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In this study, a new non-equiatomic and cost-effective high-entropy alloy (HEA), AlgCri;Mn,sFe3sNiyg, was
designed using thermodynamic parameters and prepared by arc melting. The alloy was subjected to
homogenization at 1200 °C and a hot-rolling reduction of 50%. The hot deformation behavior and de-
formation mechanism were studied at varying strain rates ranging from 0.01 to 10 s™' and temperatures
ranging from 900° to 1100°C via plane strain compression tests using a Gleeble 3800 thermo-mechanical
simulator. The phase structure of the rolled alloy was studied using electron backscattered diffraction
(EBSD), X-ray diffraction, and differential thermal analysis to detect phase transformation. The constitutive
model was implemented to predict the high-temperature flow stress using the Zener-Holloman parameter
(Z), which correlated well with the experimental values. The studied HEA exhibited a relatively high acti-
vation energy for hot deformation of 389.5 k].mol™’, i.e., comparable to those of equiatomic HEAs in the
literature. The hot-deformed microstructural features and deformation mechanism were studied using
EBSD, which revealed discontinuous dynamic recrystallization as the main softening mechanism. Dynamic
recrystallization (DRX) showed the formation of fine grains along the initial grain boundaries, accompanied
by Al-Ni-rich B2 precipitates at the recrystallized grain boundaries.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction significant attention for both research and industrial applications

[1]. Contradicting the concept of the conventional alloy system,

High-entropy alloys (HEAs), with multiple elements mixed at
equal or near-equal molar ratios, have led to breakthroughs in the
field of materials science owing to their superior properties com-
pared with traditional alloys. Therefore, they have attracted

Abbreviations: HEA, High Entropy Alloy; EBSD, Electron BackScattered Diffraction;
DRX, Dynamic Recrystallization; VEC, Valence Electron Concentration; SFE, Stacking
Fault Energy; DRV, Dynamic Recovery; GBS, Grain Boundary Sliding; KPI, Key
Parameter Indicator; SSS, Simple Solid Solution; SSSI, Solid Solution Selection Index;
XRD, X-ray Diffraction; DTA, Differential Thermal Analysis; IPF, Inverse Pole Figure;
LAGB, Low Angle Grain Boundaries; HAGB, High Angle Grain Boundaries; DDRX,
Discontinuous Dynamic Recrystallization; SIBM, Strain Induced Boundary Migration;
KAM, Kernel Average Misorientation

* Correspondence to: Visiting Researcher at FMT-group, Kerttu Saalasti Institute,
University of Oulu, Pajatie 5, FI-85500 Nivala, Finland.
E-mail address: ahmed.wagdy@eng.asu.edu.eg (A.W. Abdelghany).
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which is based on one principal element, and enhancing the prop-
erties by adding relatively small amounts of other elements, HEAs
mix elements with high atomic percentages ranging from 5 to 35 at
%, thereby considering all elements as principal. HEAs are attracting
increasing interest for advanced functional applications [2] owing to
their remarkable mechanical properties, which could for example,
overcome the strength-ductility paradox associated with traditional
alloys [3,4]| and enhance high-temperature properties [5]. This new
concept represents a paradigm shift in the revolution of alloy de-
velopment, and research in this field is extensively increasing
worldwide. Therefore, HEAs have become a developing class in the
new field of advanced materials. Raabe et al. [6] introduced the
concept of high-entropy steels, and according to this concept, some
stainless steels and even superalloys can be categorized as HEAs [7].
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Alloy design and phase stability are crucial for the development
of new alloys. In the past decade, extensive efforts have been made
by researchers to formulate a method for designing HEAs.
Thermodynamic parameters obtained using empirical formulas are
widely used guides for alloy design. Moreover, the commonly used
Mo-Bd method in Ti alloys has also been introduced for HEAs em-
ploying Ti for biomedical applications [8,9]. Tapia et al. [10] pre-
sented a parametric study of single-phase HEAs using an in-house
thermodynamic database. Another study surveyed 370 different
HEAs and collected the mechanical properties reported in a specific
study period [11]. Owing to the extensive data analysis required for
proper alloy selection, a machine learning approach has been in-
troduced to HEA design [12]. Moreover, HEAs are argued to have a
relatively high-cost because most elements used in the proposed
compositions are expensive. Fu et al. [13] presented a quantitative
analysis in which the elements used in HEAs over the past decade
were categorized according to their price and availability. The ana-
lysis classified the elements with a cost of ~$0.5/mol as low-price
elements, which were as follows: Al, Cr, Cu, Fe, Le, Mg, Mn, Ni, Pb, Sb,
Si, Ti, and V.

To explore the usage of low-cost elements in HEA design,
Elkatatny et al. [14] introduced a new cost-effective non-equiatomic
AlsCr;MnygFessNiyo HEA. In addition, Shaysultanov et al. [15] pro-
posed a dual-phase face-centered cubic (FCC) and BCC/B2 HEA
composed of Al;oCr;gMn,iFesgNijs. The Al concentration was re-
ported to have a critical effect on HEA strengthening because of its
large atomic size, which directly increases the lattice distortion, as
well as acts as a BCC stabilizing element | 14,16]. Nevertheless, other
researchers concluded that Al would stabilize BCC/B2 only at a cer-
tain composition range (i.e., X < 0.6 at%) and would enhance the
FCC stabilization at higher percentages correlated to the valence
electron concentration (VEC) effect [14,17]. Another study by Ogura
et al. [ 18] determined that adding Al to the equiatomic CrFeCoNi HEA
reduced the BCC energy of formation and increased that of FCC.
Moreover, according to the local energies, Cr and Fe act as BCC sta-
bilizers in opposition to the FCC stabilizing effect of Ni and Co.

