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SYNOPSIS

S1.1: Scope of the Present Thesis

The present thesis aims to develop multifaceted design approaches for predicting
eutectic compositions prior to experimental realization in multi-principal element alloys
(MPEAs). It first proposes a theoretical methodology for predicting eutectic compositions
using just a pen and paper with the aid of binary phase diagrams. Acknowledging the inherent
limitations of such an approach, the thesis will adopt the CALPHAD (CALculation of PHAse
Diagrams) methodology to efficiently design novel eutectic MPEAs (EMPEAs), aiming to
develop an alloy that can surpass the longstanding AICoCrFeNiz.1 in terms of both design
understanding and strength-ductility synergy. Moving further, the thesis will seek to identify
the pseudo-eutectic compositional space and explore the quest for an invariant eutectic in
MPEAs via Thermo-Calc (TC)-Python. In essence, the research presented in this thesis is
anticipated to effectively establish a new frontier in the design and application of novel
EMPEAs by addressing the existing research gaps in comprehending their physical metallurgy

in alloy design.

S1.2: Background

A careful overview of the field of EMPEAs as of April 18, 2024, reveals that
approximately 353 studies have investigated various dual-phase fully eutectic compositions.
Among these studies, 155 have specifically addressed AICoCrFeNiz.1 (further to note, 190 are
of Al-Co-Cr-Fe-Ni alloy system only), the first reported alloy to apply the eutectic concept in
MPEAs, representing approximately 43.9% of the literature. This extensive research interest in
AlCoCrFeNiz.1 highlights its exceptional mechanical properties at both cryogenic and elevated
temperatures, as well as its excellent functional properties.

However, this concentrated focus on just one alloy also underscores a critical, persistent
challenge in the field: the difficulty in designing new alloys that surpass the capabilities of
AlCoCrFeNiz.1 since its introduction in 2014 [R1]. For example, to date, no other alloy has
‘effectively’ surpassed the strength-ductility synergy exhibited by this alloy at room
temperature [R2]. A primary reason for this stagnation is the incomplete understanding of the
alloy design physical metallurgy of AlICoCrFeNiz.1, compounded by the lack of comprehensive
higher-order phase diagrams. The seminal article by Lu et al. [R1] in 2014, which first reported
AlCoCrFeNiz.1, suggested that a combination of FCC (Face-Centered Cubic) and BCC (Body-
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Centered Cubic) eutectic structures would result in a synergy between strength and ductility in
the as-cast state itself. However, this report does not provide a detailed rationale for selecting
this specific alloy system or explain how the composition of AlICoCrFeNi2.1 was identified as
eutectic prior to experimental characterization. Over time, numerous EMPEAs have been
reported, employing different design strategies such as the grouping strategy, pseudo-binary
phase diagrams, empirical formulas based on binary eutectic clusters and VEC (Valence
Electron Concentration), the simple mixing method, the mixing enthalpy method, eutectic lines
approach and machine learning methods [R3,R4]. However, none of these design strategies is
universal to design all types of binary eutectics (such as FCC+BCC, FCC+Laves phase, etc.)
and none adequately addresses the quest for an invariant eutectic in MPEAs. It is also
perplexing to observe that most design strategies have conceptually not diverged from the Co-
Cr-Fe-Ni-M (M = Al, Zr, Ta, Nb, Hf) and also to cross-verify the proposed design method that
applies to previously reported alloys. This clearly implies the challenges in identifying a design
approach to determine eutectic compositions in MPEAs.

In conclusion, based on the hitherto reported literature, there is a need for new design
approaches in at least the following areas: (1) effectively designing binary eutectics in MPEAs
without relying solely on computational methods; (2) even when employing computational
methods, there should be a way to quickly locate eutectic points without the need for extensive
calculations; (3) irrespective of whether using the empirical or computational approach, it is
essential to identify all binary eutectics present and to search for an invariant eutectic in

MPEAs.

S1.3: Research Questions Addressed in the Present Thesis

The present thesis addresses the following key research questions derived from the
research gaps identified after a meticulous literature review, thereby guiding the exploration of
new, multifaceted alloy design approaches:

1. How can binary eutectics in MPEA systems be designed effectively without relying on
computational tools?

2. Even when employing computational tools, how can eutectic points in MPEAs be quickly
located without extensive calculations?

3. How can all potential binary eutectics be identified in an MPEA system and what strategy

can guide the discovery of higher-order eutectics, including invariant reactions?
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S1.4: Design Approaches Proposed in the Present Thesis
S1.4.1: The Empirical Approach via Binary Eutectic Clusters
As mentioned in section S1.1, the thesis initially proposed an empirical approach via
binary eutectic clusters, intended as a practical alternative to commercial software such as
Thermo-Calc. The effectiveness of the proposed approach is validated through the design and
development of a lightweight eutectic multi-principal element alloy (EMPEA) in the Al-Ti-V-
Cr-Zr system, as illustrated in (Figure S1.1(a)). Additionally, the versatility of the approach is
demonstrated through its extension to other alloy systems, such as Co-Fe-Ni-M (M = Nb, Zr
and Ta) (Figure S1.1(b)).
Determining eutectic compositions in MPEAs requires first identifying such alloy
systems exhibiting eutectic reactions. This preliminary step is necessary and efficient as it takes
into account that not all MPEA systems may exhibit eutectic reactions, reflecting the variability
seen in binary alloy systems. The observations from the compilation of reported eutectic alloys
by Lu et al. [R5] have resulted in the formulation of a generalized method for the identification
of EMPEA systems of the A-B-C-D-E type, as follows:
= Criteria 1 — Initial Binary Pair Selection (A-B): The enthalpy of mixing between elements
A and B should be close to zero, ideally ranging between —2 to 0 kJ/mol, essential for
forming a stable single-phase disordered solid solution.

= Criteria 2 — Solid Solution Splitter (C): Element 'C' must display a significant enthalpy of
mixing and an atomic size difference with elements A and B, sufficient to destabilize the
A-B solid solution. Therefore, it should fulfil the criteria of —8.8 kJ/mol. < AH/A7E7¢ > 4
kJ/mol and 6 = 2.77%.

= (Criteria 3 — Additional Elements (D/E/F): Additional elements like D, E, or F can be
incorporated if they are soluble with A and/or B. These elements should meet specific
parameters: —2 kJ/mol = AHA-P < 0 kJ/mol and § < 2.77%.

Based on the above selection criteria, the Al-Ti-V-Cr-Zr system has been chosen, with
the anticipation of designing a lightweight EMPEA, which is also outside the Co-Cr-Fe-Ni-M
(M = Al, Ta, Zr, Nb and Hf) system. Based on the proportional mixing of binary eutectics, the
eutectic composition in Al-Ti-V-Cr-Zr was identified as follows and the successful
experimental realization of the same can be seen in Figure S1.1(a):
= Step 1 entails pinpointing the eutectic compositions in the three binary systems involving

Zr (Zr-Al, Zr-V, Zr-Cr). The determined eutectic compositions are ZreoAls1, Zrs7Va3 and

Z176Cr24.



Step 2 involves calculating the mixing enthalpies for the Zr-Al, Zr-V and Zr-Cr binary
equiatomic alloys, which are —43.7, —3.7 and —12 kJ/mol, respectively.
Step 3 involves calculating the eutectic composition (C,) of Zr-(Al-Ti-V-Cr) as follows:
Ce = X(ZregAlz1) + y(Zrs;Vas) + z(Zr76Cray)
X (AH i of Zr — Al) = y(AHpix of Zr — V) = z(AH,,ix of Zr — Cr)
X (43.7) = y(3.7)andy (3.7) = z(12),wherex+y+z =1
X X 43.7

Y=737

X X 43.7 (Xxg#) X 3.7

X+t =37+ 12 =1

43.7x
12

x+ 11.81x+ 3.64x=1

x+ 11.81x+

1
X = m = 0061
_x X437 _ 0061 x 437 _
Y=737 = 37 -

z=1—-x—-y=1-0.061-0.720 = 0.219
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Figure S1.1: (a) SEM (scanning electron microscopy) image of the as-cast
(Zr)61.9(AlTiVCr)3s.1 dual-phase eutectic alloy, (b) Zro.s(CoCrFeNi)so.s, predicted via the
empirical approach proposed and experimentally reported by An et al. [R6].



S1.4.2: The Single Phase Plus EFE (Eutectic Forming Element) Design Strategy via
CALPHAD
Building upon the empirical approach presented in the previous section and considering
the limitations of such an empirical approach, a new design strategy significantly advancing
existing design strategies is proposed in this section. Termed 'Single Phase Plus EFE,' the
proposed methodology employs pseudo-binary phase diagrams and Scheil solidification
simulations through CALPHAD, enabling swift identification of EMPEAs. The accuracy of
this approach has been validated by comparing its predictions with those of reported EMPEAs.
Its practical applicability was demonstrated by designing and developing the first eutectic
composition in the Al-Fe-Ti-V-Zr system. The efficacy of this proposed methodology was
further substantiated by developing a novel EMPEA in the Al-Co-Fe-Ni system, which
exhibited an exceptional synergy of strength and ductility at room temperature, surpassing most
as-cast EMPEAs.
The simplistic and accelerated "Single Phase Plus EFE" design methodology for
identifying EMPEASs unfolds in three key steps, as follows:
= (Step-1): Identify a multi-component single phase as a starting point, either a solid solution
or an ordered/disordered phase.

= (Step-2): Identify a suitable EFE capable of forming an intermetallic compound and a
binary eutectic with one of the elements (preferably with an enthalpy of mixing <
—15 kJ /mol) present in the single phase considered in the first step.

= (Step-3): A pseudo-binary phase diagram, obtained through the single phase-EFE in the
console mode of Thermo-Calc or through Scheil solidification or phase evolution
simulations in the graphical interface, will disclose the eutectic in the alloy system.

After validating the single phase plus EFE design philosophy by developing the first
eutectic in the Al-Fe-Ti-V-Zr system with a BCC+Laves combination, a new lightweight
EMPEA with a B2+FCC combination was designed. The objective was to achieve a
comparable strength-ductility synergy to that of AICoCrFeNiz.1, which had a density of 7.38
g/cc, remarkable castability, significant elongation (17%) and high fracture strength (1009
MPa) [R7]. In this regard, four considerations guided the single phase plus EFE design
approach to determine the optimal composition:

1. Considering elements from the TCHEAS. I database of the Thermo-Calc program.
2. Metallic elements with densities below 10 g/cc are to be considered to ensure that the

designed alloy density is low.
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3. Requiring the FCC phase fraction in the designed alloy to be more than 50% to get decent
ductility, as implied from the literature.
4. Avoiding combinations involving both Fe and Cr to prevent the potential formation of the
sigma phase.
The four criteria mentioned above were initially addressed by considering the Al-Co-
Fe-Ni system. To address the first step of the "single phase plus EFE" design approach, the Al-
Co-Fe system was chosen as the B2 phase former, guided by the binary phase diagrams of Al-
Co and Al-Fe. The CALPHAD analysis, depicted in Figure S1.2(a), swiftly determined the
characteristic B2 phase of AlCoFe. X-ray diffraction (XRD) results obtained from the as-cast
vacuum arc-melted button further substantiated the B2 nature of AICoFe, as evidenced by a

superlattice peak at 31° corresponding to the (100) plane.
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Figure S1.2: (a) Phase evolution plot for AlCoFe, (b) Pseudo-binary phase diagram for
AlCoFe-Ni, (¢) Scheil solidification simulation for (AlCoFe)ss(Ni)4s and (d) Phase evolution
plot for (AlCoFe)ss(Ni)4s.

The second step of the "single phase plus EFE" design approach involves selecting the
EFE, for which 'Ni' was the exclusive remaining option. Nickel, fitting perfectly into the role
of EFE, indeed forms a strong intermetallic compound with Al (with an enthalpy of mixing of
—22.30 kJ/mol and a long-range order parameter 'L' of 0.92) and exhibits a binary eutectic at
75 at.% with Al. In addressing the third and final step, a pseudo-binary diagram analysis of

AlCoFe-Ni revealed the eutectic reaction approximately at 45 at.% of Ni, as depicted in Figure
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S1.2(b). Scheil solidification simulations and phase evolution plots were performed for
(AlCoFe)ss(Ni)ss to comprehensively validate the formation of eutectic phases, as depicted in
Figure S1.2(c) and Figure S1.2(d), respectively. These findings indicate the eutectic formation
of FCC+B2 phases at 1636 K with approximately 70% FCC phase fraction, which is necessary
to achieve an elongation comparable to that of AICoCrFeNiz.1, which has a 65% FCC fraction.
Guided by CALPHAD predictions, three compositions of (AlCoFe)100-x(Ni)x (where x =40, 45
and 50) were synthesized to substantiate the proposed design philosophy further. Of particular
significance is the eutectic composition (AlCoFe)ss(Ni)4s, which exhibited an exquisite dual-
phase eutectic microstructure of FCC+B2 confirmed via XRD and DSC (differential scanning
calorimetry), which is shown in Figure S1.3. Further, as anticipated, the (AlCoFe)ss(Ni)4s
surpassed the most as-cast EMPEAs, including the AICoCrFeNiz.1, in terms of both the design
understanding and strength-ductility synergy.
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Figure S1.3: (a) SEM image of the exquisite dual-phase eutectic microstructure of the as-cast
(AlCoFe)ss(Ni)ss, (b-¢c) EDS (energy-dispersive spectroscopy) elemental mapping and
(d) EDS line analysis showing Al, Fe, Co and Ni.

S1.4.3: The High-Throughput CALPHAD Approach
Although the design approaches presented above, one empirically and the other via

CALPHAD, offer several advantages over existing design strategies, the search for higher-
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order eutectics, essentially an invariant eutectic, remains unexplored. Also, adhering to the
Gibbs phase rule, the two-phase eutectic is essentially a pseudo-eutectic in MPEAs; therefore,
there may be hundreds of thousands of eutectics of such kind. However, the approaches
presented previously, much like the existing design strategies, focused only on identifying a
single dual-phase eutectic.

The approach proposed in this section, "the high-throughput CALPHAD approach,"
addresses these exact research gaps by developing an in-house Python script capable of
mapping all the binary eutectics present in MPEAs and searching for higher-order eutectics,
including the invariant eutectic. The Al-Cr-Fe-Ni system is considered a case study to
demonstrate the effectiveness of the proposed approach due to its cost-effectiveness and
potential for lightweight alloy development.

The in-house Python script developed for the proposed high-throughput CALPHAD
approach relied not just on liquidus-solidus but also on the phase formation temperature of each
stable solid phase, enabling the identification of all possible pseudo-eutectics present in
MPEAs. Executed in the Spyder platform, out of the 100,000 compositions generated via Latin
hyper-cube sampling (LHS), the in-house TC-Python script predicted 15,660 dual-phase
eutectics featuring BCC+B2 (at.%, 18.23 < A1 <36.99, 17.04 < Cr <2949, 16 < Fe <33
and 21 < Ni < 36.35), 5,699 eutectics featuring FCC+B2, (at.%, 16 <A1 <1938, 8§ < Cr <
21.95,16 < Fe < 33 and 34.40 < Ni < 50) and 1,260 triple-phase eutectics featuring FCC, B2,
BCC, (at.%, 16 < Al < 17.85, 15.77 < Cr < 27.39, 16.00 < Fe < 32.98 and 31.36 < Ni <
42.73), but no four phase invariant eutectic. The absence of an invariant eutectic in quaternary
Al-Cr-Fe-Ni, even in high-throughput calculations, aligns with the trend observed in MPEAs,
where no invariant eutectic has been reported. Achieving an invariant eutectic in MPEAs would
necessitate suppressing configurational entropy, possibly through high negative enthalpy of
mixing among all elements, thus forming distinct compounds rather than a single disordered
solid solution. Additional CALPHAD calculations on the Al-Cr-Fe-Ni system across a broad
compositional range (~100,000 compositions in the range of 5 to 85 at.% for each element)
also did not reveal any invariant eutectic formations, reinforcing this hypothesis. Further, it has
been observed that the formation of dual-phase and triple-phase eutectics in the Al-Cr-Fe-Ni
system is significantly correlated with thermodynamic empirical design parameters, as can be
seen in Figure S1.4(a).

To substantiate the proposed hypothesis further, the TC-Python predictions, compared

with literature-reported eutectic alloys in the Al-Cr-Fe-Ni system, validate the HT calculations
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efficacy having the Euclidian distance of zero. Further, it should be noted that the elemental
range for these predictions was derived from a limited number of alloys reported to exhibit
fully eutectic dual-phase microstructures in the Al-Cr-Fe-Ni system, underscoring the vast
compositional space yet to be explored and the capability of TC-Python approach in doing so.
To justify the hypothesis further, a successful experimental verification has been carried out by
casting Ali7.6Cri7.6Fe17.6Nis7.2 alloy composed of FCC+B2 phases. It is noteworthy that the
yield strength of the developed alloy, relative to density, surpasses that of most as-cast reported

alloys in the Al-Co-Cr-Fe-Ni system at a strain rate of 1 X 1073 s™1 and at room temperature.
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Figure S1.4: (a) Scatter plots of Valence Electron Concentration (VEC) vs enthalpy of
mixing (AH,ix), (b) Comparison between yield strength and density of EMPEAs in Al-Co-
Cr-Fe-Ni system (at a strain rate of 1 X 1073 s™1 and at room temperature in the as-cast
condition).

