sMnNiy 5, AlysCr; sFe; sMnNig 5, and Al sCr,Fe; sMnNi)
were prepared by induction melting and heat treated at 900°C for 20 h.

o The microstructural characterization revealed a large eutectic-like area containing
fine precipitates that increase in size after the heat treatment process. Intergranular
elemental segregations is found in the alloys with higher chromium and nickel
content. Significant changes in phase constitution were recorded after the
annealing process. A high o phase content was found in the heat-treated
Al 5Cr, sFe; sMnNij 5 alloy.

o The phase constitution in as-cast or heat-treated alloys did not match completely
with the thermodynamic criteria predictions. A recently developed criterion for an-
nealed alloys was partially verified experimentally.

o For the alloys with higher aluminum, chromium, and nickel content, Vickers micro-
hardness analyses showed similar values between as-cast and annealed states. The
Al 5Cr, sFe; sMnNij 5 alloy increased its hardness from 424 HV to 1,224 HV after
the heat treatment process.
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