Another promising cost-effective element for HEAs is Mn. Haase
et al. [19] compared high manganese steel (HMnS) to other HEAs
containing high percentages of Mn. Reuniting the modern
strengthening concept to activate strengthening mechanisms at an
appropriate time, the high manganese content in HMnS improved
plasticity owing to its low stacking fault energy (SFE) [20]. The
mechanical properties can be enhanced by activating either
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martensitic transformations or mechanical twinning to achieve
higher strength and larger elongation, facilitating low-temperature
industrial applications such as in the automotive sector. As a result, a
lower dynamic recovery rate and different deformation mechanisms
are expected [21].

Optimization of the mechanical properties of HEAs is critical to
their successful in promising application. The poor mechanical prop-
erties of HEAs in the as-cast condition (i.e., strength—ductility combi-
nation) are related to the existence of coarse columnar structures and
elemental segregation [22]. Therefore, homogenization and breaking
of the cast structure of the alloy is an important process for optimizing
the mechanical properties of HEAs. Generaly, the thermomechanical
treatment is an efficient approach that can be applied to cast HEAs.
Furthermore, the hot deformation characteristics of HEAs are key for
the efficient design of the processing regime (e.g., hot-rolling/forging),
along with controlling the grain structure and optimizing the me-
chanical properties. Kaypour et al. 23] studied the effect of Al addition
to equiatomic MnCrCoFeNi on the high-temperature compressive be-
havior and concluded that the work hardenability of the alloy in-
creased with Al addition. The hot deformation behavior of
CoCrFeMnNi reported by Eleti et al. [24]| showed that dynamic re-
crystallization (DRX) was initiated at the initial grain boundaries, and a
necklace structure was observed. A study by Tian et al. [25] on the hot
deformation of lightweight AlCoCrFeNi determined that the sensitivity
of the softening mechanism is more dependent on the deformation
temperature. The softening effect was primarily controlled by the
dynamic precipitation of the FCC and dynamic recovery (DRV). The
flow stress softening mechanism was attributed to grain boundary
sliding (GBS) at relatively low temperatures ranging from 800° to
900°C. On the other hand, DRV and DRX were attributed to the soft-
ening mechanism at a higher temperature of 1100 °C. In light of the
increasing interest in HEAs over the past decade, further research is
required to gain a deeper understanding of their behavior under hot
deformation.

This study aims to implement the thermodynamic design con-
cepts of HEAs to design a new cost-effective HEA
AlgCr,Mn;sFessNiyo with a single FCC structure. Furthermore, we
experimentally tested the high-temperature deformation behavior
of the HEA under study and the resulting microstructure develop-
ment at different temperatures and strain rates. The constitutive
model and the Zener-Hollomon equation are presented in this paper,
which can be generalized for further optimization of the processing
conditions of the studied HEA.

Table 1
Quantitative guiding empirical parameters for HEAs (criteria and key parameter indicator (KPI)).
Criteria KPI rule Solid solution condition Ref.
FOl‘matiOTl of Simple Solid AHpix = ZiNzl i¢'4AHm§X'CiCj 22 < AHpix < 7 (A) [28,29]
Solution e mol ]
(SSS) ASmix = —R¥N cilngi 1.32R < ASmix < 2.34R (J. K-1. mol-1), where R is the gas constant [2]
Single Phase Solid Solution [ 2 Atomic size mismatch, § [30]
8% =100-,¥N ¢ (1-1
(SPSS) ° y&i=14 T o ., rovN o
5<6.6%, will enhance the chance of obtaining a SPSS structure where: T = ¥;_; ciri
High-entropy phase(s) _ TmASmix Generally, when Q > 1.1 the effect of the mixing entropy is greater than that of the enthalpy [30]
1A Hpix] of mixing at the melting temperature.
Melting Temperature T = ZNﬂ Gi(Tm)i Calculated by the rule of mixtures [31]
Probable phases VEC = ZiNzl Gi(VEC); VEC £6.87 - (FCC) [30,31]
tend to form 6.87 < VEC < 8.0 - (BCC + FCC)
VEC > 8.0 - (BCC)
sssi=yN 1GiB; ; represents the stabilizing ability of element i. [27]
1=

Electronegativity difference

| 2
&= Tl - Xag %)

+ve =FCC stabilizing

-ve = BCC/B2 stabilizing

xiandy; are the Pauling electronegativity for the i™ and j™ element, respectively. The
quantitative criterion of electronegativity difference must be Ay <1

(2]




A.W. Abdelghany, M. Jaskari, A.S. Hamada et al.

Table 2

Values used in the calculation of thermodynamic parameters: Mixing enthalpy AHag
for A-B elements, atomic radius (r), melting temperature (T,), and stabilizing ability
of each element (B;) [27,32,33].

Al 0 AHpg (k]/mol)

Fe -1 0

Ni -22 -2 0

Mn -19 0 -8 0

Cr -10 -1 -7 2 0
Al Fe Ni Mn Cr

r(A) 14317 1.2412 1.2459 1.3500 1.2491

Tm (°K) 934 1811 1728 1519 2180

Bi -0.85 -0.41 +1 -0.59 -0.37

2. Alloy design and experimental procedures
2.1. HEA design and modeling

The general properties of HEAs can be customized if the tendency
for a certain phase formation is predicted, for example, by enhancing
the BCC/B2 stability and/or decreasing the FCC stability for dual-
phase structures and vice versa for a single FCC or BCC structure.
Table 1 summarizes the thermodynamic parameters and the key
parameter indicator (KPI) for each rule, including the mixing entropy
(ASpix), mixing enthalpy (AHpix), Gibbs free energy (AGnix), valence
electron concentration (VEC), atomic size difference (5), and calcu-
lated melting temperature (T,,). The values for the formation of a
simple solid solution for each parameter are also listed in Table 1.