S1.5: Conclusions and Impact of the Present Thesis Findings

1. Firstly, it improved the established binary eutectic clusters approach by incorporating the
concept of mixing enthalpy and refining the definition of EFE.

2. Building upon the empirical approach via binary eutectic clusters, where a single phase can
serve as a starting point, the thesis significantly enhances existing pseudo-binary
approaches by proposing the "single phase plus EFE" approach. CALPHAD results
predicted via this approach are also experimentally validated, as evidenced by the discovery
of the first eutectic in Al-Fe-Ti-V-Zr and the design and development of an EMPEA in Al-
Co-Fe-Ni, surpassing the longstanding AICoCrFeNiz.1 in both design understanding and
strength-ductility synergy at room temperature.

3. Recognizing the limitations of the two proposed approaches (empirical approach via binary
eutectic clusters and single phase plus EFE approach), the thesis introduces the "high-
throughput CALPHAD approach." This approach successfully identifies all pseudo-
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eutectics present in an alloy system and explores the presence of an invariant eutectic. The
developed alloy, via this approach, also adhering with the single phase plus EFE approach,
Al17.6Cr17.6Fe17.6Nia72, features FCC+B2 lamellar eutectic structure, reported to be the
lightest EMPEA with excellent mechanical properties.

4. The potential outcomes of the thesis are clearly illustrated in the schematic representation
of Figure S1.5, showcasing improvements to existing binary eutectic clusters and pseudo-
binary diagram approaches, alongside the introduction of a new school of thought, the

"high-throughput CALPHAD approach," facilitated by an in-house Python script.

high-
throughput
CALPHAD
approach

empirical
approach
via binary
eutectic
clusters

single
phase
plus
EFE
approach

simple
mixture
approach

based on
expt.

pseudo-
binary
phase
diagram
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Designing
EMPEAs

mixing
enthalpy
approach

machine
learning
approach

VEC
approach

DSS plus
IMC
approach

Figure S1.5: Schematic representation of existing design strategies for EMPEAs and the
three design strategies proposed in the present thesis.
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CHAPTER 1

Introduction

1.1: Background

Throughout history, the discovery, development and application of metals have been
crucial in shaping human civilization. This influence is reflected in the naming of historical
periods, such as the Bronze and Iron Ages, after the predominant metals used during those
periods, underscoring their role in social and technological advancements. The earliest
metallurgists, perhaps unwittingly, added small amounts of tin to copper, thus developing
bronze, the first alloy. This breakthrough revolutionized prehistoric human life, notably in
hunting and warfare and started the practice of incorporating secondary metals into primaries—
a tradition aimed at enhancing properties and enabling diverse applications. However, this
traditional approach to alloy design has historically been cautious, driven by the notion that
adding secondary metals in larger quantities or introducing more metals into primary ones
might result in undesirable compounds not suitable for structural applications, as can be seen
in the ancient use of copper-tin intermetallic mirrors from the Indian subcontinent. These
prevailing notions have historically limited the incorporation of substantial quantities of
various metals into primary ones due to concerns about forming compounds less suited for
structural applications. These restrictive ideas only began to substantially dissipate from 1995
onwards, when Professor Yeh (NTHU) proposed that high mixing entropy might decrease the
formation of multiple phases in multi-principal element alloys (MPEAs), also referred to as
High-Entropy Alloys (HEAs) [1]. In this regard, however, it's essential not to overlook the
contributions of Karl Frank Achard's work "Recherches sur les propriétés des alliages
métalliques" from the 18™ century [2], Brian Cantor's (Oxford University) 2004 report that
unveiled the first five-component MPEA with FCC (face-centred cubic) (CoCrFeMnNi) [3]
and Prof. S. Ranganathan's (IISc) article on "Alloyed Pleasures: Multimetallic Cocktails" in
2003 [4].

HEAs were initially defined as metallic systems composed of five principal elements,
each in proportions ranging from 5 to 35 atomic percent, characterized by a configurational
entropy of 1.5R or higher [5], offering a broad design space with diverse mechanical [6] and
functional properties [7]. As such, HEAs represent a subset of MPEAs, distinguished by their
high entropy of mixing. However, the evolution of HEAs has transitioned from an initial

interest in equiatomic, single-phase structures to the current exploration of non-equiatomic,
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multiphase solid solution alloys. This progression signifies the emergence of a second
generation of HEAs, narrowing the definitional gap between HEAs and MPEAs, represented
in Table 1.1 [8].

Table 1.1: Characteristics of the two generations of HEAs [8].

. . Atoms .
Classification Component Feature e — Typical Alloys
A *B
The traditional ~ 1-2 principal ;Z‘;ilgathan the 1000000 Fe—Ni, Fe-C,
alloys elements Y 0’0 0,0 0' Cu-Al, Al-Mg
substance .

The 1% At least five Single phase, oC oD or CoCrFeMnNi

eneration rincipal equimolar Seecsss .
I%IEAS glemelr)lts ! :‘;.E.:E AlCoCrFeNi
The 2™ At least four Dual or complex »C B wE )
generation principal phase, non- sesscals ?;Clc\)fangljlzé,o
HEAs elements equimolar ceescses SOMIOLATORO10

1.2: The Coming of EMPEASs (Eutectic Multi-Principal Element Alloys)

Despite the promising potential of MPEAs, their industrial application is hampered by
challenges such as the as-cast strength-ductility trade-off [6], poor casting fluidity and
compositional segregation [9,10]. For instance, MPEAs with a body-centred cubic (BCC)
structure, like NbMoTaW and VNbMoTaW, demonstrate exceptionally high yield strengths of
1058 MPa and 1246 MPa, respectively but exhibit minimal plasticity of just 2.0% and 1.5%
[11]. Conversely, MPEAs with a face-centred cubic (FCC) structure offer higher plasticity but
limited strength. The CoCrFeMnNi alloy, for example, with its FCC structure, shows a failure
elongation of approximately 50% but a yield strength of only about 410 MPa [12]. Similarly,
the (FeMn)so(CoCr)20 alloy displays around 58% tensile ductility with a yield strength of only
240 MPa [13]. The FesoMn26Ni27CosCr. MPEA exhibits a total elongation to failure of
approximately 58% but a yield strength of just about 95 MPa [14]. Furthermore, the poor
castability and compositional segregation [9,15] of MPEAs cast reservations on their
immediate engineering applications [10,16].

To address these challenges, a subset of MPEAs known as eutectic MPEAs (EMPEAs)
was introduced in 2014, offering a promising solution [17,18]. EMPEAs, akin to traditional
binary eutectic alloys, feature a dual-phase lamellar structure, which ensures excellent
castability and macroscopic homogeneity. They typically possess a microstructure that
comprises an FCC phase, associated with ductility, alongside a BCC (B2) or Laves phase,

contributing to the strength, thus achieving an optimal balance of strength and plasticity



suitable for industrial applications [18]. Prominent examples include the AlCoCrFeNiz.
EMPEA, known for its low-temperature corrosion resistance and mechanical properties,
presenting a viable alternative to copper alloys and stainless steels in icebreaker propellers [19].
Al-Co-Cr-Fe-Ni EMPEAs, with their exceptional damping properties, are considered suitable
for shock absorbers [20]. The Co-Cr-Fe-Nb-Ni EMPEAs are recognized for their potential as
a high-temperature sealant in Solid Oxide Fuel Cells (SOFCs) [21]. Recently, 'The Oerlikon
Metco' company introduced an Al-Cr-Fe-Ni EMPEA for centrifugal pump impellers, targeting
the replacement of duplex stainless steels [22]. Moreover, the distinctive features of eutectic
alloys, such as low-phase boundary energy, stable defects and near-equilibrium
microstructures, make EMPEAs promising candidates for high-temperature structural
applications [18,23]. For instance, the AICoCrFeNi21 EMPEA maintains high strength and
ductility up to 973 K, surpassing NiAl-based eutectic alloys [17]. The AlioCr2sTii19Niss
EMPEA, with its BCC and L12 phases, exhibits enhanced hardness and specific yield strength
at elevated temperatures compared to many refractory MPEAs and superalloys [24].
Furthermore, the Al-Co-Cr-Fe-Ni family of EMPEAs also demonstrated its resistance to
seawater corrosion and high-temperature oxidation [25,26] due to the reasonable
concentrations of Al and Cr [27,28].

Addressing the issue of castability and as-cast strength-ductility synergy in MPEAs by
introducing the eutectic concept into MPEAs, however, has unveiled a significant challenge:
the design of EMPEAs. Despite a decade gap following the first reported MPEA
(CoCrFeMnNi), the first reported EMPEA with the eutectic concept (AlCoCrFeNiz.1)
introduced in 2014 is without a comprehensive design methodology [3,17]. This omission has
left a void in providing direction for the design of new alloys down the line. For example, the
challenge of developing new EMPEAs is underscored by the inability to validate the first
reported MPEA with the eutectic concept, AICoCrFeNiz.1, applying the first design approach
proposed for EMPEAs in 2015 [29]. It is also perplexing to observe that most design strategies
have conceptually not diverged from the Co-Cr-Fe-Ni-M (M = Al, Zr, Ta, Nb, Hf) and also to
cross-verify the proposed design method that applies to previously reported alloys. This clearly
implies the challenges in identifying a design approach to determine eutectic compositions in
MPEAs [18].

The bottleneck in identifying a universal design methodology for EMPEAS is primarily
due to the lacuna of higher-order phase diagrams. Over the past nine years, various design
methodologies for EMPEAs have been proposed, each with merits and limitations. These

methodologies include the grouping strategy, simple mixture method, empirical formulas based
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on valence electron concentration, the mixing enthalpy method, the eutectic lines approach, the
machine learning approach and more [18]. However, all these approaches share a common
limitation: they typically identify only a single dual-phase pseudo-eutectic composition.
Furthermore, this identification does not validate the design strategy against previously
reported alloys, nor does it possess the ability to investigate the invariant eutectic or pseudo-

eutectic compositional space involving two or more phases in MPEAs.

1.3: Objectives and Scope of the Present Thesis

The present thesis aims to develop multifaceted design approaches for predicting
eutectic compositions prior to experimental realization in MPEAs. It first proposes a theoretical
methodology for predicting eutectic compositions using just a pen and paper with the aid of
binary phase diagrams. Acknowledging the inherent limitations of such an approach, the thesis
will adopt the CALPHAD (CALculation of PHAse Diagrams) methodology to efficiently
design novel EMPEAs, aiming to develop an alloy that can surpass the longstanding
AlCoCrFeNiz.1 in terms of both design understanding and strength-ductility synergy. Moving
further, the thesis will seek to identify the pseudo-eutectic compositional space and explore the
quest for an invariant eutectic in MPEAs via TC-Python. In essence, the research presented in
this thesis is anticipated to effectively establish a new frontier in the design and application of
novel EMPEAs by addressing the existing research gaps in comprehending their physical

metallurgy in alloy design.



CHAPTER 2

Literature Review and Key Research Questions

2.1: Introduction

If one enjoys 'dosa’, the popular Indian breakfast dish, one might unknowingly be
utilizing the concept of eutectics in daily life. These dosa pans are typically made of cast iron,
an alloy of iron (Fe) and carbon (C). According to the Fe-C phase diagram, eutectic formations
in these alloys can occur at carbon contents above 2%, with the invariant eutectic reaction,
where the alloy has its lowest melting point, occurring at 4.3 wt.% C and 1147 °C [30]. This
specific composition facilitates the simultaneous solidification of austenite and cementite,
making these alloys ideal for casting, hence the name 'cast iron.' Similarly, sodium chloride
(NaCl), commonly used for deicing roads in colder regions, demonstrates another practical
application of eutectics. When spread on ice, NaCl forms a brine that reaches a eutectic
composition of about 23.3% by weight, effectively lowering the freezing point of water to
approximately 21.1 °C and preventing ice formation [17].

In essence, eutectic is an isothermal reversible reaction involving the transformation of
a liquid solution into two or more intimately mixed solids upon cooling (austenite and
cementite in the case of Fe-C), with the number of solids formed matching the number of
components in the system. Similarly, in MPEAs, the transformation of the liquid phase into
two solid phases, such as FCC (Co-Cr-Fe-Ni) and BCC (AI-Ni) in Al-Co-Cr-Fe-Ni, at
approximately 1350 °C and at (AICoCrFe)ss.s7(Ni)34.43, can be termed as a binary eutectic [17].
As can be noticed from Figure 2.1, the exploration of these binary eutectics in MPEAs became
a new research hotspot in the metallic materials community as they are promising to offer
strength-ductility synergy in the as-cast state, with their easily castable in-situ composite near-
equilibrium microstructures [18].

However, a careful overview of the field of EMPEASs as of April 18, 2024, reveals that
approximately 353 studies have investigated various dual-phase fully eutectic compositions.
Among these studies, 155 have specifically addressed AlICoCrFeNiz.1 (further to note, 190 are
of Al-Co-Cr-Fe-Ni), the first reported alloy to apply the eutectic concept in MPEAs,
representing approximately 43.9% of the literature. This extensive research interest in
AlCoCrFeNiz.1 highlights its exceptional mechanical properties at both low [31] and elevated

temperatures, as well as its excellent functional properties [18,20].
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Figure 2.1: Number of publications over time on EMPEAs (up to April 18, 2024).

However, this concentrated focus on just one alloy also underscores a critical, persistent
challenge in the field: the difficulty in designing new alloys that surpass the capabilities of
AlCoCrFeNiz. since its introduction in 2014 [17]. Just for example, to date, no other alloy has
‘effectively’ surpassed the synergy of strength and ductility exhibited by this alloy at room
temperature. A primary reason for this stagnation is the incomplete understanding of the alloy
design physical metallurgy of AlICoCrFeNiz2.1, compounded by the lack of comprehensive
higher-order phase diagrams. The seminal report by Lu et al. [17] in 2014, which first reported
AlCoCrFeNiz.1, suggested that a combination of FCC and BCC eutectic structures would result
in a synergy between strength and ductility in the as-cast condition itself. However, this report
does not provide a detailed rationale for selecting this specific alloy system or explain how the
composition of AlICoCrFeNi2.1 was identified as eutectic prior to experimental characterization.
Over time, numerous EMPEAs have been reported, employing different design strategies. Most
of these reported design strategies can be categorized into seven different schools of thought
(however, with some overlaps), as illustrated in Figure 2.2.

Also, none of these design strategies is universal to design all types of binary eutectics
(such as FCC plus BCC, FCC plus Laves, etc.) and none adequately addresses the quest for an
invariant eutectic in MPEAs. According to the Gibbs phase rule and the ASM materials
engineering dictionary, the definition of eutectic should be forming the same number of solid
phases as the number of components in an alloy system from a liquid phase while cooling.
Thus, in a quinary system such as Al-Co-Cr-Fe-Ni, the two-phase binary eutectic is just a
pseudo-eutectic and a true invariant eutectic should be of five solid phases. It is also perplexing
to observe that most design strategies have conceptually not diverged from the Co-Cr-Fe-Ni-

M (M = Al, Zr, Ta, Nb, Hf) and also to cross-verify the proposed design method that applies to
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previously reported alloys. This clearly implies the challenges of identifying a design approach
to determine eutectic compositions in MPEAs. This clearly implies the challenges in
identifying a design approach to determine eutectic compositions in MPEAs. The present
chapter will explore these challenges by critically assessing the significant design strategies
proposed thus far and seeking to understand the universal research gap in the literature in
designing new EMPEAs. Prior to this review, this chapter will also provide a brief overview of
the as-cast mechanical properties and solidification microstructures of hitherto reported

EMPEAs, along with the methodology followed for literature collection and analysis.

DSS plus IMC
approach

Simple mixture Approaches based on
approach experiments

Identifying
eutectic compositions in
multi-principal element alloys

Pseudo-binary phase
diagram approach

Mixing enthalpy
approach

/\

Machine learning

VEC approach approach

Figure 2.2: Schematic representation of existing design strategies for EMPEAs.

2.2: Literature Collection and Organization

Identifying eutectic compositions in MPEAs presents significant challenges, primarily
due to the absence of comprehensive higher-order phase diagrams. Similarly, identifying the
exact literature that addresses EMPEAs is also challenging to some extent because there is no
universally accepted definition of what constitutes an EMPEA study. While 'multi' typically
implies the inclusion of more than one or many elements, it remains debatable whether a ternary
eutectic alloy qualifies as an EMPEA. Moreover, these alloys are often categorized under titles
or keywords such as 'eutectic HEAs,' 'eutectic medium entropy alloys,' 'compositionally
complex alloys, or 'eutectic multicomponent alloys. Consequently, one should "carefully"
merge all these search terms so as not to miss any reports, though challenges persist because
the term 'eutectic' might not appear in the title or keywords in most studies, as exemplified by
the study 'Effects of Hf on the microstructure and mechanical properties of CoCrFeNi HEA'
reporting the CoCrFeNiHfo 4 eutectic composition with 569 HV [32]. Furthermore, including

'eutectic’ in search terms can result in studies unrelated to EMPEAS, such as those investigating
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HEAs under conditions involving liquid-bismuth eutectic such as ‘Degradation of tensile
mechanical properties of two Al:CoCrFeNi (x=0.3 and 0.4) HEAs exposed to liquid lead-
bismuth eutectic at 350 and 500 °C’ [33]. Excluding 'liquid-bismuth' from search terms could
result in missing reports that discuss eutectic HEAs in the liquid-bismuth eutectic medium,
which might have reported the new eutectic composition with a new design strategy. Further
to this, where one searches these reports also matters. For example, the report "4 Brief
Perspective on the Status and Future Prospects of Eutectic High-Entropy Alloys" by
Bhattacharjee et al. [34] may not be identified in searching Scopus documents, but it can
definitely give an overview on this topic, more towards thermomechanical processing.

Thus, considering the challenges mentioned above, among others (such as accessing
those articles, etc.), a rigorous literature collection (with a custom Scopus code) has been
conducted with the specific criterion that any report on a four-element combination describing
a eutectic system is included. Once all the reports are collected, it is essential to analyze them
carefully. For example, the concept of mixing a disordered solid solution with an intermetallic
phase to identify a eutectic composition has been reported in various studies, with slight
variations and without citing prior reports (indicating possible independent developments), as
will be detailed in the subsequent sections. However, understanding the origin of the design
idea and giving necessary credit is important, requiring meticulous organization of the literature
collected. For this purpose, each collected report (PDF) has been carefully renamed with the
concatenated info of the format 'Published date First Author Journal Name DOI (without the
slash)', for example, '2014.08.27 Yiping Lu Scientific Reports 10.1038srep06200'. This
format includes the full name as it appears in the publication to facilitate precise identification
since references such as 'Lu et al.' could refer to multiple authors like Z.P. Lu or Y.P. Lu. To
further enhance the efficiency of literature exploration, particularly when searching for specific
compositions without needing to open each PDF, all collected literature has been merged into
a single PDF, organized chronologically by published date and thoroughly analyzed.

One notable outcome of this meticulous literature analysis is the clarification of the
historical record concerning the first reported EMPEA. Contrary to the popular citation of
"AICoCrFeNiz.1" reported by Yiping Lu in 2014 as the pioneering example, the actual first
reported EMPEA is ‘Fe-Ni-Mn-Al’ by Ian Baker in 2008 [17,35]. This fact highlights the
frequent misconceptions in the literature post-2015. Interestingly, Baker et al. [35] also
published a review in 2019 titled "Eutectic/eutectoid multi-principle component alloys: A
review," further solidifying their contributions to this field. However, it is the AICoCrFeNiz.1

alloy that was first associated with the eutectic concept, offering a detailed pre-experimental
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characterization of how the eutectic concept could be beneficially applied to MPEAs.
Therefore, it is more appropriate to state that the first reported EMPEA is Fe3oNi2oMn3sAlis
[35,36], while the first MPEA reported with a clear application of the eutectic concept is
AlCoCrFeNiz.1 [17].

2.3: Microstructures and Mechanical Properties of EMPEAs

The term 'eutectic' means 'easily melting' and is derived from the ancient Greek
gbtnkroc (eutektos, "easily melted"), which comes from &9 (efi, "well") and txQ (t€kd, "to
melt"), suggesting that an alloy should only be termed eutectic if it forms through a liquid route.
However, numerous studies have reported the formation of 'eutectics via various methods, such
as powder metallurgy or mechanical alloying [37,38]. These might more appropriately be
referred to as alloys with eutectic morphology, technically designated as pseudo-eutectics, even
if these alloys comply with the Gibbs phase rule. Considering this distinction, this section will
focus exclusively on EMPEAS synthesized by methods involving liquid as one of the phases,
such as vacuum arc melting and induction melting.

Over the years, in EMPEAs, the eutectics identified thus far predominantly consist of
dual phases and exhibit microstructures similar to those observed in conventional eutectic
systems. These include lamellar, rod-like, broken lamellar, quasi-regular and complex regular
morphologies. Additionally, novel eutectic morphologies such as sunflower-like [39],
chrysanthemum-like and seaweed patterns have also been observed [40,41]. Despite this
diversity in microstructural morphologies, the excellent mechanical properties of EMPEASs are
often associated with lamellar-type eutectics akin to binary alloys. Consequently,
microstructures in EMPEASs typically can be categorized as either lamellar or non-lamellar.

However, given the composition of multiple elements in varying proportions, the theory
of eutectic solidification in these alloys is not yet fully understood. The preliminary conclusions
based on alloys reported to date suggest that EMPEAs often exhibit finer lamellar structures
compared to traditional eutectics. Also, eutectics containing FCC as one of the phases generally
display lamellar structures, whereas eutectics with BCC plus B2 combinations, commonly
reported in Al-Cr-Fe-Ni systems, typically have a maze-like morphology [17,42]. For example,
the industrial-scale 2.5 kg AlICoCrFeNi2.1 EMPEAs have demonstrated an interlamellar spacing
of approximately 2 um [17]. Other notable inter-lamellar spacings include about 0.25 um in
CoCrFeNiNbo.ss and CoFeNi2Vo.sNbo.7s [43], 0.15-0.2 um in CoCrFeNiTao4 [44], 3 um in
Al193Co015Cr15Niso7 and around 0.20 pm in bulk CoCrFeNiNbos4s EMPEAs [44,45]. In



CrFeNi2.2Alos EMPEAS, the lamellae widths for FCC and B2 phases are approximately 1 um
and 0.40 pm, respectively [46]. Noting further, Nb2sSc2sTi2sZr2s is reported to have an inter-
lamellar spacing ranging from 5 to 40 nm, while the Co2Moo.sNi2VWo.s has spacings of about
0.4-0.6 um [47,48]. Also, as all these EMPEASs are primarily produced via vacuum arc melting
or induction melting, processes that yield an ultrafine solidification structure are rarely seen in
directly cast traditional eutectic alloys at industrial scales. This structural refinement, combined
with significant solid solution hardening, is hypothesized to enhance the mechanical properties
of as-cast EMPEAs [49].

Due to their in-situ composite structure and excellent castability, EMPEAs have
demonstrated outstanding mechanical properties in the as-cast state, often eliminating the need
for additional heat treatments or thermo-mechanical processing techniques [17,18]. For
instance, as illustrated in Figure 2.3, the AlICoCrFeNi2.1 EMPEA at room temperature exhibits
a yield strength (oy) of approximately 500 MPa and a ductility (¢) of around 17% (measured
with DIC) [50]. This combination of strength and ductility is markedly different from the
properties typically observed in single-phase MPEAs, where the yield strength and ductility
are generally around 200 MPa and 40%, respectively [51].

However, this enhanced performance is characteristic only of eutectics with FCC plus
B2 phase combinations. In contrast, FCC plus Laves phase eutectics usually do not exhibit this
synergistic balance between strength and ductility in the as-cast state, although they do possess
good strength and high hardness. This discrepancy is primarily due to the incorporation of
refractory elements such as Ta, Nb, Mo, Hf, Zr and W, which form Laves phases with Ni or Al
in most cases. Probably, this could have led to reporting mechanical properties such as strength
and plasticity via compression tests in the literature rather than strength and ductility via tensile
tests as most EMPEAs outside the Al-Co-Cr-Fe-Ni system are of Co-Cr-Fe-Ni-M, where M
denotes a refractory element. However, the thermal stability of these alloys is exceptional, as
they are primarily near-equilibrium structures due to eutectic reactions, which means they may
not form additional phases upon heating. The typical disorder-to-order transformation is also
not generally observed in these types of alloys. For example, the EMPEA CoFeNi2Vo.sNbo.75
exhibits only slow growth kinetics even when annealed at 1000 °C, maintaining hardness
similar to that in the as-cast state, as shown in Figure 2.4 [43]. Also, the bulk 2.5 kg
CoCrFeNiNbo.s prepared via directional solidification with 200 nm ultrafine lamellar structure
maintained its high strength up to 800 °C superior to some of the traditional nanostructured and

ultrafine-microstructure materials [45].

10



1200 —m—m————1——T1——T1—1
1000+

8004

Stress (MPa)

0 2 4 6 8 10 12 14 16 18 20 22
Strain (%)

Figure 2.3: Engineering tensile stress-strain curves of AICoCrFeNix (x = 2.0, 2.1, 2.2) alloys
tested at room temperature [19].
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Figure 2.4: High- magmﬁcatlon backscattered SEM images of CoFeleVo sNbo 75 EHEAS in
(a) as-cast condition and after heating at (b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C and (f)
1000 °C [43].
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Moreover, it is noteworthy that EMPEAs of FCC plus BCC combinations typically do
not exhibit necking, as demonstrated in Figure 2.3. Unlike traditional metals such as pure
nickel (Ni) and iron (Fe), which uniformly thin and eventually break at a specific area,
EMPEAs display a strain distribution in a wavy pattern across the material. This behaviour
arises because EMPEAS consist of alternating soft and hard regions. During tensile testing, the
soft regions deform first and subsequently harden, while the initially hard regions begin to
deform later. This alternation between soft and hard regions continues, developing a wave-like
pattern in the material stretching behaviour. Also, many MPEAs, such as CoCrFeMnNi,
CoCrNi [52] and CoioCrioFesoMn3o, exhibit stacking fault energies (SFEs) that range from -30
mJ/m? to 50 mJ/m? [53,54]. These values are significantly lower than the 100-150 mJ/m?
observed in pure nickel (Ni). The reduced SFE in these alloys facilitates deformation
mechanisms such as twinning, allowing the alloys to exhibit good mechanical properties at low
temperatures [55,56]. This characteristic is also observed in dual-phase EMPEAs, which
demonstrate twinning-induced plasticity (TWIP), maintaining both strength and ductility at
cryogenic temperatures [57]. For example, as depicted in Figure 2.5, the AlICoCrFeNix alloy
retains significant strength and ductility at cryogenic temperatures up to -196 °C [19,31].
However, the exact microstructural origins of these excellent mechanical properties exhibited

by EMPEASs remain to be thoroughly investigated.
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Figure 2.5: Engineering stress-strain curves of the as-cast AlICoCrFeNi2.1 EHEA under tensile
testing at various temperatures [31].
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2.4: Existing Design Strategies of EMPEASs

Although, as detailed above, these EMPEAs demonstrate outstanding mechanical
properties with ultrafine lamellar structures, the design of an optimum composition with
tailored mechanical properties has remained a persistent question since 2014. Thus, as
mentioned in the introduction section, the subsequent sections will discuss each of the most
significant design strategies proposed to date. This discussion aims to aid in formulating a
solution to the question of developing a 'universal design strategy' that can identify all types of
eutectics present in MPEAs, thus discovering the optimum compositions for tailored

applications.

2.4.1: The Pseudo-Binary Phase Diagram Approach

In 2015, He et al. [29] reported the first design strategy for identifying eutectic
compositions in MPEAs, noticing that CoCrFeNi, forming a single-phase disordered solid
solution with an FCC structure, could be considered a pseudo-element. Further, recognizing
that each element in this pseudo-element, Co, Cr, Fe and Ni, exhibit binary eutectic reactions
with Nb at around 14 at.%, He et al. [29] employed the CALPHAD methodology using
Thermo-Calc software (TCNI database) to generate a pseudo-binary phase diagram for
CoCrFeNi-Nb. This analysis in the Co-Cr-Fe-Ni-Nb system predicted a eutectic composition
of CoCrFeNiNbo s, as shown in Figure 2.6(a), but subsequent experimental findings by He ef
al. [29] revealed that the actual eutectic composition was CoCrFeNiNboss, as depicted in

Figure 2.6(b).
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Figure 2.6: (a) Pseudo-binary phase diagram of CoCrFeNi-Nb and
(b) SEM-SE image of the CoCrFeNiNbo.¢s eutectic alloy [29].

Following this approach, a number of alloys developed down the line; Huang et al. [58]
calculated the eutectic composition of CoCrNiTao.s using the Thermo-Calc TTNI7 database,
considering that Ta forms binary eutectics with Co, Cr and Ni. Incorporating Fe into the single-
phase CoCrNi alloy, as Fe-Ta also exhibits a binary eutectic reaction, Mukarram et al. [59]
calculated the pseudo-binary phase diagram of CoCrFeNi-Ta, revealing the eutectic point
CoCrFeNiTaos via the Thermo-Calc HEAS5 database (TCHEAS) in graphical mode, as shown
in Figure 2.7. However, subsequent experiments by Mukarram et al. [59] revealed the eutectic
point to be CoCrFeNiTao.75 instead of CoCrFeNiTaos. Ai et al. [60] also utilized this concept
via JMatPro 7.0 with the Ni-superalloy database, predicting the CoCrFeNiTaos to be the fully
eutectic composition; however, subsequent experimental findings revealed the eutectic
composition to be CoCrFeNiTao.43. In a related study, Xue ef al. [61] examined the same alloy

system by removing Cr, calculating the pseudo-binary phase diagram of CoFeNi-Ta and
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reporting the eutectic composition as CoFeNiTaos using JMatPro with the NiFe-based
superalloys database. Similarly, Wu et al. [62] investigated the VNbTi-Si system (where Si
forms binary eutectics with V, Nb and Ti) and reported near-eutectic alloys using the Pandat

software with a custom-made refractory HEA database.
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Figure 2.7: Modified pseudo-binary phase diagram of CoCrFeNi-Ta [59].

2.4.2: The Mixing Enthalpy Method

Numerous experiments led to the discovery of AICoCrFeNiz.1 as a eutectic composition
by Lu et al. [17] in 2014. Following this, in 2017, Lu et al. [63] proposed a method to develop
new EMPEASs based on the enthalpy of mixing. Observing that Al and Ni have a very high
negative enthalpy of mixing and the elements Co, Cr, Fe and Ni have close mixing enthalpies
and similar atomic radius in the AICoCrFeNiz.1, Lu ef al. [17] grouped Al, Ni into one group
and Co, Cr, Fe, N1 into another and hypothesized that elements with very negative enthalpy of
mixing with Ni (Zr-Ni, Nb-Ni, Hf-Ni and Ta-Ni are —49, —30, —42 and —29 kJ/mol,
respectively, all more negative than that of Al-Ni -22 kJ/mol) could replace Al as follows:

Zr x =22
E=I=T49,Zr=0.45
Nb x =22
Eziz_—%,Nb=O.73

15



Hf x =22
E=I=T42,Hf=0.52
Ta x —22
HZI:—_Zg,Ta:O.76

With this insight, Lu et al. [63] designed four new eutectic compositions:
Z1045CoCrFeNiz.1 (Zr3.11Co018.02Cr18.02Fe18.02N137.84), Nbo.73CoCrFeNiz.1
(Nb12.52Co017.15Cr17.15Fe17.15Ni36.02), Hfo.52CoCrFeNiz2.1  (Hf9.25C017.79Cr17.79Fe17.79Ni137.37) and
Tao.76CoCrFeNi21 (Tai2.97Co17.06Cri7.06Fe17.06Ni3s.84). However, these were experimentally
found to be near-eutectic alloys. After adjusting the Ni concentration from Ni2.1 to Ni2o in

calculations and fine-tuning the compositions through trial-and-error experiments, the fully

eutectic microstructures were identified to be Zr0.6CoCrFeNiz.o
(Zr1071Co017.86Cr17.86Fe17.86Ni35.71),  Nbo.74CoCrFeNi2o  (Nbi12.89C017.42Cr17.42Fe17.42Ni34.84),
Hfo.5sCoCrFeNiz.o (Hf9.91Co18.02Cr1s.02Fe18.02N136.04) and Tao.6sCoCrFeNiz.o

(Tai1.50Co17.70Cr17.70F€17.70N135.40).

2.4.3: The Simple Mixture Method

As the Lu et al. [63] method is based on the known eutectic composition of
AlCoCrFeNiz.i, further utilizing AlCoCrFeNi2o as the base alloy, still necessitating the
experimental adjustments, it does not effectively guide the design of new eutectic compositions
in other alloy systems. Addressing this research gap, Jiang ef al. [64], in 2018 (some of the
same group of researchers of Lu et al. [63]) predicted new eutectic compositions in the same
alloy systems (Co-Cr-Fe-Ni-M (M = Al, Zr, Ta, Nb and Hf)) by summing up all individual

binary eutectic compositions according to the equal molar ratio of 1:1 as follows:

1 1 1 1
=2 Nig45Nbys5 + P Coge.1Nbyzg + 7 CrggNby, + 7 Fegg4Nbjg6

= C031.53Cr;Fe;; 35Nizg 13Nby 5
_ 1 1 1
=2 Nigg3Tajz7 + 7 Cog,Tag + 7 CrgyTa s + 7 FegpsTaz s

= C023Cry; 75Fe;313Nizg sgTagg 55

_ 1 1 1
=12 Nigy 2Zrgg + Z Cogg5Zrgs + Z CrgzgZry7, + Z Fegp2Zrgg

= €032,63Cr07F€3;255Niz; 72114 33

1 1 1 1
=2 Nig7sHf155 + 2 CogoHf;q + 2 Crg;Hf;3 + 2 Feg, 1Hf7
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= C033.25Cry; 75Fe,3 93Nizg ggHf11.10

However, all these predicted compositions are identified to be near eutectics and the
trial-and-error experiments revealed the fully eutectic compositions to be CoCrFeNiNbo.4s
(C022.47Cr22.47F€22.47N122.47Nb10.11), CoCrFeNiTao.4 (C022.73Cr22.73F€22.73N122.73Ta9.09),
CoCrFeNiZro.ss (Co21.98Cr21.98Fe21.98N121.98Z112.09) and CoCrFeNiHfo.4
(C022.73Cr22.73Fe22.73Ni22.73Hfo.00). Further, Jiang et al. [65] utilized this approach sequentially,
predicting eutectic compositions as FeNiNbo3o (Fe43.48Ni14348Nbi3.04), CoFeNiNbo.46
(Co28.90Fe28.90N128.90Nb13.29) and CoCrFeNiNbo.¢ (Co21.74Cr21.74F€21.74Ni121.74Nb13.04).