Integrating the concept of a simple solid solution (SSS), AHpx is
one of the KPIs for this criterion derived from the enthalpy of mix for
binary alloys. The enthalpy values for every two elements used in
this study are listed in Table 2, along with the corresponding atomic
radii and melting temperatures for calculating 5 and Ty, respectively.
The probable phase to be formed can be predicted using the VEC
rule. However, an argument to the contrary was made in a recent
study by Yang et al. [26], who proposed a new approach known as
the effectiveness of the VEC rule (EVEC). However, this approach
cannot predict the stability of dual-phase regions such as the FCC
+BCC phases. Another new parameter introduced by Kube et al. [27]
is the solid solution selection index (SSSI), which can be used to
predict the formation of phases in which a high tendency to form an
FCC structure is included at an index value of +1 and BCC/B2 at -1,
while the SSSI ranges between these values. The SSSI is calculated by
the rule of mixtures using the newly introduced factor g;, which
represents the stabilizing ability of each element. Table 2 shows the
different factors for the five elements used in this study, where (Ba;)
is the highest BCC/B2 stabilizing element (-0.85), whereas Ni has a
greater ability to stabilize the FCC structure where (fn; = +1).

The suggested composition was determined by calculating and
evaluating the relevant thermodynamic parameters of the different
composition systems. The effects of Mn and Al content on the
thermodynamic values of Al,Cr,NiygMn,Fegg—«_, are shown in Fig. 1,
where Al at% varies along the x-axis and Mn at% along with different
graph line plots. The figures indicate that both Al and Mn at% have
the same effect on the parameters shown. However, the effect of Al is
generally greater than that of Mn. The horizontal dotted line in
Fig. 1(a) represents the value of 1.5 (ASmix/R), where the HEAs are
defined around and higher than this value. For example, for simple
solid solution (SSS) formation, at 20 at% of Mn, it can be inferred that
an atomic percentage of Al greater than 10% is required to achieve
that value. The graph suggests the use of 25-30 at% of Mn with Al
ranging from 7.5 to 8.5 at%. Fig. 1(b) shows the effect of the elements
on the enthalpy of mixing, and it is concluded that for SSS, all con-
stituent percentages satisfy the range — 22 < AHpix < 7(%). It is
worth noting that increasing the Al at% significantly increases the
|AHnix| for the entire alloy; thus, the value of parameter Q decreases.
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The last parameter (Q) indicates the relationship between the en-
tropy of mixing at the melting temperature and the mixing enthalpy;
thus, a solid solution would form if this value is higher than 1.1. The
difference in atomic sizes indicates lattice distortion of the HEA
lattice, which directly affects both the mechanical properties and
phase stability. It can be concluded that Mn does not significantly
affect 8% when compared to Al, which would significantly change
this value and dramatically affect the mechanical performance and/
or phase stability. This is directly attributed to the large atomic size
of Al (Table 2) when compared to other elements. Therefore, a ser-
ious concern should be taken for the Al at% value that plays a major
role in achieving the desired properties.

The final selected elemental composition for this study was
AlgCry,NizoMnysFess, designated as Fe-HEA, as Fe is the main ele-
ment in the alloy. The thermodynamic values of the Fe-HEA are
summarized in Table 3, along with a comparison of previously stu-
died promising HEAs with the same elemental compositional range.
From the values shown, it can be concluded that the Fe-HEA ther-
modynamic values lie between those of the previously studied HEAs,
where the AlsCr;MnygFessNipg was entirely FCC and the
Al;oCrigMny; FesgNiis was a dual FCC/BCC phase structure. The alloy
with 10at% Al showed better mechanical performance than that
containing 5 at% Al. From the p; values, it can be determined that Ni
was the highest FCC stabilizing element. Nevertheless, the calculated
SSSI value was found to be negative for all HEAs, as shown in Table 3.
The SSSI would need to be quantitatively evaluated for further ap-
plication and precise prediction (e.g., previously studied
AlsCri2Mn,gFessNiyg forms a full FCC structure and the SSSI value
is —0.2). However, it can be used as an effective qualitative index to
determine the direction of the phase stabilization.

The Thermo-Calc software with the TCHEA4 database version
2022a was used to predict the equilibrium phases, volume fraction,
and transformation temperature. Fig. 2 shows the isopleth equili-
brium phase diagram of Fe-HEA. The Thermo-Calc database results
are consistent with the previously suggested design methodology for
the high FCC phase formation. It is observed that the metastable
BCC/B2 phase is formed at a temperature of 1520 °C, whereas a
disordered FCC structure is promoted at the end of solidification at a
temperature of 1320 °C, bearing the BCC/B2 phase. Furthermore, its
volume fraction increases to a value > 90% at a temperature slightly
below 1100 °C.

2.2. Alloy preparation

A HEA with five components, AlgCr;;MnysFessNiyg (Fe-HEA), was
prepared using a single-electrode electric arc furnace (ARCAST 200,
USA), equipped with a water-cooled copper crucible. Ingots of 200 g
each were melted from high-purity elements (Al, Cr, Mn, Fe, and Ni)
in an argon atmosphere, and then flipped and re-melted thrice while
applying electromagnetic stirring at the end of each melting cycle to
ensure homogenization and heat distribution on the final ingot. The
ingots were then left to cool in a Cu crucible. A square specimen of
size 30 mm x 30 mm was then analyzed using a PANalytical AXIOS
XRF spectrometer to determine the chemical composition of the Fe-
HEA after melting. A comparison between the nominal and chemi-
cally-analyzed results is presented in Table 4.

A viable approach for the mass production and commercializa-
tion of HEAs is casting, followed by secondary processing. Li and
Raabe [34] proposed a processing regime for 3D transition metal
HEAs. The processing includes homogenization at a temperature of
1200 °C for 2-5 h to obtain a compositionally homogenous structure,
followed by hot forming at high temperatures that enhanced the
strength and ductility [3]. Table 5 lists the homogenization tem-
peratures and durations for some of the previously studied HEAs.
Therefore, the as-cast ingots were homogenized at a selected tem-
perature of 1200 °C for 2 h under an argon atmosphere to improve
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Fig. 1. Variation of thermodynamic parameters used in this study for HEA design, which shows the elemental effect of Mn and Al (a) ratio of mixing entropy ASnix to the gas
constant R, (b) mixing enthalpy AHx (kJ/mol), (c) atomic size difference &%, and (d) valence electron concentration (VEC).