. 1 .
= EN184.5Nb15.5 + EFe89.4Nb10.6 = Feyq 7Nigp 25Nby3 05

= §Ni84.5Nb15.5 + §C086.1Nb13.9 + §Fe89.4Nb10.6 = CoygsFez9gNizg17Nby3 33

However, subsequent experimental findings by Jiang et al. [65] revealed the actual
eutectic ~ compositions to be  FeNiNboss (Fes2s55Nis2s5sNbiago), CoFeNiNbo.so
(Co2s.57Fe28.57N128.57Nb14.29) and CoCrFeNiNbo.45 (C022.47Cr22.47F€22.47N122.47Nb10.11). Wen et al.
[66] also utilized this concept, reporting the near-eutectic composition
Ni1.sCrCoFeo.sMo0.1Nbo.7 (Ni31.25Cr20.83C020.83F€10.42M02.08Nb14.58). In 2023, Jiao et al. [67]
also applied this concept to predict the eutectic composition in a senary HEA system. They
combined the calculations for Nb and Ta previously proposed by Jiang et al. [64], introducing

a coefficient of 0.5 to merge these calculations effectively as follows:

1/1... 1 1 1 11 ...
=3 (Z Nigs sNbys5 + " Coge1Nby39 + " CrggNby, + " Fes9.4Nb1o.6) + E(Z Nigg3Tas37 +
iCongaS + iCr87Ta13 + iFegzlsTals)

= C032.26Cry ggFes3 74 Nizg 35Nbg sTas 25

Following this strategy, Jiao et al [67] predicted three other compositions,
CoCrFeNiTao.24Hf025  (C02227Cr2227Fe22.27Ni2227Tas 35Hs5.57),  CoCrFeNiNbo.20Zro.17Hf0.17
(C022.03Cr22.03Fe22.03N122.03Nb4.41Z13.74Hf3.74) and CoCrFeNiZro.17Hfo.17Tao.16
(C02222Cr22.22Fe22.22Ni22.227r13.78H13.78Tas s6). However, all these were found to be near eutectic
compositions and experimental adjustments were still required to identify the fully eutectic

compositions, CoCrFeNiNbo.25Tao.20 (C022.47Cr22.47F€22.47N122.47Nbs 62 Taa.49),
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CoCrFeNiTao2sHfo.2s  (Co2220Cr22.22Fe22.22Ni2220Tas s6Hfs.56),  CoCrFeNiNbo.15Zro.15Hfo.15
(C022.47Cr22.47F€22.47N122.47Nb3 37Z13.37H13 37) and CoCrFeNiZro.17Hfo.16Tao.16

(C022.27Cr22.27F€22.27N122.27713.79H13 56 Tas s6).

2.4.4: The Machine Learning Approach

The application of machine learning in predicting new EMPEAs is currently in its
nascent stage. As the effectiveness of these techniques heavily depends on extensive datasets,
the lack of comprehensive data specific to each eutectic EMPEA system significantly
constrains their utility in predicting new compositions. Moreover, suppose the data pool
indiscriminately includes all types of eutectic systems. In that case, it is likely to result in
inaccurate predictions due to variations in alloy system descriptors such as VEC, atomic size
differences and enthalpy of mixing across different alloy systems. Consequently, the primary
application of machine learning in EMPEAs currently focuses more on analyzing elemental
behaviour in previously reported alloys rather than actually predicting new eutectic
compositions in different alloy systems.

For instance, Wu et al. [68] utilized a dataset comprising 321 alloys to explore the
interrelationships among elements in the Al-Co-Cr-Fe-Ni system. This dataset included 11
experimentally reported entries, while the remaining 310 near-eutectic entries were generated
using CALPHAD by randomly varying the content of each element. Employing an artificial
neural network model with a testing correlation coefficient (R) of 0.983, Wu et al. [68]
identified 400 groups of near-eutectic compositions having a pro-eutectic phase of less than
5%. Based on statistical data represented in Figure 2.8, they categorized elements in the Al-
Co-Cr-Fe-Ni system into three groups: (1) a critical element with narrow ranges, Al; (2) an
element strongly associated with the critical element, Cr; and (3) miscible elements with each
other, Co, Fe and Ni.

From these insights, Wu et al. [68] hypothesized that EMPEAS in this system could be
effectively designed in three steps: firstly, by selecting a reasonable Al content, then
determining the associated Cr content adjusting with Al and finally, confirming the contents of
Ni, Co and Fe via VEC. In a similar study, Liu ef al. [69] in the Al-Co-Cr-Ni system utilized
four experimentally reported EMPEAs and 96 CALPHAD-guided near-eutectic compositions
as datasets. Using a support vector machine algorithm, which achieved a correlation coefficient
(R) of 0.916, they successfully predicted 341 sets of near-eutectic compositions. These
statistical results by Liu ef al. [69] identified Al as a critical element, with Ni being strongly

associated with Al. They further employed constraints based on previously reported
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experimental observations in the identified 341 near-eutectic compositions, with specific

compositional limits, 15<y, z<20, 16<w<22, x = 100-y-z-w, leading to reporting two new

eutectics in NixCoyCrzAlw namely, Nis9Co16CricAlio and Niss.7Co15Cr20Al1s.3.
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Figure 2.8: Statistics on 400 near-eutectic compositions: (a) Content distributions of
individual elements, (b) Maps showing Co, Cr, Fe and Ni contents corresponding to each Al
content [68].

2.4.5: The VEC Criterion

Following the grouping strategy proposed by Lu et al. [63] in 2017, Dong et al. [70]
considered that AICoCrFeNiz.1 could be divided into two groups, AINi and CoCrFeNii.1 and
applied the VEC criterion to predict the eutectic composition between these groups. This
decomposition extended to the general Al-Co-Cr-Fe-Ni system, where Dong et al. [70] deduced
that the alloy formula AIC0.CrvFecNid would lead to the formation of an AINi B2 structure and
a CoaCrvFecNig-1 FCC phase, provided that the variables a, b, ¢ and d-1 (d>1) meet the condition
VEC>8, which promotes FCC phase formation. Further, to guarantee the eutectic structure in
these dual-phase alloys, Dong et al. [70], based on AlCoCrFeNiz.i, hypothesized that the
volume fractions of B2 and FCC phases should maintain a ratio of V(NiAl)/V(Co0aCrvFecNid-1)
= 0.587. Based on these two conditions, Dong et al. [70] efficiently designed nine EMPEAs,
seven of which were verified to be complete eutectics. These include AlCoo.sCrFeNiz.s,
AlCo1.2CrFeNii o, AlCoCri2FeosNiz.1, AlCoCrosFe12Ni2.1, AlCo0.6CrFei1.43Ni2.1,
AlCo1.2CrFeosiNiz2.1 and AlCo1.2CrosiFeNiz21. The schematic diagram of this design idea is
shown in Figure 2.9. Applying this concept to Al-Cr-Fe-Ni based on reported AICrFeNis, Yuan
et al. [71] (some of the same group of researchers of Dong et al. [70]) reported two new eutectic

compositions, AlCri.1sFeNiz2.s and AlCrFe1.46Ni2s. In a similar work by Wu ef al. [72], the Co
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in AlICoCrFeNiz.1 was replaced with Fe and Ni in equal proportions, thus not changing the VEC
of the overall alloy significantly (VEC values of Fe, Co, Ni are 8, 9, 10) and reported the
eutectic composition AlCrFe1.sNize. Vikram et al. [73] also applied the VEC criterion in their
report on the near-eutectic alloy AlCo1.9CrFeNi, which exhibits excellent mechanical properties
with a VEC of 7.47, closely aligning with Ni-based EMPEAs. However, this report did not
provide detailed information on the precise design strategy used to deduce this composition via

the VEC criterion.
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Figure 2.9: Schematic diagram illustrating the design concept of FCC + B2 EHEAs [70].

2.4.6: DSS Plus IMC Approach

This school of thought, possibly the most efficient above all, effectively combines a
disordered solid solution (DSS) and an intermetallic compound (IMC) in a pseudo-binary
fashion, which was first applied in 2018 by Jin ef al. [74]. They considered the reported single
phases, CoCrFeNi2, Co2CrFeNi, CoCrFe2Ni and NiAl, as the intermetallic compound. By
stoichiometrically mixing these two phases, such as AINi with CoCrFeNiz resulting in
AlICoCrFeNis, AIN1 with Co2CrFeNi leading to AlC02CrFeNi2 and AINi with CoCrFe2Ni
forming AlCoCrFe:Niz, Jin et al. [74] initially hypothesized these resulting compositions to be
of eutectics. However, subsequent experimental findings did not confirm this. Later, by
increasing the Al content and decreasing the Ni content, Jin et al. [74] identified the fully
eutectic compositions as Ali7Co143Cri43Fe143Nis0.1, Ali7Co28.6Cri43Fei143Ni2ss  and
Al17C0143Cr143Fe2s.cNi2ss. If one notices carefully, this is similar to He ef al.’s [29] pseudo-
binary approach, except the fact that here, the eutectic forming is not actually the element but
a pseudo-element (NiAl).

Later, in 2021, Zhang et al. [75] applied this concept to the (FeCoNi)-(NiAl) system,
preparing five quaternary alloys: Fe26Co26Ni37Al, Fe233Co0233Ni3s8.4Al1s,
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Fe20.7C020.7N139.6Al19, Fe20C020Ni40Al20 and Fei4.7Co14.7Ni142.6Al28. Out of these five, the alloy
Fe207Co0207Ni396Al19 was identified as a fully eutectic composition, confirmed both
experimentally and through CALPHAD simulations. Further on this design framework, Ye et
al. [76] reported new eutectic compositions in the (V-Cr-Mo)-(NiAl) systems based on the
observation that (V)-(NiAl), (Cr)-(NiAl) and (Mo)-(NiAl) each exhibit eutectic formations.
They proposed that any combination of V, Cr and Mo would form a BCC structure, which,
when mixed with NiAl, leads to a BCC plus B2 eutectic structure. Ye et al. [76] termed this
method the 'infinite solid solution approach,’ highlighting that any combination of V-Cr, V-Cr-
Mo, Cr-Mo, or V-Mo could replace the BCC phase in an M-NiAl system (where M =V, Ctr,
Mo), thus facilitating the formation of BCC plus B2 eutectic structures. The reported
compositions by Ye et al. [77] are (NiAl)s3V20Cr17, (NiAl)esV3zoMos, (NiAl)esCrzoMos and
(NiAl)6sV20CrioMos. One can notice that the intermetallic (NiAl) composition in all these
alloys is maintained at approximately 65 at.%. Ye et al. [77] later applied this approach to the
(CoCrFeNi)-(TaNbMoW) system with the hypothesis that any combination of Ta-Nb-Mo-W
would form a BCC structure and all these elements have been reported to form eutectics with
CoCrFeNi, such as CoCrFeNi-Ta, CoCrFeNi-Nb, CoCrFeNi-Mo and CoCrFeNi-W. With this
insight, Ye et al. [77] reported four new eutectic compositions: (CoCrFeNi)ooNbeTas,
(CoCrFeNi)s7NbsMos, (CoCrFeNi)ssNbsTasMos and (CoCrFeNi)ssNbsTasMo2W2. However,
these two reports by Ye et al. [76,77] of BCC plus B2 and FCC plus Laves phase eutectics did
not provide a detailed rationale for selecting those specific compositions prior to experimental
characterization, limiting the ability to design new compositions based on this approach.
Addressing this exact research gap, Wang et al. [78], in 2022, demonstrated that a careful
simulation approach could aid in specific composition selection before experimental
characterization. Wang et al. [ 78] considered the (NiAl)-(MoCrV) pseudo-binary approach and
to pinpoint the exact eutectic, they employed the CALPHAD methodology via JMatPro

software, as illustrated in Figure 2.10.
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Figure 2.10: Solidification paths of NiAl-MoxCrxVx alloys simulated using JMatPro:
(a) x=3.33,(b) x=6.67,(c) x=28.7,(d) x=10.0, (e) x=13.3, (f) x = 16.67 at.% [78].

It was observed that in the NiAl-MoxCrxVx system, when x is approximately 8.5, a

eutectic composition with BCC plus B2 structures becomes apparent, leading to the

identification of the eutectic composition (NiAl)-Mos.7Crs.7Vs.7. Similarly, as Mo-V-Cr forms

a stable BCC structure, Mo-Cr-Fe is also expected to form BCC. Following this, Wang et al.

[78] conducted simulations for the NiAl-MoxCrxFex system, identifying the eutectic point at x

= 14.3 with a discernible solidification range. Extending this methodology further, Wang et al.

[78] also explored the NiAl-MoxCrxVxFex system and determined the eutectic composition at

x = 10. The three predicted compositions, (NiAl)73.9Mo0s.7Crs.7Vs.7, (NiAl)s6.sMo14.5Cri4.5Fei4.s

and (NiAl)soMo10CrioVioFeio, were subsequently experimentally verified to be fully eutectic

compositions. In 2023, Li et al. [79] employed the DSS plus IMC concept with a slight

variation. Initially, they started with the reported eutectic composition Ni4iTizoNbzo, using the

pseudo-binary approach of (Ni-Ti)so-Nbzo. They then replaced 11 at.% of Ni with Fe and 9 at.%
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of Hf with Ti, predicting the new eutectic composition as NizFeTisHfNb2. This composition
was subsequently verified experimentally [80]. Essentially, while maintaining the original
intermetallic forming element composition (which otherwise can be treated as a eutectic
forming element (EFE)), Li et al. [79], in 2023, expanded the disordered solid solution phase
by introducing new elements that can partially substitute the existing elements without altering
the disordered (BCC) crystal structure, which is very similar to the infinite solid solution

approach proposed by Ye et al. [77] in 2021.

2.5: The Overlapping Research Gaps in Existing Design Strategies

Besides the design strategies mentioned above, there are other notable approaches, such
as the grouping strategy via d-orbital energy level proposed by Li et al. [81], the eutectic lines
approach by Shafiei et al. [82,83], the high-temperature centrifugation by Loffler ef al. [84]
and electromagnetic directional crystallization by He ef al. [85], among others. However, these
strategies typically determine new compositions solely through experimentation or based on
previously reported fully eutectic compositions with relatively not-easy calculations.

Thus, although various design methods have been proposed empirically via
CALPHAD, experimentally, or based on binary eutectics, most of these strategies still rely on
a trial-and-error approach. Additionally, there is considerable overlap among these design
strategies. For example, the pseudo-binary phase diagram approach, which is very similar to
the DSS plus IMC approach, although instrumental in advancing the development of several
alloys down the line, exhibits some fundamental issues. The primary concern lies in the
calculation of the pseudo-binary phase diagram itself. The Thermo-Calc symbol, displayed at
the lower left corner in Figure 2.6(a), indicates that this diagram was possibly generated using
the graphical mode of Thermo-Calc, which is not intended for generating accurate pseudo-
binary phase diagrams. In graphical mode, one variable must be set as dependent, as indicated
in Figure 2.11 (https.://thermocalc.com/support/getting-started-guides/Thermo-Calc-guide/).
This suggests that the diagram in Figure 2.6(a) might not accurately represent the pseudo-
binary phase diagram of CoCrFeNi-Nb but rather that of CoCrFe-Nb, CoCrNi-Nb, or CrFeNi-

Nb, potentially leading to an incorrect prediction of the eutectic composition.
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Figure 2.11: The dependent variable is represented in the graphical mode of the Thermo-Calc
(FEDEMO database, https://thermocalc.com/support/getting-started-guides/Thermo-Calc-
guide/).

Additionally, the choice of the Ni-database (the exact version, however, is not provided)
instead of a more specialized database like TCHEA, which offers more precise predictions, may
have compromised the results. Thus, while there is room to refine this approach in execution,
it has provided valuable insights into the design of new alloys. Further, however, conceptually
also, the necessity of restricting the eutectic forming element (Nb in this case of Co-Cr-Fe-Ni-
Nb) to exhibit binary eutectic reactions with every other element in the alloy system considered
may not be essential. For instance, the first reported MPEA incorporating the eutectic concept,
AlICoCrFeNiz.1, introduced in 2014, lacked a single element capable of forming binary eutectics
with all other elements, raising questions about the applicability of this methodology to new
alloy systems. Moreover, this restriction could inadvertently limit designing new EMPEAs to
mostly FCC plus Laves phase combinations, as only Zr, Nb, Hf and Ta form binary eutectics
(of FCC plus Laves) with most of the FCC forming transition elements such as Co, Fe and Ni.
This limitation could hinder the design of alloys optimized for structural applications that

require a synergy of strength and ductility, such as the FCC plus BCC combination, which is
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the very rationale behind introducing EMPEAS to address the challenges of casting HEAs and
achieving strength-ductility synergy in the as-cast state. This same problem persists with the
simple mixture approach. As outlined in Section 2.6, in all the approaches proposed by various
researchers, the EFE must form binary eutectics with every other element in the considered
alloy system. Also, starting with a single phase that includes elements such as Co, Fe and Ni,
as in the DSS plus IMC approach, the pseudo-binary phase diagram approach, or the VEC
approach, might limit the eutectic type to only a dual-phase.