Table 3
Thermodynamic parameters for the current and previously studied HEAs.

Alloy AlyoCrigMny FesgNiys AlsCriMnygFessNipg AlgCri;Mn;sFessNing
Phases FCC/B2 FCC FCC

AHp,ix (kJ/mol) -7.37 -5.88 -7.30

ASpmix (J/mol.K) 12.63 12.06 1241

AGmix (kJ/mol) -11.14 -9.47 -1

5 5.04 4.54 4.86

Q 294 3.51 2.88

Tm (°K) 1716 1713 1695

VEC 723 7.63 7.51

SSSI -0.27 -0.20 -0.20

Ay 0.133 0.143 0.141

ASmix [R 1.52 145 1.49

Ref. [16] [15] Present work

Compositions in at%: mixing enthalpy (AHpnx), mixing entropy (ASnix), Gibbs free energy of mixing (AGnx), atomic size difference (8), high-entropy phase formation
factor (Q), calculated melting temperature (Ty,), valence electron concentration (VEC), SSSI, and electronegativity difference (Ay)

the chemical homogeneity of the alloy and break down the dendritic
structure. The ingots were then directly hot-rolled with a total re-
duction of ~50% in two passes, followed by water quenching.

2.3. Hot deformation schedule

Cylindrical samples of dimensions &6 x 8 mm were machined
from the hot-rolled alloy with their axis parallel to the rolling di-
rection. A uniaxial hot compression test was performed up to a true
strain of 0.6 with a Gleeble 3800 thermo-mechanical simulator
(Dynamic Systems Inc., Poestenkill, NY). A thermocouple was
welded at the middle of the sample height to measure and control
the temperature. Fig. 3 illustrates the typical thermomechanical
cycles used in testing. The specimens were heated at a heating rate
of 10 °C/s to the desired test temperatures (900, 1000, and 1100 °C).
Isothermal soaking was performed for 60s to eliminate any ma-
chining effect and dissolve any possible precipitation particles before
deformation begins. After applying the single-hit compression at
various strain rates (0.01, 0.1, 1, and 10s™"), the specimen was in-
stantaneously fast-cooled at a cooling rate of 100 °C/s to preserve the
high-temperature deformed structure. A Hydrawedge unit was

employed for a high strain rate of 10s™! to precisely control the true
strain and strain rate. As a reference sample for the initial micro-
structural study, the sample was directly cooled after isothermal
soaking for 60 s without deformation.

2.4. Microstructure characterization

A field emission scanning electron microscope (FESEM JEOL JSM-
7900F) equipped with an Oxford electron backscatter diffraction
(Oxford-EBSD) detector was utilized for direct microstructural in-
vestigation and dispersive X-ray spectroscopy (EDS). A 20 kV accel-
erating voltage and a step size of 0.05-0.2pm were used during
EBSD scans. Hot-rolled, pre-deformed, and hot-deformed micro-
structures were prepared for EBSD examination using a common
preparation technique. The Fe-HEA sample was ground to 1200 grit,
followed by polishing with a diamond suspension (diamond < 3 pm).
Electrolytic polishing was then used to remove any induced stress
layers generated by mechanical grinding to obtain more accurate
observations for the EBSD examination. Electropolishing was con-
ducted with an electrolytic mixture of ~8% perchloric acid, ethanol,
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Fig. 2. Thermo-Calc for AlgCri;Mn;sFessNizg HEA calculated using the TCHEA4 da-
tabase.

Table 4

Nominal and chemical analysis of the Fe-HEA.
at% Al Cr Mn Fe Ni
Nominal 8 12 25 35 20
XRF values 7.93 12.00 2518 34.39 20.5

and distilled water at a voltage of 25V for a period of 160-190s at a
subzero temperature.

X-ray diffraction (XRD) was carried out for phase analysis using a
Rigaku SmartLab XRD equipped with a secondary beam mono-
chromator diffractometer, utilizing Co-Ka radiation to reduce the
fluorescence due to the high Mn and Fe content in the HEA. An
electropolished specimen was examined using XRD at a scan speed
of 1°/min and a step width of 0.05° for a scanning range (20) of
30-120°, operating at 40kV and 135mA. To determine the en-
dothermic/exothermic phase transition and the melting point of the
Fe-HEA, differential thermal analysis (DTA) was performed using a
simultaneous thermal analyzer (NETZSCH STA 449 F3 Jupiter). The
hot-rolled specimen of 7.14 mg was heated up to 1500 °C at a heating
rate of 10 °C/min.

3. Results and discussion
3.1. Microstructure of hot-rolled material
A typical microstructure of the hot-rolled Fe-HEA investigated

using EBSD analysis is shown in Fig. 4. The homogenization treat-
ment and subsequent hot-rolling deformation significantly demoted
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Fig. 3. Schematic diagram for the experimental thermo-mechanical schedule in the
hot compression test for this study; middle insert depicts the sample size and or-
ientation from the hot-rolled plate, and right insert depicts the schematic of the
deformed sample sectioning showing the location of microstructural analysis region
(red square).

the initial cast structure (i.e.,, columnar dendritic morphology),
which commonly appears in as-cast HEAs [41,42] as a grain struc-
ture. The features of the hot-rolled grain structure, such as the grain
and annealing boundaries, are clearly visible, as shown in Fig. 4(a).
Lamella-like annealing twins with straight features dominate the
microstructure, as evident in the inverse pole figure (IPF) map in
Fig. 4(b). The corresponding grain size distribution is shown in
Fig. 4(c), revealing an average grain size of 39 um. From the dis-
orientation angle distribution, the congruence analysis shows a
strong correlation between the random pair and theoretical dis-
tribution, indicating a random texture in the hot-rolled structure, as
shown in Fig. 4(d). In the same figure, the disorientation angle dis-
tribution of the neighbor pair greater than 50° is related to the an-
nealed twin grains. Thus, the Fe-HEA could be classified as having
low or intermediate stacking fault energy (SFE), which is in agree-
ment with several previously studied FCC HEAs [43-45].

The XRD pattern of the hot-rolled structure is shown in Fig. 5(a),
where all the peaks are indexed to the FCC structure. To determine
the true value of the lattice parameter (a,) of the FCC phase, the
calculated value of the lattice parameter at each peak was extra-
polated to sin%6, and the true value was estimated (sin?0=1) [46], as
shown in Fig. 5(b). The entire FCC structure was indexed to a lattice
parameter of 0.36351 nm.

The Fe-HEA phase transition and melting range were measured
via differential thermal analysis (DTA), as shown in Fig. 6. A notable
peak was observed between 1014 °C and 1073 °C. This endothermic
peak indicated a partial phase transformation from FCC to BCC/B2, as
predicted by the Thermo-Calc phase diagram in Fig. 2. According to
the isopleth equilibrium phase diagram for the HEA under con-
sideration, the BCC/B2 phase is more thermodynamically stable than
the FCC phase at temperatures greater than 1100 °C. The DTA peak

Table 5
Homogenization temperatures, homogenization time and experimentally determined phases observed for previously studied HEAs.
Alloy Homog. Temp. (°C) Homog. Time (h) Phases present Ref.
CrMnFeCoNi 1000 24 FCC (single-phase) [35]
1100 6 FCC (single-phase) [36]
Alp 5CoCrFeNi 1100 20 FCC +BCC (dual-phase) [37]
Alp sCoCrFeMnNi 1000 6 FCC +B2 [38]
1100 FCC (single-phase) [38]
1200 FCC (single-phase) [38]
Alp;CoCrFeMnNi 1100 6 FCC +BCC (dual-phase) [39]
Fe,MnyoNi3gCosCry 1200 2 FCC (single-phase) [40]
Fe3;Mn30Ni3oCo6Cry 1200 2 FCC (single-phase) [40]
Fe45Mn;oNi3oCosCry 1200 2 FCC (single-phase) [40]




A.W. Abdelghany, M. Jaskari, A.S. Hamada et al.

Frequency, %

10

20 30 40 50 60 70
Grain diameter, pm

80 90 100 >100

Journal of Alloys and Compounds 928 (2022) 167028

Relative Frequency

0.04 +

mmm Neighbor Pair Distribution

Random Pair Distribution

-=-= Theoretical (Mackenzie-Plot)

4 \\
r"/’ \\\\
r
I’—‘
I ’,-/' I \‘
, hl,uuuull,lllll B
10 20 30 40 50 60

Disorientation Angle [°]

Fig. 4. EBSD of Fe-HEA after hot-rolling (a) SEM-EBSD band contrast (BC) image with high angle boundaries > 15° in blue, (b) inverse pole figure (IPF) map of (a), (c) grain size

distribution, and (d) disorientation angle distribution.

was observed at a temperature of 1333 °C, which signals the termi-
nation of melting. However, the onset of melting began at 1260 °C.
The predicted melting point by the Thermo-Calc analysis was
1320 °C, which is in agreement with the DTA analysis.

3.2. Hot deformation behavior

The true stress-true strain curves of the isothermal compressive
hot deformation tests of the Fe-HEA performed at different strain
rates (0.01-10s™") and various temperatures (900-1100°C) are pre-
sented in Fig. 7. The flow-stress curves show a remarkable feature,
which is that the flow stress decreases with increasing temperature
at a constant strain rate. However, the Fe-HEA displayed a significant
softening at low strain rates of 0.01-0.1 s™! and high temperatures of
1000-1100 °C. The peak stresses were observed at these tempera-
tures and strain rates. It is well known that the peak stress in the
flow curve indicates the dynamic recrystallization (DRX) mechanism
during hot deformation [47,48] that was observed for the flow curves
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Fig. 7. Typical stress-strain curves of the hot compression tests for the AlgCri;NioMnysFess HEA at different strain rates at temperatures of (a) 900°C, (b) 1000°C and (c) 1100°C.

of Fe-HEA at low strain rates of 0.01 and 0.1 s™%. At a high strain rate
(10s71), the flow curves exhibit steady-state behavior after the initial
hardening without exhibiting peak stress and a subsequent drop in
the flow stress. A periodic modulation can be observed at a high
temperature of 1100°C and a low strain rate of 0.01s™!, which is
indicative of similar hardening kinetics versus softening process for
a strain higher than 0.4. In contrast, an increasing stress plateau was
observed at a strain rate of 1s™! for all studied temperature ranges,
followed by a gradual strain-softening mechanism at a strain value,
which contrasted with the hot deformation temperature. At a high
strain rate of 10s™!, steady-state flow was observed at low and
medium temperatures. In contrast, a prevailing increase in the flow
stress at a high strain was observed at a high temperature of 1100 °C
(corresponding to ~0.8 Ty,,), which may be attributed to the increase
in frictional force.

3.3. Constitutive flow stress relations

During hot deformation, the flow stress is influenced by the
strain as well as both the deformation temperature and strain rate.
The Zener-Hollomon parameter (Z) represents the relationship
among the flow stress (o), strain rate (¢) and absolute temperature
(T) in units of s, where the flow stress is usually identified by the
peak stress (op), as reported by McQueen and Ryan [49], which can
be expressed as follows:

Z = Alsinh(agy)]" = éexp(%) 0
where Qyp is the activation energy for hot deformation, and R is the
gas constant (8.314J.K™'. mol™!). Furthermore, A, the stress multi-
plier («), and the stress exponent (n) are material-related constants.
Sellars and Tegrat [50]| proposed the generally accepted Arrhenius
hyperbolic sine relation, represented by Eq. (2), to correlate the
strain rate (s7!), flow stress (MPa), activation energy of hot de-
formation Qyp (kJ.mol™!), and absolute deformation temperature (K).
This relation has been widely accepted in the hot deformation stu-
dies of several HEAs [24,51,52].