Additionally, the mixing enthalpy method, primarily based on incorporating refractory
elements, typically results in alloys with FCC as one of the phases and Laves as the other, but
not BCC, thus may not effectively guide the eutectics with BCC as one of the phases. Also,
notably, this strategy excludes the substitution of Ti for Ni despite Ti having a more negative
mixing enthalpy with Ni than Al (-34.50 kJ/mol for Ni-Ti vs. -22.30 kJ/mol for Ni-Al) [86].
Additionally, Al, which also exhibits significant negative mixing enthalpy with refractory
elements, could potentially form Laves phases, yet the rationale for only considering elements
forming Laves phases with Ni is not elaborated. Furthermore, the strong negative mixing
enthalpy of Al-Co (-18.80 kJ/mol) suggests that higher atomic fractions of Co might also form
eutectics, such as in the AlCo1.9CrFeNi system [73]. Thus, the grouping of only AINi as one
and CoCrFeNi as the other could overlook potential eutectics with higher fractions of other
elements in all these methods utilizing the grouping approach. Additionally, the methods, such
as the VEC criterion and DSS plus IMC approach, have only identified nearby eutectic
compositions through trial and error or adjustments of one or two elements in reported alloys.
Also, in the simple mixture method, apart from not being able to identify a eutectic with BCC
as one of the phases, there is no logical metallurgical reason for assuming a linear combination
of eutectic components results in near-eutectic compositions. The same goes for the
stochiometric approach of the DSS plus the IMC approach.

Most importantly, all the methods proposed so far, however, are able to achieve a near-
eutectic composition but often fail to cross-verify whether that design strategy is applicable to
previously reported alloys and capable of designing new alloys across systems. Also, given the
vast number of potential eutectic compositions, achieving an exact eutectic or exploring the
entire binary eutectic compositional space remains an untouched area in all these design
strategies. In conclusion, the following can be deduced from existing design strategies:
= One can definitively identify eutectics in MPEAs by aggregating binary eutectic clusters,

which is a valuable strategy as it is without any computational support. However, the
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present strategies proposed still require a trial-and-error experimental approach, and there
is no clear metallurgical logic in adding them to a linear combination.

Based on approaches with computational aid, of all the software tools available,
CALPHAD via Thermo-Calc has proven to be very efficient, provided the right database
and interface mode are employed.

The numerous eutectic compositions in the Co-Cr-Fe-Ni-M (M = Al, Zr, Ta, Nb, Hf and
Mo) systems indicate that multiple, possibly hundreds of binary eutectics are present in
MPEAs adhering to the Gibbs phase rule.

There is no attempt in the currently existing design strategies to map the complete eutectic
compositional space of these binary eutectics in any of the MPEA systems.

There are no reports of invariant eutectic compositions, nor is there a search for such

compositions in the existing design strategies.

2.6: Research Questions Addressed in the Present Thesis

As outlined in Section 1.3 of the introduction, this thesis addresses the following key

research questions derived from the identified research gaps (Section 2.5) to guide the

exploration of new, multifaceted alloy design approaches:

1.

How can binary eutectics in MPEA systems be designed effectively without relying on
computational tools?

Even when employing computational tools, how can eutectic points in MPEAs be quickly
located without extensive calculations?

How can all potential binary eutectics be identified in an MPEA system and what strategy

can guide the discovery of higher-order eutectics, including invariant eutectic reactions?

26



CHAPTER 3
Materials and Methods

3.1: Introduction

Chapter 3 briefly details the theoretical and experimental methodologies followed in
the thesis to develop novel EMPEAs. It starts with the thermodynamic analysis using the
CALPHAD methodology, followed by the synthesis of alloys through vacuum arc melting.
Subsequent sections describe the characterization techniques employed on the developed

alloys.

3.2: Thermodynamic Calculations via CALPHAD

All thermodynamic calculations in this study were performed via the CALPHAD
methodology, utilizing Thermo-Calc software (version 2022a) equipped with the TCHEAS
database. Pseudo-binary phase diagrams via CALPHAD were computed using an in-house
script run in Thermo-Calc console mode. The eutectic nature (temperature and elemental
composition) of the alloys is deduced through phase evolution plots and Scheil solidification
models in graphical mode. The classic Scheil model, employed in Thermo-Calc software for
non-equilibrium calculations, posits complete solute mixing in the liquid phase and no
diffusion in the solid phase—conditions typically associated with very high cooling rates. In
this, the temperature is methodically lowered in specified increments, calculating the fraction
and composition of liquid and solid phases at each stage. An equilibrium calculation is
performed at every temperature step using the liquid composition from the preceding step, with
the residual liquid concentration matched to that from equilibrium calculations. The increase
in solid phase fraction is calculated and phase fractions are adjusted accordingly. This process
continues until the solid fraction reaches 0.99, enabling the simulation of solidification paths
under conditions that approximate the non-equilibrium cooling rates seen in experimental
scenarios.

The TCHEAS5 database, tailored for HEAs or MPEAs, provides comprehensive
thermodynamic and physical property data for 26 elements: Al, B, C, Co, Cr, Cu, Fe, Hf, Ir,
Mn, Mo, N, Nb, Ni, Re, Rh, Ru, Si, Sn, Ta, Ti, V, W, Y, Zn and Zr. This includes assessments
of 310 binary systems—covering nearly their entire composition and temperature ranges—and

501 ternary systems, with 192 fully evaluated. The database also models 518 solid solutions
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and intermetallic phases, featuring key phases like the B2 and L12 and their disordered
counterparts, BCC_A2 and FCC_Al, through a partitioning model essential for predicting
second-order transformations. Utilizing the Thermo-Calc property module sublattice symmetry
approach, the distinction between ordered and disordered structures is carried out. 7C-Python
(Python™ language-based SDK available with Thermo-Calc) was utilized on the TCHEAS
database for high-throughput calculations, with the in-house Python script being developed and
executed on the Spyder platform.

3.3: Alloy Synthesis via Vacuum Arc Melting

All the designed alloys were synthesized in-house employing Edmund Biihler GmbH
Mini Vacuum Arc Melter-1, equipped with a water-cooled oxygen-free high conductivity
copper hearth, capable of simultaneously melting up to six alloy ingots. Its advanced pumping
system features an oil-free scroll pump and a high vacuum turbo molecular pump, capable of
reaching vacuum levels down to 1 X 10™> mbar. A DC power supply facilitates the melting
process via contactless ignition, capable of reaching up to 3500 °C. High-purity metals Al, Co,
Cr, Fe, Ni, Ti, V, Cr and Zr were used as raw materials with a purity level of > 99.7%. The
charge weights for melting were precisely calculated using a Python script that converted
Thermo-Calc calculated atomic percentages into weight percentages.

Preparing the raw materials involved cutting and filing to achieve the required weights.
To ensure sample cleanliness, surface oxides and contaminants were removed with steel wool
and tissue paper, followed by ultrasonication in an acetone solution. Elements contributing a
total charge of 15 to 20 grams were placed inside the melting chamber, arranged by their
melting points. To maintain a contamination-free environment, the furnace chamber—loaded
with the alloy charges and a Zr/Ti getter—was evacuated to no more than 2.5 X 10> mbar and
then backfilled with argon to 25 mbar to create an inert atmosphere. Before melting the charge,
the titanium getter was melted to absorb any residual oxygen in the chamber. It was then
maintained at a high temperature throughout the melting process to ensure maximum efficiency
in removing impurities. Each alloy button was subjected to five cycles of melting and inversion
to ensure complete melting and homogeneity. The melted ingot was weighed to confirm the
synthesis efficiency compared to the pre-melted charge. The final product, a shiny

hemispherical alloy button with a radius of ~24 mm, is shown in Figure 3.1.
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Figure 3.1: Vacuum arc-melted hemispherical button of the alloy.

3.4: Phase Identification via XRD

Phase formation in the as-cast polished samples was analyzed using a Malvern
Panalytical Empyrean X-ray diffraction (XRD) system, utilizing Cu-Ko radiation with a
wavelength of 1.54 A. The diffraction patterns were obtained within a 20 range of 20° to 90°,
employing a step size of 0.0131°. The voltage and current settings were maintained at 30 kV

and 45 mA, respectively. For peak analysis, X'Pert HighScore Plus software was utilized.

3.5: Microstructural Characterization via SEM

The microstructural analysis of as-cast eutectic alloys started with polishing using SiC
papers at grit sizes of 400, 800, 1500, 2000 and 2500, achieving a mirror finish with an alumina
powder (M301) of up to 0.3 um. Subsequently, the samples underwent ultrasonic cleaning for
5 minutes in an acetone-filled beaker, which was repeated two to three times for each specimen
to ensure thorough cleanliness.

After preparation, followed by etching using a 10% perchloric acid and 90% ethanol
solution, the samples were examined with a JEOL JSM-7610F-Plus scanning electron
microscopy (SEM) coupled with energy-dispersive x-ray spectra (EDS, Oxford Instruments,
X-Max") for elemental analysis. This facilitated the elemental mapping and spot and line
analyses to detail the phase distribution and elemental compositions of the alloy. Compositional
analysis was performed via SEM-EDS across 3 to 10 areas per sample at 100x magnification.
The backscattered electron imaging was executed at a working distance of 15 mm and 15 and
20 kV. The average lamellar spacing in eutectic colonies was measured using /mageJ software,

leveraging multiple SEM images to obtain accurate measurements.
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3.6: Thermal Analysis via DSC

For thermal analysis, a precise section was cut from the edge of the as-cast button using
an IsoMet™ low-speed precision cutter with a 4-inch diamond blade. The sample was then
polished to remove residual oil, followed by ultrasonic cleaning in acetone. Afterwards, the
samples underwent ultrasonic cleaning in acetone and were dried using hot air to ensure no
moisture or contaminants could affect the thermal analysis.

The PerkinElmer simultaneous thermal analyzer 8000 was utilized to observe phase
transformations during heating or prolonged exposure to high temperatures in the as-cast
samples. To ensure the reliability and accuracy of the data, baseline scans were conducted
before the actual measurements. The samples, weighing between 40 and 60 mg, were subjected
to heating from room temperature up to 1430 °C at a controlled rate of 20 K/min. This process

was carried out in an alumina crucible, with a nitrogen flow maintained at 20 mL/min.

3.7: Assessing the Strength-Ductility Synergy via Tensile Testing

All tensile and compression tests were carried out using an Instron-5967 universal
testing machine (UTM), operating at a strain rate of 1 X 1073 s™1 at room temperature. For the
compression tests, cylindrical samples with a 1.5 aspect ratio were sectioned from the as-cast
button. Tensile testing samples, consisting of two specimens with a 10 mm gauge length (shown
in Figure 3.2), were prepared from the as-cast buttons using wire electrical discharge

machining and then polished with 2000 grit SiC sandpaper for a smooth finish.

Figure 3.2: Tensile test specimen (all dimensions are in mm).

The tensile engineering strain was measured through the digital image correlation (DIC)
method. This involved applying a speckle pattern of black dots against a white background on
the sample surfaces, enabling precise strain tracking. Imaging during the tests was conducted
using a high-speed camera system operated with VIC-Snap 9 software, ensuring high-quality
capture of the deformation process. Subsequent post-image analysis was done with VIC-2D

software from Correlated Solutions Inc., USA. This software analysis utilized a subset size of
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31 and a step size of 7 pixels, optimizing strain measurement accuracy. The data on strain and
displacement collected from this analysis facilitated the generation of detailed engineering

stress-strain curves.
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CHAPTER 4
The Empirical Approach via Binary Eutectic Clusters

4.1: Introduction

The challenge of identifying optimal eutectic compositions in multi-principal element
alloys (EMPEAs) can be readily understood from the existing strategies limitations as
discussed in Chapter 2. This challenge is underscored by the decade-long gap between the
report of the first multi-principal element alloy (MPEA) and the emergence of the first eutectic
MPEA, AlCoCrFeNiz.1, in 2014, which was developed without a comprehensive design
strategy [3,17]. He et al. [29] later introduced the first systematic design approach for EMPEAs
in 2015 using pseudo-binary phase diagrams via the CALPHAD (CALculation of PHAse
Diagrams) method in the Co-Cr-Fe-Ni-Nb system. However, this approach did not classify the
AlCoCrFeNiz.1 composition as eutectic since no single element forms binary eutectics with all
other elements in this system [29]. Despite numerous strategies proposed over the years for the
development of new EMPEAs, the focus has predominantly been on varying elements in the
Al-Co-Cr-Fe-Ni-M alloy system, where M represents elements such as Zr, Ta, Nb and Hf, or
on approaches that heavily rely on CALPHAD calculations. Although CALPHAD is a robust
computational tool for predicting phase behaviour, its effectiveness is limited by the need for
extensive databases and access to commercial software, such as Thermo-Calc or JMatPro,
which restricts its availability. Furthermore, the databases commonly used in CALPHAD are
predominantly developed for Ni-based superalloys, steels, Ti-alloys and Al-alloys, leading to
potential inaccuracies in compositions rich in elements outside these systems. A promising
alternative to CALPHAD-based design strategies is the binary eutectic clusters model, a well-
established approach in the study of bulk metallic glasses (BMGs) [87]. In BMGs, a deep
eutectic alloy is known to facilitate the formation of a glassy phase with ease [88]. The deep
eutectic theory posits that binary alloys positioned at the deep eutectic point exhibit
characteristics such as low liquidus temperature, relatively high glass transition temperature,
difficult crystal nucleation and high glass forming ability (GFA). Numerous investigations have
validated the empirical binary eutectic cluster model proposed by Lu ef al. [87] for metallic
glasses and this model has been successfully employed to predict novel bulk metallic glass
compositions in systems such as Zr-Cu-Ni-Al [89-91]. The binary eutectic clusters model,
originally formulated for BMGs, offers a viable alternative strategy for EMPEA design,

focusing on identifying binary eutectic compositions, especially deep eutectics. This approach

33



provides a pathway for discovering new eutectic compositions without dependence on
computational methods or restricted-access tools. As the development of EMPEAS progresses,
expanding beyond CALPHAD methodologies will be crucial in exploring a broader range of
compositions and developing novel alloys with tailored properties.

This chapter explores the potential of the binary eutectic clusters model, leveraging the
enthalpy of mixing, to manually identify eutectic compositions in multi-principal element
alloys (MPEAs). The approach begins by identifying potential eutectic forming MPEA systems
and then narrows down to specific eutectic compositions. The proposed empirical approach is
validated through the design and development of a lightweight eutectic MPEA in the Al-Ti-V-
Cr-Zr system. Additionally, this chapter outlines the limitations of the presented empirical

approach and suggests directions for future research.

4.2: Exploring Eutectic Forming MPEA Systems

Determining eutectic compositions in MPEAs requires first identifying such alloy
systems that exhibit eutectic reactions. This preliminary step is necessary as it takes into
account that not all MPEA systems may exhibit eutectic reactions, reflecting the variability
seen in binary alloy systems. For instance, binary elemental pairs such as Cu-Ni, which are
isomorphous and Co-Ni and Fe-Cr, known for their single-phase disordered solid solutions of
face-centred cubic (FCC) and body-centred cubic (BCC) structures, typically do not show
eutectic reactions. In contrast, systems like Ni-Nb and Al-Zr are known for their pronounced
eutectic reactions. Similarly, in MPEAs, alloys such as Co-Cr-Fe-Ni, usually reported to form
single-phase disordered solid solutions of FCC, do not exhibit eutectic compositions until
refractory elements like Nb, Zr, Hf, or Ta are added, inducing eutectic reactions [64]. Therefore,
accurately identifying which MPEA systems can exhibit eutectic reactions is crucial, saving
significant time and energy in determining their eutectic compositions.

Upon analyzing the alloy compositions documented by Lu ef al. [18], as shown in Table
4.1, three key observations emerge from the dataset comprising 47 alloys with 17 distinct
elements (Al, Co, Cr, Cu, Fe, Hf, Mn, Mo, Nb, Ni, Pd, Sc, Ta, Ti, V, W and Zr). Nickel (Ni)
stands out for its prevalence, appearing in 46 of these compositions. Furthermore, the most
frequent occurrences of binary combinations, Ni-Fe and Ni-Co, in 44 and 36 alloy systems,
respectively, are to be noted. The minimal enthalpy of mixing values between Co and Ni (-0.20
kJ/mol) and Fe and Ni (-1.60 kJ/mol) (Table 4.2) suggests a propensity for forming single-

phase solid solutions with face-centred cubic (FCC) structures. This observation essentially
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underscores that there is at least one binary pair in the reviewed eutectic systems represented

in Table 4.1 that has an enthalpy of mixing near zero.

Table 4.1: Reported MPEAs with fully eutectic microstructure.

SN Alloy Composition Alloy System Year  Density Ref.
(g/ce)
01 Al23.81Cr23.81Fe23.81M04.76N123.81 Al-Cr-Fe-Mo-Ni 2013 6.48 [6]
02  Al2sCrasFezsNias Al-Cr-Fe-Ni 2013 6.25 [6]
03  Al9.35Cri6.13Cuic.13Fe16.13N132.26 Al-Cr-Cu-Fe-Ni 2013 6.89 [7]
04 Ali6.39Co016.39Cr16.39F€16.39N134.43 Al-Co-Cr-Fe-Ni 2014 7.07 [1]
05  Coi9.05Fe19.0sNbi4.290Ni38.1V9.52 Co-Fe-Nb-Ni-V 2015 8.33 [8]
06 Cois.s2Feis.52Mo18.52Ni25.93V18.52 Co-Fe-Mo-Ni-V 2015 8.41 [9]
07 Coz1.74Fe21.74Mo013.04N121.74V21.74 Co-Fe-Mo-Ni-V 2015 8.18 [9]
08 AlisFe3oMn3sNi2o Al-Fe-Mn-Ni 2015 6.83 [10]
09 Alx3.53Cr23.53Fe23.53N123.53T15.88 Al-Cr-Fe-Ni-Ti 2015 6.12 [11]
10 Co21.51Cr21.51Fe21.51Nb13.98N121.51 Co-Cr-Fe-Nb-Ni 2016 8.25 [29]
11 Co0303Mo012.12Ni30.3V15.1sWi2.2 Co-Mo-Ni-V-W 2016 10.19 [47]
12 Ali4.1CreFezs2Mns2.9Niis.s Al-Cr-Fe-Mn-Ni 2016 6.85 [98]
13 AlisFe3sMn33Niisg Al-Fe-Mn-Ni 2016 6.95 [99]
14 Al30.23Cr23.26Fe23.26Ni23.26 Al-Cr-Fe-Ni 2017 5.94 [42]
15 Co17.42Cr17.42F€17.42Nb12.89N134.84 Co-Cr-Fe-Nb-Ni 2017 8.36 [63]
16 Co17.7Cri7.7Fe17.7/NissaTai1.s Co-Cr-Fe-Ni-Ta 2017 9.71 [63]
17 Co17.86Cri17.86Fe17.86Ni3s.71Zr10.71 Co-Cr-Fe-Ni-Zr 2017 7.96 [63]
18 Cois.02Cris.02Fe18.020Hf9.91Ni136.04 Co-Cr-Fe-Hf-Ni 2017 9.20 [63]
19  Co022.73Cr22.73Fe22.73N122.73Ta9.09 Co-Cr-Fe-Ni-Ta 2017 9.30 [64,100]
20  Ali9Co2oFe20Niai Al-Co-Fe-Ni 2018 7.10 [101]
21  Co022.22Cr22.22Fe2220Ni22.227r111.11 Co-Cr-Fe-Ni-Zr 2018 7.84 [102]
22 Co022.75Cr22.75F€22.75N122.75Tag.99 Co-Cr-Fe-Ni-Ta 2018 9.29 [103]
23 NbasScasTizsZras Nb-Sc-Ti-Zr 2016 - [48]
24  CozsFe2sMnsNi2sTizo Co-Fe-Mn-Ni-Ti 2018 7.34 [104]
25 Co2s.s57Fe28.57Nb14.29Ni28.57 Co-Fe-Nb-Ni 2018 8.54 [105]
26 Al193Co015Cr15Niso.7 Al-Co-Cr-Ni 2018 7.01 [106]
27  C020.83Cr20.83F€20.83M016.67N120.83 Co-Cr-Fe-Mo-Ni 2018 8.60 [107]
28 Co14.71Cri4.71Fe14.71Mni4.71N114.71Pd26.47 ~ Co-Cr-Fe-Mn-Ni-Pd 2018 - [108]
29 Coise2Cris.e2Fers.c2Mnis.e2Niis.2Pd2ig7 Co-Cr-Fe-Mn-Ni-Pd 2018 - [108]
30 Coie.67Cris.67Fe16.67Mni6.67Ni16.67Pd16.67  Co-Cr-Fe-Mn-Ni-Pd 2018 - [108]
31 Coi7.86Cri17.86Fe17.86Mni7.86Ni17.86Pdio.71 Co-Cr-Fe-Mn-Ni-Pd 2018 - [108]
32 C022.47Cr22.47F€22.47Nb10.11Ni22.47 Co-Cr-Fe-Nb-Ni 2018 823  [44,64]
33  Co21.98Cr21.98Fe21.98Ni21.987112.09 Co-Cr-Fe-Ni-Zr 2018 7.81 [64]
34 Co022.73Cr22.73Fe22.73Hf9.090N122.73 Co-Cr-Fe-Hf-Ni 2018 9.00 [64]
35 Ali7Co0143Cri143Fe14.3Ni40.1 Al-Co-Cr-Fe-Ni 2018 7.08 [74]
36 Ali7Co0143Cria3Fe2s.6Ni2s.s Al-Co-Cr-Fe-Ni 2018 6.95 [74]
37 Ali7Co28.6Cri43Fe143Ni2s.8 Al-Co-Cr-Fe-Ni 2018 7.07 [74]
38 AlisCraoFe20Nis4 Al-Cr-Fe-Ni 2019 7.02 [46]
39 AlisCo30CrioFe1oNizoW2 Al-Co-Cr-Fe-Ni-W 2019 7.38 [109]
40  AlisCo30CrioFeioNis2 Al-Co-Cr-Fe-Ni 2019 7.10 [110]
41 AlisCo41CrisFeioNiis Al-Co-Cr-Fe-Ni 2019 7.17 [111]
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42 CoioCrisFe2s3MnsNbo.7Ni2sVio Co-Cr-Fe-Mn-Nb-Ni-V 2019 7.94 [112]
43 Alic.67Co10Cris.67Fe16.67N140 Al-Co-Cr-Fe-Ni 2020 7.04 [113]
44  Ali6.67C013.33Cri6.67F€16.67Ni36.67 Al-Co-Cr-Fe-Ni 2020 7.04 [113]
45  Ali6.67C03.33Cri6.67F€16.67Ni46.67 Al-Co-Cr-Fe-Ni 2020 7.05 [113]
46 Ali6.67C06.67Cri6.67F€16.67N143.33 Al-Co-Cr-Fe-Ni 2020 7.05 [113]
47 Alis67Crice7Fei16.67Nis0 Al-Cr-Fe-Ni 2020 7.05 [113]

Table 4.2: Enthalpy of mixing for selected binary alloy pairs (kJ/mol).

Al Ti Vv Cr Fe Co Ni Zr Nb Hf Ta

Al 0

Ti -29.5 0

\Y -163  -1.7 0

Cr 99 -75 -2 0

e -11.1 -16.8 -7.1 -1.5 0

Co -18.8 -28.3 -14 45 -0.6 0

Ni -223 345 -18 -67 -1.6 -0.2 0

Zr -43.7  -02 3.7 -12 -246 -403 -48.4 0

Nb -18.2 2 -1 72 -15.7 -245 -29.9 3.9 0

Hf -38.5 02 -22 -93 -20.5 -347 -422 -0.2 3.9 0

Ta -19.2 1.4 -1 -6.7 -15 -23.9 -29.2 2.7 0 2.9 0

Also, it is important to note that at least one element among Al, Zr, Ta, Hf and Nb is
present in most of these systems. These elements show a high negative enthalpy of mixing and
significant atomic size difference with binary pairs like Ni-Co or Ni-Fe, which play a crucial
role in inducing eutectic reactions. Thus, by drawing parallels with the eutectic reaction in Ni-
Nb systems, it is hypothesized that the (Co-Ni)-Nb system might exhibit similar eutectic
reactions. This hypothesis opens up the possibility of adding compatible elements to the initial
binary pair single phase. For example, introducing Fe to this (Co-Ni)-Nb system could develop
a (Co-Fe-Ni)-Nb system, while incorporating Cr could further lead to a (Co-Cr-Fe-Ni)-Nb
system, underscoring the identification of new alloy systems with EMPEAs.

These fundamental observations have resulted in the formulation of a generalized
method for the identification of EMPEA systems of the A-B-C-D-E type. The approach starts
by selecting a binary elemental pair (A-B) characterized by a disordered single-phase solid
solution, thus exhibiting an enthalpy of mixing close to zero. Following this, an element, C,
can be introduced into the system, acting as a solid solution splitter for A-B due to its high
negative mixing enthalpy and atomic size difference relative to A-B. Subsequently, additional
elements like D or E can be added to the system as long as they can dissolve into the A-B solid
solution. This hypothesis, aligned with the experimentally reported alloy systems in Table 4.3,

is defined by the following three criteria:
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Criteria 1 — Initial Binary Pair Selection (4-B): The enthalpy of mixing between elements
A and B should be close to zero, ideally ranging between -2 to 0 kJ/mol, essential for
forming a stable single-phase disordered solid solution.

Criteria 2 — Solid Solution Splitter (C): Element 'C' must display a significant enthalpy of
mixing and an atomic size difference with elements A and B, sufficient to destabilize the
A-B solid solution. Therefore, it should fulfil the criteria of —8.8 kJ/mol. < AHA-B~€ > 4
kJ/mol and 6 = 2.77%.

Criteria 3 — Additional Elements (D/E/F): Additional elements like D, E, or F can be
incorporated if they are soluble with A and/or B. These elements should meet specific
parameters: —2 kJ/mol > AHA-P < 0 kJ/mol and § < 2.77%.

mix —

Table 4.3: Reported EMPEA systems complying with proposed criteria.

SN A-B C D/EF/G Alloy System Ref.

01 Co-Ni Al Cr Al-Co-Cr-Ni [106]

02 Co-Ni Al Fe Al-Co-Fe-Ni [101]

03 Fe-Ni Al Cr Al-Cr-Fe-Ni [42,46,92,113]
04 Fe-Ni Al Mn Al-Fe-Mn-Ni [96,99]

05 Co-Ni Nb Fe Co-Fe-Nb-Ni [105]

06 Co-Ni Al Cr,Fe Al-Co-Cr-Fe-Ni [17,74,110,111,113]
07 Fe-Ni Al Cr,Mn Al-Cr-Fe-Mn-Ni [98]

08 Co-Ni Hf Cr, Fe Co-Cr-Fe-Hf-Ni [63,64]

09 Co-Ni Mo Cr,Fe Co-Cr-Fe-Mo-Ni [107]

10 Co-Ni Nb Cr, Fe Co-Cr-Fe-Nb-Ni [29,63,64,100]
11 Co-Ni Ta Cr, Fe Co-Cr-Fe-Ni-Ta [44,63,64,103]
12 Co-Ni Zr Fe, Cr Co-Cr-Fe-Ni-Zr [63,64,102]

13 Co-Ni Mo Fe V Co-Fe-Mo-Ni-V [95]

14 Co-Ni Nb Fe, V Co-Fe-Nb-Ni-V [94]

15 Co-Ni  Nb Cr,Fe,Mn,V Co-Cr-Fe-Mn-Nb-Ni-V [112]

4.3: Identifying Eutectic Compositions in MPEAs

After confirming the presence of a eutectic reaction in an A-B-C-D-E type alloy system,

the subsequent step is to determine its eutectic composition precisely. This process begins by

identifying the element that forms the greatest number of binary eutectics with the other

elements in the system, designating it as the EFE. While ideally, the EFE would form binary

eutectics with all other elements, this is not a strict requirement. Illustrated in Figure 4.1, the

system includes EFE-E1-E2-E3, where EFE is the eutectic forming element and ET1, ET2 and

ET3 denote the eutectics formed between EFE and the remaining elements (E1, E2, E3, etc.).

Consequently, as reported by Lu ef al. [87], the most stable eutectic clusters are those formed
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between the EFE and each of the other elements, resulting in a eutectic cluster formula of

x(EFE-E1) + y(EFE-E2) + z(EFE-E3), where x, y and z are constants that sum to 1.

EFE

ET1 ET3

E1

E2

Figure 4.1: Composition diagram of the EFE-E1-E2-E3 alloy system.
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Figure 4.2: Comparative analysis of eutectic forming ability against the enthalpy of mixing

for Fe, Co, Ni, Zr, Hf and Nb.
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This formation reflects the eutectic as thermodynamically a failed compound, with a
binary elemental pair eutectic forming ability often resembling its compound forming ability,
as shown in Figure 4.2. The preference for clustering between the EFE and E1, E2 and E3
suggests a reduced likelihood for the formation of E1-E2, E2-E3 and E1-E3 solid solutions.
Therefore, under the assumption that eutectic compositions are influenced by the enthalpy of
mixing, the constants x, y and z can be deduced based on the enthalpy of mixing ratios: X(AHmix

of EFE-E1) = y(AHmix of EFE-E2) = z(AHmix of EFE-E3) [87].

4.3.1: Designing a Lightweight EMPEA

The empirical approach detailed above for identifying EMPEA systems and their
compositions was applied in an attempt to design a lightweight EMPEA. Therefore, elements
with low densities were considered to identify the optimal EMPEA system. According to
Criteria 1, presented in Section 4.2, the initial step involved selecting a binary pair forming a

single-phase solid solution.

Table 4.4: Densities of selected elements.
Flement Al Ti V Cr Fe Co Ni Zr Nb Mo Hf Ta
p(g/ccy 2.7 45 6 7.15 7.87 886 891 6.52 8.57 102 133 16.4

Despite aluminium (Al) being the lightest element in Table 4.4, it does not form an
isomorphous or single-phase disordered solid solution (BCC or FCC) with other elements, as
corroborated by data in Table 4.2 showing Al mixing enthalpy with other elements not
approaching zero. Consequently, titanium with a density of approximately 4.5 g/cc, followed
by vanadium with a density of about 6.1 g/cc, were selected, leading to the identification of Ti-
V as the initial binary pair with a mixing enthalpy of -1.70 kJ/mol. This selection adheres to
Criterion 1, with the Ti-V pair mixing enthalpy within the -2.0 to 0.0 kJ/mol range. Following
the subsequent criterion, Al, with a 2.7 g/cc density, was chosen as the 'C' type element, acting
as a solid solution splitter, with the Al-Ti-V system mixing enthalpy at -32.62 kJ/mol and size
difference (d) exceeding 2.77%, thereby meeting Step 2 requirements. In Step 3, zirconium and
chromium, with densities of 6.49 g/cc and 7.2 g/cc, respectively, were to be incorporated for
their isomorphous compatibility with Ti and V at elevated temperatures, respectively, leading
to the expectation that the Al-Ti-V-Cr-Zr system would form a eutectic and result in a

lightweight MPEA system. Notably, Zr was identified as the EFE in this system, having the

39



most number of binary eutectics with other elements, Al, V and Cr, along with a significantly
negative enthalpy, represented in Table 4.2.

Thus, by applying the design methodology detailed in Section 4.3, as suggested by Lu
et al. [87], which focuses on the proportional mixing of binary eutectics, the eutectic
composition in Al-Ti-V-Cr-Zr was identified as follows:
= Step 1 entails pinpointing the eutectic compositions in the three binary systems involving

Zr (Zr-Al, Zr-V, Zr-Cr). The determined eutectic compositions are ZreoAls1, Zrs7Va43 and
Zr76Cr24.
= Step 2 involves calculating the mixing enthalpies for the Zr-Al, Zr-V and Zr-Cr binary
equiatomic alloys, which are -43.7, -3.7 and -12 kJ/mol, respectively, represented in Table
4.2.
Eutectic composition of Zr-(Al-V-Cr):
= X(ZrgoAl31) + y(Zrs;Vas) + z(Zr76Crz4)
X (AH,ix of Zr — Al) = y(AH,,ix of Zr — V) = z(AH,,; of Zr — Cr)
x(43.7) = y(3.7)andy (3.7) = z(12),wherex+y+z =1
_ x X437
Y=737

X X 43.7
X X 43.7 —5 ) X37
X+ + &) =1
3.7 12

43.7x _
12

x+ 11.81x + 3.64x =1

x+ 11.81x +

X = m = 0061
_x X437 _ 0061 X437 _
Y="37 =~ 3.7 =Y

z=1-x—y=1-0.061—0.720 = 0.219
= 0.061(ZrgoAlsy) + 0.720(Zrs,Vas) + 0.219(ZrCrys)

= Z1y21Al1 g9 + Zr41.04V30.06 + Zr16.64CT526

= Zre1.89Al189V30.06Cr5.26

In this Zr-Al-V-Cr alloy system, it is crucial to note that the EFE represents 61.89
atomic percent, with the specific composition Ali.s6V30.96Crs.26 leading to the formation of a
single-phase body-centred cubic (BCC) structure [114]. It is to be noted here that the study

conducted by Jiang ef al. [64] identified a notable eutectic composition,
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Co21.525Cr22Fe22.35Ni21.12sNb13, with Nb acting as the EFE. This study demonstrated that after
identifying the eutectic composition Co21.525Cr22Fe22.35Ni21.125Nbi3, treating the equiatomic Co-
Cr-Fe-Ni as a single phase while maintaining a 13% atomic percentage of Nb enables the
attainment of a binary eutectic composition (CoCrFeNi)s7Nbis. Pursuing this approach, Jiang
et al. [64] discovered three other novel eutectic compositions: CoCrFeNiTao.47, CoCrFeNiZro.s
and CoCrFeNiHfo49, each experimentally verified with slight modifications. The precise
determination of the EFE composition emerges as a pivotal factor, indicating that adjustments
to the single phase without altering its crystal structure are likely to maintain the alloy position
within the eutectic range. Consequently, the (Zr)e1.89(AlVCr)3s.1 composition is also expected
to demonstrate the eutectic reaction.