¢ = A[sinh(ao)]" x exp(—@)

RT (2)

Different equations are used for different flow stress levels to
correlate the hot deformation behavior of materials [53]. The fol-

lowing exponent equation expresses low-stress levels,
where ac < 0.8:

¢ = A" x ex ——QHD)

== p( RT 3)

while Eq. (4) is the power-exponent equation expressing high-stress
levels (oo > 1.2):

_@)

¢ = Aexp(p c)xexp( RT

(4)
where n’ and B are material constants used to determine stress
multiplier a using Eq. (5).

B

T (5)

Provided that the peak stress (o},) is the point indicating DRX, the
flow stress (o) in the previous equations was identified as the peak
stress (op) in this study. For other conditions that did not exhibit a
clear peak stress, o, was generally identified as the maximum flow
stress. To determine the material constants, the natural logarithms
of Egs. (2), (3), and (4) are modified to Eqs. (6), (7), and (8), re-
spectively.

Iné=n In[sinh(ag,)] + [lnA - @]

RT (6)
R _ Quo

In¢ =n’' Ing, + [lnA RT ] )
. _ Qwo

Iné = Bo, + [ln RT ] (8)

The experimental true stress-true strain data were used to de-
termine the material constants, as shown in Fig. 7. To calculate the
stress multiplier («), the material constants g and n’ were
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determined from the linear regression plots of In¢ vs o, and In¢ vs
Ino,, respectively, and Fig. 8 shows these results. The average values
of B were 0.0443, and n’ was 6.6852; consequently, a was de-
termined to be 0.00662.

Thus, the average stress exponent n was determined using Eq. (6)
by plotting the linear fitting between In¢ and In[sinh(ac;)], as shown
in Fig. 9(a), which was calculated to be 4.811. To calculate the acti-
vation energy of the hot deformation, Eq. (9) was determined by
rearranging Eq. (6), and once again, the linear regression between %
and In[sinh(aop)] was plotted for each strain rate. Therefore, the Qup
can be determined by (S x 10Rn), where S is the mean slope of the
lines determined from Fig. 9(b) between (10%/T) and In[sinh(agp)].
Therefore, the Qup value of Fe-HEA was determined to be
~389.5 kJ/mol.

In[sinh(cw;)] = (@)(l) + %[lné — InA]

Rn \T ©)

The constant A in Eq. (1) can be calculated from the linear fitting
plot between In[sinh (asp)] and In(Z), as shown in Fig. 10 (a) and
represented by Eq. (10).

InZ = InA + nIn[sinh(aop)] (10)

Finally, the generalized Zener-Hollomon equation representing
the correlation of all factors for the currently studied Fe-HEA is

(389486
RT

Z = texp ):1.0306 x 10'3[sinh(0.0066 o) 4811

(11)
Peak stresses were calculated using this equation to evaluate the
accuracy of the proposed general Z-equation. Fig. 10 (b) shows the
consistency of the model, with a high correlation coefficient of 99%
between the calculated and experimental peak flow stress values.
Table 6 compares the Qup and stress exponent (n) values for Fe-
HEA along with data from the literature for previously studied HEAs
and high-manganese steel. This could be interpreted from the data,

2

E(a
15 -5( )
1 -
= 05 -
o
5
g o
-
£ -05 4
5, m900°C
£ 1
1000°C
151 41100°C
B
6.0 40 20 0.0 20

In(é-),' s

which shows that the Al and Mn content increased the Qyup value.
With Mn addition, the hot deformation activation energy increased
dramatically from 301 to 434kJ.mol™' for the previously studied
HEAs Al0.5CoCrFeNi (~11 at% Al) and Alp4MnCoCrFeNi (~7.4 at% Al
and 18.5 at% Mn), respectively. The same effect of Mn on the acti-
vation energies was discussed by Li et al. [54 ] for austenitic steel, and
by Mofarrehi et al. [55] for Al alloys. However, a study on twinning-
induced plasticity (TWIP) steels with different Al content showed a
proportional relationship between Al content and activation energy
of hot deformation [56]. The same conclusion was confirmed when
comparing the values of Qup from Table 6 for the HEAs CoCrFeMnNi
and Alg4MnCoCrFeNi, where Al addition increased the Qyp value.
Thus, the relatively high Qyup value of the HEA studied in this study
could be related to the Al and Mn content.

3.4. Hot deformation microstructure evolution

The microstructural features of the hot-deformed specimens for
selected conditions were investigated using EBSD. The indexing of
EBSD patterns was ~98%, i.e., Kikuchi lines, which is an indicator for
successful analysis [58]. The high-angle grain boundaries (HAGB)
were identified (misorientation angle, © > 15°) in blue lines, and al-
ternatively, low-angle grain boundaries (LAGB) were represented by
green lines (misorientation angles, 2° <60 < 15°). To investigate the
initial microstructure prior to the hot deformation process (pre-de-
formation condition), the specimen was heated up to 1100 °C for 60 s
and rapidly cooled to room temperature without any deformation.
Fig. 11 (a) illustrates the band contrast image of the Fe-HEA for the
pre-deformed condition, where the microstructure shows a struc-
ture close to that of the hot-rolled sample shown in Fig. 4(b). The
structure indicates an almost coarse grain size, with approximately
65% of the grains less than 20 um and 13% greater than 40 um, as
shown in Fig. 11 (c). The EBSD analysis confirmed the existence of a
full FCC structure, confirming the XRD results previously mentioned
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Fig. 9. Regression plot to calculate the stress exponent n from (a) relation between strain rate vs In[sinh(ao,)], and the hot deformation activation energy Qup from (b) tem-

perature dependance vs In[sinh(ac,)].
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Table 6
Activation energy of compressive hot deformation and the stress exponent for the
studied Fe-HEA compared with other HEAs and steels.