Further to be noted, the study by Qui et al. [115] observed that the equiatomic AITiVCr
alloy forms a single-phase body-centred cubic (BCC) structure. Considering that Titanium
shares a similar atomic radius (~205 pm) and crystal structure (BCC) with vanadium and Cr is
isomorphous with V, particularly at elevated temperatures, the alloy (Zr)s1.9(AlTiVCr)s3s.1 is
expected to undergo a eutectic reaction. This expectation is bolstered by the ability to integrate
Ti into the alloy system without altering its single-phase BCC structure, simultaneously
reducing the alloy density by 0.34 g/cc, thereby offering a cost-effective alternative to
vanadium. Consequently, incorporating Ti leads to the formation of a lightweight EMPEA,
(Zr)61.9(AlTiVCr)3s.1, with each element (Al, Ti, V, Cr) being equiatomic and contributing 9.53
to the alloy composition. In line with the expectation, the theoretical density of the designed
alloy is noted to be 6.05 g/cc only, which is significantly lower than most of the reported alloys
in Table 4.1.

4.3.2: Experimental Verification of the Designed Composition

To further validate the empirical approach described earlier, the designed alloy
Zre1.9(AlTiVCr)ss.1 was synthesized using vacuum arc melting. SEM-EDS analysis conducted
at ten different locations, as detailed in Table 4.5, confirmed the uniform chemical composition
of the cast alloy, which is a characteristic feature of eutectic alloys. Moreover, the micrograph
displayed in Figure 4.3 showcases a two-phase eutectic structure featuring a tiger-skin pattern.
This type of eutectic morphology, with its combination of intermetallic phases, bears a
resemblance to findings reported by Rios ef al. [116] in the Nb-Al-Ni system. It is noteworthy
that the observed eutectic structure is multi-scale, a likely consequence of varying solidification

rates during melting. Chemical composition results from EDS analysis, presented in Table 4.6
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and performed at eight different locations, highlighted two distinct phases: a "black region"

and a "white region."

Pei g el
Bt e S e
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7 N
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In the black region, Zirconium dominates with a concentration of 53.28+2.49 at.%,
accompanied by significant levels of Cr, V, Al and Ti, indicating a composition rich in Cr and
V. Conversely, the white region features a higher Zirconium concentration of 66.10+1.54 at.%,
with a distinct variation in the concentrations of other elements compared to the black region.
The predominance of Cr and V in the black phase over the white phase suggests it could be a
Zr-(Cr-V) type Laves phase. Elemental mapping, as shown in Figure 4.4, corroborates this by
clearly illustrating the enrichment of Cr and V in the black phase and their depletion in the

white phase.

Table 4.5: EDS of the full area at 100x from ten different locations.

Flement Al Ti Vv Cr Zr
Nominal 9.58 9.58 9.58 9.58 61.7
Actual 9.374+0.42 9.754+0.32 9.20+0.30 9.1+1.27 62.6+0.94

Table 4.6: Point EDS at 8 different locations showing phase compositions.
Element Al Ti \Y Cr Zr
Black Region (#4)  9.2240.10  8.52+0.25 11.54+£0.91 17.12+1.46  53.28+02.49
White Region (#4) 9.0£0.17 10.50+0.35 06.22+0.80  9.08£1.27  66.10+01.54
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Figure 4.4: Elemental mapping of the as-cast alloy depicting the distribution of elements.

The X-ray diffraction in Figure 4.5 confirms the dual-phase nature, comprising C14
hexagonal Laves and C15 cubic Laves phases. The C14 Laves, with lattice parameters
a=b=3.15 A, ¢=5.03 A and angles alpha=beta=90°, gamma=120°, falls under space group
P63/mmc (No. 194), chemically represented as Tio3Zro7 type. The C15 Laves, cubic with
a=b=c=7.42 A and angles at 90°, belong to the Fd-3m space group (No. 227), identified as
Zn2V type. This dual-phase eutectic nature is further supported by a sharp endothermic peak in
the DSC curve in Figure 4.6. The compressive stress-strain curve at room temperature shows

complete brittle failure with a compressive strength of 780 MPa, indicating the influence of the

two Laves phases.
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Figure 4.5: XRD diffractogram of the as-cast alloy.
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Figure 4.6: DSC curve of the as-cast alloy.

4.4: Empirical Approach Extended to Other Systems

The empirical approach presented above can be extended to alloy systems like Co-Fe-
Ni-M (where M represents Nb, Zr and Ta), aiding in the identification of novel eutectic
compositions. Leveraging the extensive documentation of Co, Fe and Ni in existing databases,
this methodology enables cross-validation with CALPHAD predictions (with the TCHEA

database), as presented below.

4.4.1: Co-Fe-Ni-Ta System

The Co-Fe-Ni-Ta system exemplifies the A-B-C-D methodology presented earlier, with
Co-Ni (as A-B) identified as a single-phase solid solution characterized by an FCC structure.
Ta, serving as the 'C' element, acts as a solid solution splitter, while Fe is added as an additional
component. Within this system, Ta emerges as the EFE, capable of forming binary eutectics
with Co, Fe and Ni at atomic percentages of 12, 65.2 and 38, respectively. The mixing enthalpy
values for these binary pairs are noted as -23.9, -15 and -29.2 kJ/mol, respectively, as presented
in Table 4.2. This analysis leads to the identification of the eutectic composition involving Ta

and the Co-Fe-Ni combination, as follows:

Eutectic composition of Ta-(Co-Fe-Ni):
= x(Ta;;Cogg) + y(Tags 2 Fesqs) + z(TazgNig,)
X (AH i of Ta — Co) = y(AH,ix of Ta — Fe) = z(AHy;x of Ta — Ni)
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x(23.9) = y(15)andy (15) = z (29.2),wherex+y+z =1

X X 239
T
n x><23.9+ (xx1§3'9)><15 —1
15 29.2
23.9x _
x4+ 1.59x + 597 1

x4+ 1.59x+ 0.82x =1

x = —— =0.293
3.41

_x x 239 0293 x 239
Y="15 15

z=1-x—y=1-0.293-0.467 = 0.240
== 0.293(T312C088) + 0.467(Ta65'2F634'8) + 0.240(Ta38Ni62)

= 0.467

= Tass5,C02575 + TazgssFeie2s + Tag 12 Nijsgs

= Tay3,09C02578F€1625Nij4gg
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Figure 4.7: Phase evolution plots of
(a) Ta43.09Co25.78Fe16.25Ni14.88, (b) Tas3.00(CoFeNi)se.91 and (c¢) Tas3.09(CoCrFeNi)se.o1.
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Thus, the eutectic composition identified as Tas3.09Co02s.78Fe16.25Ni14.88 exemplifies
Tantalum as the eutectic forming element, constituting 43.09 atomic percent of the
composition. Co, Fe and Ni complement this by forming a single-phase FCC structure. As a
result, the composition Ta4309(CoFeNi)se91 is also expected to demonstrate the eutectic
reaction. This prediction is underpinned by phase fraction plots generated through CALPHAD
simulations using the TCHEA database, confirming the near-eutectic nature of both
Tas3.00C025.78Fe16.25N114.88 and Taa3.09(CoFeNi)se.91, as illustrated in Figures 4.8(a) and 4.8(b),
respectively. Further exploration reveals that the inclusion of Cr into the FCC of Co-Fe-Ni also
leads to a eutectic composition, specifically Ta43.00(CoCrFeNi)se.91, as shown in Figure 4.7(c).
Similar eutectic reactions can be verified in the following sections in Co-Fe-Ni-M (M = Nb
and Zr) systems. Also, it is to be noted that the CALPHAD predicted, calculated below, eutectic
composition (CoCrFeNi)so.sZro.s experimentally verified to be eutectic by Vrtnik ef al. [102]
and the (CoCrFeNi)ss.7sNbi12s by An et al. [117].

4.4.2: Co-Fe-Ni-Zr System
Eutectic composition of Zr-(Co-Fe-Nb):
= X(ZrgCog0.4) + y(ZrggFegq2) + z(ZrggNigy 7)
X (AH i of Zr — Co) = y(AHix of Zr — Fe) = z(AH i of Zr — Ni)
x (40.3) = y (24.6) and y (24.6) = z (48.4),wherex+y+z=1

x X 40.3
Y ="246
x4 XX403 (x>2<:2'3)><24-6 _
24.6 48.4
40.3x
x+ 1.64x + 184 =1

x+ 1.64x+ 0.83x =1

1
x = 3= = 0.288
x X 403  0.288 x 40.3
Y=""86 24.6
z=1—x—y=1-0288— 0472 = 0.240

= 0.288(ZrgC09¢4) + 0.472(ZrggFeqq,) + 0.240(ZrggNigq ,)

=0.472

= 7r;76C026.04 + Zry g3F€4357 + Zr; 11Nizg g9

= Zrg5C042604F€4257Nizg g9
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Figure 4.8: Phase evolution plots of
(a) Zr9.5C026.04Fe42.57N121.89, (b) Zro.s(CoFeNi)oo.s and (c) Zro.s(CoCrFeNi)oo.s.

4.4.3: Co-Fe-Ni-Nb System
Eutectic composition of Nb-(Co-Fe-Ni):
= x(Nb;3Cog7) + y(Nbg,Feq; g) + z(Nby4gNigs 1)
X (AHix of Nb — Co) = y(AH,;x of Nb — Fe) = z(AH,,;x of Nb — Ni)
x (24.5) = y(15.7) andy (15.7) = z (29.9),wherex+y+z =1

x X 24.5
Y= 157
x4 X X 24.5 N (xi(sz_:'s)X15-7 —1
15.7 29.9
24.5x
x+ 1.56x + 599 — 1

x+ 1.56x+ 082x =1
1
X = ﬁ = 0.296
x X 245 0.296 x 24.5
Y="157 T 157

= 0.462
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z=1—-x—-—y=1-0.296—-0.462 = 0.242
= 0.296(Nb,5C0g,) + 0.462(Nbg ,Fe; 5) + 0.242(Nb,, oNigs 1)
= Nb3g5C03575 + Nb3 79Fe,; 41 + Nbj 61 Nizg 59

= Nby;25C03575F€45.41Nizg 59
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Figure 4.9: Phase evolution plots of
(a) Nbi11.25Co025.75Fe42.41N120.59, (b) Nbi11.2s(CoFeNi)ss.7s and (¢) Nbi1.2s(CoCrFeNi)ss.7s.

4.5: Limitations of the Empirical Approach
The proposed empirical approach for identifying novel eutectic compositions in

MPEASs has certain limitations, some of which are mentioned below:

» Lack of specific phase identification: The method does not indicate which eutectic phases
will form. When targeting a specific combination of FCC and BCC phases for structural
applications, the approach does not provide a clear direction to achieve this combination.

» Reliance only on the enthalpy of mixing: The present method can only predict based on the
enthalpy of mixing, which could be improved by considering the other phase formation
materials descriptors such as VEC, atomic size difference, etc.

= Uncertainty around the pro-eutectic phase: The approach does not offer information about

the pro-eutectic phase, raising uncertainty about whether the designed composition will
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form an exact eutectic structure or possibly be just hypo-eutectic or hyper-eutectic
composition.

Focus on single two-phase eutectics: Primarily, the method identifies compositions leading
to two-phase pseudo-eutectics and does not address the identification of higher-order
eutectics or the search for an invariant eutectic.

Binary eutectic selection: This empirical approach lacks clarity on the rationale for
selecting specific types of binary eutectics, contributing to eutectic formation in MPEAs
and does not address the effect of considering other eutectics present in the binary elemental
pairs.

Constrained EFE: The strategy focused on the need for the EFE to form binary eutectics,
which may exclude potentially valuable compositions, especially in systems like Co-Cr-
Fe-Ni. For instance, Fe-based (Fe as an EFE) compositions may be overlooked due to Fe-

limited binary eutectic interactions with other elements in these kinds of systems.

4.6: Summary

In summary, Chapter 4 presents an advancement in designing new EMPEAs through

the introduction and application of an empirical approach based on binary eutectic clusters.

The following conclusions can be deduced from Chapter 4:

Empirical Approach Validation: The Chapter validates an empirical approach leveraging
binary eutectic clusters for the development of novel EMPEAs, showcasing a viable
alternative to Thermo-Calc software. This is significant as it circumvents the need for
extensive, often inaccessible databases and software.

Experimental Validation: The practical application of this methodology to the Al-Ti-V-Cr-
Zr lightweight EMPEA system and subsequent experimental validation of its eutectic
composition underscore the effectiveness of the approach proposed.

Versatility and Extension to Other Systems: The methodology extension to additional
systems like Co-Fe-Ni-M (M = Nb, Zr and Ta) illustrates its versatility and broad
applicability.
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CHAPTER S
The Single Phase Plus EFE Design Strategy via CALPHAD

5.1: Introduction

Building upon the empirical methodology detailed in Chapter 4, the present chapter
introduces a new design strategy that advances existing methods for identifying eutectic
compositions in multi-principal element alloys (MPEAs). The proposed methodology, termed
"Single Phase Plus EFE," employs pseudo-binary phase diagrams and Scheil solidification
simulations via CALPHAD to efficiently identify potential EMPEAs. The accuracy of this
approach is validated by comparing its predictions with reported EMPEAs. The practical
applicability of this strategy is demonstrated by designing and developing the first eutectic
composition in the Al-Fe-Ti-V-Zr system. Furthermore, the efficacy of this methodology is
underscored by the successful development of a novel EMPEA in the Al-Co-Fe-Ni system,
which exhibited an exceptional strength-ductility synergy, surpassing most as-cast EMPEAs.
The chapter concludes with a discussion of the limitations inherent to the proposed design

approach.

5.2: A Brief Note on the CALPHAD Aid

Identifying optimal compositions that exhibit simple solid solution phases in MPEA
systems itself presents a significant challenge. This challenge is primarily due to the extensive
compositional design space of these alloy systems, further compounded by the absence of
comprehensive phase diagrams. Consequently, the gravity of this challenge intensifies when
identifying eutectic compositions, given that eutectic reactions are contingent upon precise
elemental combinations and temperatures. Given these complexities, depending exclusively on
experimental investigations to identify eutectic compositions proves exceedingly laborious and
time-consuming. A prime example of this complexity is identifying a unique sunflower-like
eutectic structure in the Al-Cr-Cu-Fe-Ni system in 2013, as mentioned in Chapter 2. This
discovery resulted from experimental investigations across 12 alloys in the AlxCrCuFeNi2
series, with x ranging from 0.2 to 2.5 [39,93]. This example highlights the extensive
experimental efforts required to accurately identify a single eutectic composition in MPEA
systems. Further, these experiments become increasingly comprehensive and laborious when

adjustments across multiple elements are necessary to pinpoint these eutectic compositions.
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In addressing these challenges, the CALPHAD methodology becomes an essential
toolbox for the design of new MPEAs. As noted in Chapter 2, the efficacy of the CALPHAD
approach in elucidating complex phase diagrams and predicting phase formation tendencies in
MPEAs is well-documented in the literature. The CALPHAD methodology involves four key
steps to developing material systems databases: (i) collection of experimental data for
properties to be modelled, such as phase equilibria and thermochemical data; (ii) critical
assessment and selection of an appropriate model based on this data; (iii) optimisation of the
model-free parameters; and (iv) incorporation of the optimised parameters into a library of
models for various systems. Following the library update, validations against experimental data
for higher-order systems are carried out. The primary function of CALPHAD is to determine
the phase composition that minimises the total Gibbs energy of the system. This capability
enables the precise determination of thermodynamic properties of alloys across a broad
compositional spectrum, making CALPHAD an indispensable tool in the accelerated design

and development of new EMPEAs.

5.3: The ""Single Phase Plus EFE" Design Strategy
5.3.1: The Three-Step Design Criteria
The simplistic and accelerated "Single Phase Plus EFE" design methodology for

identifying EMPEASs unfolds in three key steps, as follows:

= (Step-1): Identify a multi-component single phase as a starting point, either a solid solution
or an ordered/disordered phase.

= (Step-2): Identify a suitable EFE capable of forming an intermetallic compound and a
binary eutectic with one of the elements (preferably with an enthalpy of mixing <
—15 kJ /mol) present in the single phase considered in the first step.

= (Step-3): A pseudo-binary phase diagram, obtained through the single phase-EFE in the
console mode of Thermo-Calc or through Scheil solidification or phase evolution

simulations in the graphical interface, will reveal the eutectic in the alloy system.

5.3.2: Reported Alloys Complying with the Single Phase Plus EFE Strategy

Table 5.1 presents various reported EMPEAs across different alloy systems,
demonstrating significant agreement with the proposed design strategy. Notably, most existing
design strategies do not specifically identify AICoCrFeNiz.1, the first reported and extensively
studied MPEA with a eutectic concept in the Al-Co-Cr-Fe-Ni system, as a potential eutectic
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composition [17]. Utilizing the proposed methodology, the AlCoCrFeNiz.i
(Ali639Co016.39Cr16.39Fe16.39Ni34.44) alloy is examined as a case study. Initially, consistent with
the first step of the 'Single Phase Plus EFE' methodology, the AICoCrFe alloy is identified as
exhibiting a single-phase BCC structure [118]. In the subsequent step, Ni is identified as an
EFE based on its capacity to form a binary eutectic and an ordered compound (B2) with
aluminium (Al) at a 75 atomic percentage of Ni concentration, with a mixing enthalpy of -
22.30 kJ/mol. The eutectic composition is then determined through Scheil solidification
simulation, as depicted in Figure 5.1(a) and by examining a pseudo-binary phase diagram of
AlCoCrFe-Ni, as shown in Figure 5.1(b). This analysis promptly reveals the eutectic

composition as Ali6.39C016.39Cr16.39F€16.39Ni34.44 at 1605.92 K.