Alloy, at% Qup (kJ.mol™)  n Ref.
AlgCriMn;sFessNipg 389.5 4.81 Present work
AlgsCoCrFeNi 301 6.05 [37]
CoCrFeMnNi 350 53 [24]
Alg4sMnCoCrFeNi 434 6.86 [23]
AlCrCuFeNi 199 3.66 [57]
TWIP steel - Fepy MnoAlioCagVos 422 312 [56]

in Section 3.1. Fig. 11 (b) and (d) show the inverse pole figures (IPF) at
high and low magnifications, respectively. The black arrows indicate
that the annealing twins were confirmed to have different orienta-
tions than the parent grains. Annealing twins are a commonly ob-
served feature in FCC metals and alloys [59], and Wang et al. [60]
concluded a directly proportional relationship between the number
of annealing twins and the amount of stored deformation energy.
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Because it is a thermally activated diffusion-controlled process,
DRX strongly depends on the rate of atom diffusion, migration of
grain/sub-grain boundaries, and dislocation movements [61]. Fig. 12
(a) illustrates the microstructure of the Fe-HEA at 900 °C - 0.01s™! at
a strain of 0.6 at low magnification. Horizontally-flattened grains
were observed, which were assigned to the compressive strain in the
vertical direction. A typical necklace structure was observed, with
fine recrystallized grains along the initial grain boundaries. This
suggests the activation of discontinuous dynamic recrystallization
(DDRX) during hot deformation at the grain boundaries by the bulge
mechanism stimulated by grain boundary migration [62,63]. This
corresponds with the flow-curve behavior with a featured softening
mechanism, shown in Fig. 7(a) and discussed in Section 3.2. LAGBs
are generally observed in coarse flattened initial grains, as shown in
Fig. 12 (b), which could be nucleation sites for DRX with further
deformation [64]. The same distinct feature was reported by Ha-
mada et al. [53] for medium-Mn stainless steel. The LAGBs in-
homogeneous structure of the hot-deformed material can be

7

Fig. 11. Initial microstructure for the pre-deformed Fe-HEA specimen heated for 60 s at 1100 °C and fast cooled (a) SEM-EBSD band contrast map with low and high angle
boundaries, (b) inverse pole figure (IPF) map of the selected area in (a), (c) distribution of grain size for the corresponding grains in (a), and (d) higher magnification of (b) with

combined IPF and band contrast.
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Fig. 12. Hot-deformed microstructure of Fe-HEA at 900 °C and 0.01s™" at a strain of 0.6 and compression axis in the vertical direction. (a) SEM-EBSD low-magnification band
contrast (BC) image with high-angle boundaries > 15° in blue, (b) high-magnification BC image with high/low-angle boundaries at the yellow rectangle site in (a), (c) high-
magnification orientation map, (d) phase map of (b), and (d) equivalent grain diameter frequency distribution.

attributed to both the high dislocation density and local strain gra-
dient. In the same figure, two neighboring coarse grains A and B are
separated by HAGB, indicated by the red arrow. Moreover, from the
orientation map shown in Fig. 12 (c), it can be observed that grain B
has nearly the same orientation (001) along the inside LAGBs,
whereas grain A has various orientations. This reveals that grain A
probably underwent DRX with further deformation. The phase map
in Fig. 12 (d) indicates the formation of the BCC/B2 phase at the grain
boundaries of FCC grains, forming ~5% and highly observed at the
HAGB (this phenomenon is discussed later in this section). The in-
terpretation of the equivalent grain circle diameter distribution
(Fig. 12 (e)) indicates that more than 77% of the total grains have a
size of less than 2 pm, according to the interpreted grain size analysis
shown in Fig. 12 (a).

The flow curve at a temperature of 1000 °C and strain rate 15!
shows a peak stress at a strain of ~0.32, indicating a delay in the DRX
and accumulation of dislocations, after which softening mechanism
occurs. Fig. 13 (a) shows the low-magnification microstructure of the
alloy after hot deformation under such conditions, where DRX pro-
gressed. Grains C and D in this figure are non-recrystallized large
grains with no LAGBs observed inside. Such grains with specific or-
ientations are slightly deformed and show only partial dynamic re-
covery, as indicated by the light gray contours inside these grains.
Fig. 13 (b) and (e) indicate the DRX of the heavily deformed grains

10

with HAGB fine grains shown in blue lines, which is enhanced be-
cause of the high accumulation of stored energy and dislocations in
the first plateau. Micrograins with an average diameter of < 1pum
accounted for approximately 85% of the total grain count. The phase
map is shown in Fig. 13 (d), indicating a 5% BCC/B2 structure in the
DRX grains with HAGBs (discussed at the end of this section).

The microstructure at a high temperature of 1100 °C at 0.01s!
and 10s™! are shown in Fig. 14 and Fig. 15, respectively. The flow
curve of the hot-deformed sample at a low strain rate (i.e., 0.01s™")
showed periodic modulation at a strain higher than 0.4. The or-
ientation map shown in Fig. 14 (a) indicates dynamically recovered
grains with the common planes of (001) and (101) in red and green,
respectively. Relatively coarser grains of size < 10 um form ~50% of
the total grains owing to higher deformation temperatures and grain
growth probability, as shown in Fig. 14 (c). A grain growth me-
chanism is expected under these conditions because of the low
strain rate and high temperature, which allows the dislocation glide/
climb mechanism. At a higher magnification, as shown in Fig. 14 (d),
new DRX grains were observed inside the deformed grain. Phase
map analysis revealed the same occurrences at lower deformation
temperatures, where the BCC/B2 phase formed at the DRX grain
boundaries. The BCC/B2 ratio was 1.5%, which could be assigned to
the lower phase volume fraction at that temperature, as indicated by
Themo-Calc (Fig. 2).
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Fig. 13. EBSD of Fe-HEA at 1000°C/1s™' at a strain of 0.6 (vertical compression axis).(a) low-magnification BC image, (b) high-magnification BC image, (c) high-magnification

orientation map of (b), (d) phase map of (b), and (e) grain diameter frequency.

The flow curve at the same temperature of 1100 °C with a high
strain rate of 10 s™! showed a steady-state plateau. Fig. 15 (a) shows a
partial DRX structure with coarse grains filled with LAGBs. Disloca-
tion rearrangement is activated when the stresses reach a suffi-
ciently high level, leading to a new strain-induced boundary or
subboundary formation. At higher magnification, as shown in Fig. 15
(b), annealing twins can be observed within the HAGBs, indicated by
blue lines. Xia et al. [65] linked the annealing twins within the DRX
grains to the increased strain, which was promoted by grain
boundary migration during DRX. In agreement with another study
by Bozzol et al. [61], annealing twins were obtained by strain-in-
duced boundary migration (SIBM). Relatively fine DRX grains can be
observed, where fine grains (< 2 pm) form 47% of the total. Moreover,
37% of the grains measure between 2 and 6 um. At the HAGBs, the
previously observed BCC/B2 phase formation phenomena were ob-
served, but with a lower fraction of 1.4%. The kernel average mis-
orientation (KAM), shown in Fig. 15 (d), indicates that the local
misorientation results from dislocations in the microstructure. The
KAM map shows high misorientation/dislocations in the non-crys-
tallized regions. The new fine DRX grains are promoted at the high
strain rate of 10 s™' and high temperature (1100 °C). This is attributed
to the accumulation of sufficient dislocations and strain energy to
maintain the DRX.

1

The precipitation of the BCC/B2 phase at the grain boundaries
under different conditions could be attributed to the diffusional
phase transformation. A previous study by Daniel et al. [66] on the
precipitation kinetics of equiatomic CrMnFeCoNi alloy HEA revealed
the same phenomenon of multiphase decomposition at the grain
boundaries at elevated temperatures. The primary phase of a su-
persaturated solid solution contains destabilized supporting sites for
heterogeneous nucleation and promotes diffusion at the grain
boundaries, which provide nucleation sites and rapid diffusion
pathways. Additionally, the previously discussed phase-fraction
maps show that the BCC/B2 fraction (red) decreases with increasing
hot deformation temperature. This could be related to the equili-
brium phases shown in Fig. 2, where the BCC/B2 volume fraction
varies with temperature, with a minimum amount at 1100 °C com-
pared with the other temperatures at 900 and 1000 °C.

The high-magnification SEM image in Fig. 16 reveals the presence
of this phase along the grain boundaries. The EDS maps show that
the precipitated phase was enriched with Al and Ni, confirming the
possibility of dynamic precipitation of the B2 phase. Patnamsetty
et al. [44] reported the same phenomenon for Alg3CoCrFeNi, where
B2 dynamic precipitation was caused by stimulated dynamic or
static recrystallization. Moreover, it was discussed that the Al-Ni rich
B2 precipitates might act as particle-stimulated nucleation (PSN)
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Fig. 14. EBSD of Fe-HEA at 1100 °C/0.01s™" at a strain of 0.6 (vertical compression axis). (a) low-magnification IPF map, (b) boundary-map of (a), (c) grain size distribution
diameter, and (d) high-magnification boundary-map,.

sites for new recrystallized grains along with the existence of a
substructure. However, it is difficult to confirm the PSN mechanism
in the current study because the B2 phase exists at high tempera-
tures, as indicated from the equilibrium phase diagram as in the case

of hot-deformed samples at 900 °C/0.01s™! and 1000 °C/1 s, which
requires further investigation. In another study, Li et al. [67] reported
that elemental segregation has a higher tendency at HAGBs of higher
misorientation owing to the higher driving force for segregation. On

§ Grain Boundaries
———2-15° 58.6%
>15°  41.4%

P

Fig. 15. Hot-deformed microstructure of Fe-HEA at 1100 °C/10s™" at a strain of 0.6 (a) SEM-EBSD band contrast image, (b) high-magnification band contrast of (a) showing HAGBs
higher than 15° in blue lines, (c) IPF map of (b), (c) kernel average misorientation (KAM) map.
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Fig. 16. SEM image and elemental distribution map of hot-deformed Fe-HEA at 900 °C/0.01s™".

the other hand, the tendency of Al and Ni segregation in Fe-HEA is
related to the high tendency to mix (AHani = =22 kJ/mol), which is
the highest among all values shown in Table 2.

4. Conclusion

Hot-compression tests utilizing the Gleeble 3800 thermo-me-
chanical simulator were conducted to examine the hot-deformation
behavior of the newly developed cost-effective  HEA,
AlgCr;MnysFessNiyg (Fe-HEA). The hot deformation tests were per-
formed at different temperatures (900-1100°C) and strain rates
(0.01-10s™"), and the microstructure evolution was studied using
SEM-EBSD for selective conditions. The main conclusions of this study
are as follows:

i. The hot-rolled alloy showed a complete FCC structure at room
temperature, as confirmed by the XRD and EBSD analyses. A
successful homogenization and processing regime was im-
plemented with a final homogenized structure and mostly
equiaxed grains.

ii. The flow curves were sensitive to the deformation temperatures
and strain rates. Microstructural examination confirmed the

13

iii.

iv.

Vi.

dynamic recrystallization mechanism under all deformation
conditions.

The calculated activation energy for Fe-HEA was 389.5 k].mol ™,
and this value was attributed to its relatively high Al and Mn
content.

Constitutive equations for the peak flow stress of hot-deformed
Fe-HEA at various temperatures and strain rates were success-
fully implemented. The final model exhibited a high correlation
(0.99) between the experimental and calculated values. The
correlations among the strain rate, peak stress, and deformation
temperature are as follows:

¢=1. 0306 x 10'5[ sinh (0.00663,)]*511 x exp(ﬂ )

RT

. The microstructural examination of hot-deformed conditions

indicated that DRX initiated at the grain boundaries and necklace
structure was observed at 900°C/0.01s™'. At a high testing
temperature (1100°C) and high strain rate (10s™!), annealing
twins were observed in the fully recrystallized grains derived
by SIBM.

Al-Ni-rich B2 precipitates induced by diffusional phase trans-
formation were observed at the DRX grain boundaries under
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different hot deformation conditions, which was confirmed by
EDS mapping.
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