Table 5.1: Validation of the reported EMPEAS of different alloy systems of fully eutectic
structure with the proposed "single phase plus EFE" design philosophy.

SN Year Reported Composition of EMPEA Single Phase = EFE Ref
Reported
01 2013 Al3.31Cr23.81Fe23.81Ni123.81M04.76 AlICrFeNi Mo [92]
02 2014  Ali639Co01639Cr16.39F€16.30Ni34.44 AlCoCrFe Ni  [17]
03 2015 Co21.74Fe21.74Ni21.74V21.74Mo013.04 CoFeNiV Mo [95]
04 2016 Co21.51Cr21.51Fe21.51Nbi13.9sNi21. 51 CoCrFeNi Nb  [29]
05 2017  Co02222Cr22.22Fe22.22Ni22.22Zr11.11 CoCrFeNi Zr [119]
06 2018 Co022.73Cr22.73Fe22.73Hf9.00Ni22.73 CoCrFeNi Hf  [64]
07 2018 Co020.83Cr20.83Fe20.83M016.67N120.83 CoCrFeNi Mo [107]
08 2018 Co2s.57Fe28.57Nb14.29Ni128.57 CoFeNi Nb [105]
09 2019  Ali489C021.28Cr21.28Fe21.28Ni21.28 CoCrFeNi Al [120]
10 2019  Co022.73Cr22.73Fe22.73Ni22.73Tag.09 CoCrFeNi Ta [121]
11 2020  Co020.25Cu20.25F€20.25N120.25Mo19 CoCuFeNi Mo [122]
12 2020 Cr21.0sNb21.0sTi21.05Zr21.05Al15.8 CrNbTiZr Al [123]
13 2021 Ali228Co17.54Cri7.54Fe17.54Mni7.54Ni17.54  CoCrFeMnNi Al [124]
14 2021  Co030.30Cr30.30Hf9.00Ni30.30 CoCrNi Hf  [125]
15 2021 Co028.74Cr28.74Nb13.79Ni28.74 CoCrNi Nb [126]
16 2021 Co029.41Cr29.41N129.41Ta11.76 CoCrNi Ta  [58]
17 2021 Cr3o0.21Fe30.21Nby.37N130.21 CrFeNi Nb [127]
18 2022  AlxoCr26.67F€26.67N126.67 CrFeNi Al [128]
19 2023  CosoFe30Niz0Zrio CoFeNi Zr [129]
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Figure 5.1: (a) Classic Scheil solidification simulation for Alis39C016.39Cr16.39F€16.39N134.44,
(b) Pseudo-binary phase diagram of AICoCrFe-Ni system.

5.3.3: Advantages over Existing Design Strategies

The proposed "Single Phase Plus EFE" design methodology offers several advantages
over existing approaches for identifying eutectics in MPEAs. Primarily, it broadens the
definition of an EFE. Initially proposed by He et al. [29] in 2015, the concept of an EFE was
restricted to elements that form binary eutectics with every other element of the alloy system
considered. However, the "Single Phase Plus EFE" approach refines this definition by

suggesting that an EFE only needs to form a binary eutectic and a compound with one of the
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elements in the system. Notably, most eutectic binary pairs exhibit relatively more negative
enthalpies of mixing, promoting compound formation. For instance, He ef al. [29] identified
Nb as the EFE in the Co-Cr-Fe-Ni-Nb system because Nb forms binary eutectics with Co, Cr,
Fe and Ni at approximately 14 atomic percentages. However, adhering strictly to this definition
would hinder the identification of eutectics in the widely studied Al-Co-Cr-Fe-Ni system, as
no single element forms binary eutectics with every other element in this system. For reference,

the binary eutectic compositions of selected elements are provided in Table 5.2.

Table 5.2: Binary eutectics among selected elements ("= eutectic present)
Al Ti V Cr Mn Fe Co Ni Cu Zr Nb Mo Hf Ta W

Al
Ti

Cr

Fe
Co
Ni
Cu
Zr
Nb

AYAN

NN YN NN

NN NN

NN
AYAN
AYAN

ANANANANANANANAN

Hf
Ta

A\
NN
A\
AYAN

AYAYAYAYANAN
ANAYAAANAN
A\

v’ v’

In contrast, the "Single Phase Plus EFE" methodology identifies Ni as an EFE in the
Al-Co-Cr-Fe-Ni system due to its ability to form both a binary eutectic and a compound with
Al. Consequently, the composition AICoCrFeNiz.1 is identified as a eutectic composition, as
detailed in Section 5.3.2. Another similar case demonstrating the utility of this refined
definition is the Al-Cr-Nb-Ti-Zr system. This nuanced definition significantly enhances the
methodology flexibility, enabling the identification of numerous new eutectic compositions in

MPEA systems.
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Figure 5.2: Phase evolution plots for AlTi-FexCrx alloys: (a) x =45, (b) x =40, (c) x =35, (d)
x =30, (e) x =25, (f) x =20, (g) x =15, (h) x =10, (i) x = 5.

Moreover, incorporating an EFE into a single phase simplifies the identification of
eutectic formation reactions, offering a more efficient approach than methods that combine
intermetallic phases with stable single phases [78]. For example, in the Al-Cr-Fe-Ti system,
considering AlTi as a compound (with an enthalpy of mixing of -29.50 kJ/mol) and FeCr as a
single-phase BCC structure (with an enthalpy of mixing of -1.50 kJ/mol), the simple
combination of an intermetallic phase with a single phase, as depicted in Figure 5.2, does not
reveal eutectic formation. However, using the proposed "Single Phase Plus EFE"
methodology—by treating CrFeTi as a single-phase BCC structure (as shown in Figure 5.3(a))
and designating Al as the EFE—a distinct eutectic formation reaction is observed at

Ali2.01(CrFeTi)s7.99, as illustrated in Figure 5.3(b) [130].
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Figure 5.3: Phase evolution plots for (a) CrFeTi and (b) Ali2.01(CrFeTi)s7.99 alloys.

Additionally, the proposed methodology provides valuable insights into thermal
stability by analyzing phase evolution plots in conjunction with pseudo-binary phase diagrams.
Also, this approach addresses the limitations of existing design criteria, such as the Valence
Electron Concentration (VEC) approach [72], the empirical binary eutectic clusters approach
detailed in Chapter 4 and mixing enthalpy methods, which often fail to indicate pro-eutectic or
third-phase formation [70,74]. Furthermore, the proposed methodology enables the strategic
selection of appropriate elements to achieve desired phase combinations, such as BCC + FCC
or BCC + Laves or FCC + Laves, marking a significant advancement over existing design
strategies [131,132]. Also, by varying only the EFE, the transition from hypo-eutectic to hyper-
eutectic compositions can be more readily understood. Finally, the practicality of this approach
is enhanced by the use of CALPHAD, which can be implemented in both console mode and

the graphical interface of Thermo-Calc software, requiring minimal computational time.

5.4: Identifying the First EMPEA in Al-Fe-Ti-V-Zr

A novel EMPEA was designed in the Al-Fe-Ti-V-Zr system to validate the proposed
design philosophy further. The selection of elements—Al, Fe, Ti, V and Zr—was strategically
made to employ the "Single Phase Plus EFE" methodology for identifying potential eutectic
compositions within this quinary system. This system was chosen due to the lack of reported
eutectic compositions and the relatively low densities (<8 g/cc) of elements, with the

expectation that their combination would result in an alloy density below 8 g/cc.
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Figure 5.4: Scheil solidification simulations of Fex(AlTiVZr)i00-x
(a) x =20, (b) x =40, (c) x=60, (d) x = 80.

The thermodynamic simulations began with an equiatomic mixture of Al, Ti, V and Zr

(AlTiVZr), which has been reported to exhibit a single-phase C14 Laves structure [133].

According to the "Single Phase Plus EFE" design strategy, the next step is to identify a suitable

EFE. Fe was selected as the EFE for this alloy system due to its ability to form a Laves phase

with Zr (Fe:Zr) with an enthalpy of mixing of -24.6 kJ/mol and a binary eutectic at 76 atomic

percent. It is important to note that, in the Al-Fe-Ti-V-Zr EMPEA system, not all binary

combinations among the constituent elements exhibit similar mixing enthalpies and Fe,

designated as the EFE, does not form a binary eutectic with every other element (Al, Ti, V and

Zr) (as represented in Table 5.2).
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With a basic thermodynamic understanding suggesting that the addition of Fe to
AITiVZr could result in the formation of the FeoZr Laves phase along with a Fe-rich BCC
phase, Scheil solidification simulations were conducted for compositions ranging from
Fex(AlTiVZr)100x, where x varied from 20 to 80, as illustrated in Figure 5.4. At x= 60, the
simulations revealed the formation of the C14 Laves as the primary phase, followed by a two-
phase mixture of C14 Laves and BCC, as shown in Figure 5.4(c). At x=80, the BCC phase
emerged as the primary phase, accompanied by a mixture of C14 Laves and BCC phases, as
depicted in Figure 5.4(d). These results suggest the possibility of a eutectic (or perhaps a two-
phase mixture) composition occurring between x=60 and x=80. Subsequent analysis confirmed
this hypothesis, identifying the eutectic composition at Fe73.17(AlTiVZr)26.83 at a temperature
of 1553 K, as illustrated in Figure 5.5(a). Further confirmation was achieved through a pseudo-
binary phase diagram generated in the console mode of Thermo-Calc, depicted in Figure
5.5(b). Insights from the phase evolution plot, shown in Figure 5.5(c), revealed a narrow
solidification range and no tendency for third-phase formation characteristics for this alloy. As
anticipated, the identified Fe7317(AlTiVZr)2683 eutectic composition has a maximum

theoretical density of 7.09 g/cc.

5.5: Experimental Verification of the EMPEASs of AITiVZr-Fe

To further experimentally validate the proposed design philosophy, three alloy samples,
designated as Fex(AlTiVZr)io00x (Where x=70, 73 and 75), hereafter referred to as Fe70, Fe73
and Fe75, were cast via vacuum arc melting. The elemental compositions of these as-cast
buttons, presented in Table 5.3, indicate minimal chemical segregation during casting, a

desirable characteristic of eutectic alloys.

Table 5.3: EDS of the full area at 100x at 5 different locations of the Fe70, Fe73 and Fe75.

Alloy  Composition Fe Al Ti \Y Zr
Fer Nominal 70 7.5 7.5 7.5 7.5
Actual 70.7+0.5 6.8+0.5 7.0£0.2 6.4+0.3 9.2+0.3
Fers Nominal 73 6.75 6.75 6.75 6.75
Actual 73.4+1.3 4.71+£0.8 7.8+£0.1 7.9+£0.2 6.1+0.8
Fors Nominal 75 6.25 6.25 6.25 6.25
Actual 75.7+0.7 7.3+0.4 5.5+0.2 6.3+0.3 5.3+0.5

Further, as anticipated, scanning electron micrographs (Figure 5.6) reveal that the Fe70,

Fe73 and Fe75 alloys correspond to hypo-eutectic, eutectic and hyper-eutectic compositions,
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respectively. The white, flower-like regions observed in the micrographs are identified as the
Laves phase containing Zr. In contrast, the black regions represent the Fe-rich BCC phase,
which forms a pro-eutectic phase in the Fe70 and Fe75 alloys. The Fe73 alloy exhibits a
eutectic composition of these two phases, displaying a distinct cellular eutectic structure

without any pro-eutectic phases.

Eutectic colony boundary
Eutectic ! S e Rod-like eutectic
’ ; : S YW Js PN
(L ’ s,
Eutectic colony boundary

i

Eutectic colony boundary

l Cellular Eutectic

Figure 5.6: SEM-BSE micrographs of
(a) Fe70, (b) Fe73, (c) Fe75 and (d-e) Fe73 alloy at higher magnifications.

At higher magnifications, as depicted in Figure 5.6(d), the presence of a lamellar and
rod-like eutectic morphology within these cellular eutectic colonies becomes evident. This

observation suggests alloy sensitivity to the solidification rate, resulting in quasi-regular
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lamellae formed due to dynamic metastability caused by varying solidification rates across
different parts of the alloy [134]. The lamellar spacing within these colonies is measured to be
approximately 625+18 nm. Additionally, a micrograph taken at a very low magnification
(180x), shown in Figure 5.7, further confirms the eutectic nature throughout the sample,
demonstrating uniform microstructural features without compositional segregation or the

presence of any third phase.

X 180 2 Vv COMPOC SEM

Figure 5.7: SEM-BSE micrograph of Fe73 alloy at lower magnification (180x).

The elemental mapping presented in Figure 5.8 further reveals a clear separation
between the Laves and BCC phases. The white phase corresponds to the Zr-rich Laves phase,
characterized by a noticeable depletion of V and Fe, while Ti is observed to be dissolved within
the Laves phase, as anticipated due to the high miscibility of Zr and Ti at elevated temperatures.
The contrasting black phase is predominantly Fe-containing BCC, marked by a significant
presence of V and a notable reduction in Zr and Ti. Al is uniformly distributed in both the Laves
and BCC phases. The XRD patterns in Figure 5.9 corroborate the microstructural observations
depicted in Figure 5.8, confirming the presence of two distinct phases in the developed alloys.
The primary phase, BCC, is identified by its characteristic (110) peak attributed to the Im-3m

space group (#229), which is more prominent as the Fe content increases, indicating a higher
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volume fraction of the BCC phase. Additionally, the Zr-rich C14 Laves phase, associated with
the P63/mmc space group (#194), is also identified.

O g ™

Al « il e
8 :
o =

Figure 5.8: EDS elemental mapping of (a) Fe70, (b) Fe73 and (c) Fe75 alloys.

The combined analysis from X-ray diffraction and scanning electron microscopy
reveals that the alloy, particularly Fe73, exhibits a two-phase mixture of Laves and BCC
phases, with cellular eutectic-like colonies containing rod-like and lamellar-like structures
within these colonies. To definitively confirm Fe73 as a eutectic composition, it is essential to
verify its characteristic eutectic reaction—specifically, the transition from liquid to two solid
phases at a single melting point upon cooling or two solid phases melting at the same
temperature upon heating. Therefore, to confirm the eutectic nature of Fe73, a 40 mg sample
was subjected to heating. The resulting DSC curve in Figure 5.10 displays a sharp endothermic

peak upon heating and a corresponding exothermic peak during cooling. This observation
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conclusively confirms Fe73 as a eutectic composition with a narrow solidification range of
approximately 20 °C. Additionally, the onset of solidification closely matches the onset of

melting, indicating the absence of third-phase formation or chemical segregation, as observed

in Figure 5.7.
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Figure 5.9: XRD patterns of Fe70, Fe73 and Fe75 alloys.
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Figure 5.10: DSC curve of Fe73 alloy.
The Fex(AlTiVZr)i00x EMPEASs exhibit a simple solid solution of BCC along with the
C14 Laves phase. The formation and stability of phases in MPEAs can be further empirically

understood using several thermodynamic parameters, as discussed in Chapter 2. Among these
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parameters, atomic size difference (), mixing enthalpy (AHmix), mixing entropy (ASmix) and

valence electron concentration (VEC) are particularly noteworthy. These parameters can be

calculated using the following equations:

L

— \n mix
AHpix = di=1,i=j 4AH ™

n
ASpix = —R Z x;lnx;
i=1

n
VEC = inVECi
i=1
n
Tn = ExiTmi
i=1
0= TmASmix/IHmixl

n n 2
Ci <1 - Ti/z Ci’"i)
i=1 i=1

xixj

(Eq.5.1)

(Eq.5.2)

(Eq.5.3)

(Eq.5.4)

(Eq.5.5)

(Eq.5.6)

Where x; = mole fraction of component i, x; = mole fraction of component j, AH m‘l’]‘ =

mixing enthalpy between the ith and jth components, n = number of constituent elements, R =

ideal gas constant (8.314 J/K.mol), T,,; = melting temperature of component i, ; = the atomic

radius of element i, 7; = the atomic radius of element j and VEC; = VEC of component i. The

atomic radius (r), melting point (T,,), VEC and densities (p) of the constituent elements are

listed in Tables 5.4 and 5.5.

Table 5.4: The atomic radius (r), melting point (T;,,), valence electron concentration (VEC)

and density (p)

Element (r) (pm) Tn (K) VEC p (g/cc)
Al 143.17 933 3 2.702
Ti 146.15 1941 4 4.540
\Y 131.60 2183 5 6.110
Zr 160.25 2128 4 6.510
Fe 124.12 1811 8 7.874
Co 125.1 1768.0 9 8.90
Fe 124.1 1811.0 8 7.88
Ni 124.6 1728.0 10 8.91
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Table 5.5: AHmix (kJ/mol) values of the constituent elements.

Al Co Cr Fe Ni Ti \% Zr
Al 0
Co -18.8 0
Cr -9.9 -4.5 0
Fe -11.1 -0.6 -1.5 0
Ni -22.3 -0.2 -6.7 -1.6 0
Ti -29.5 -28.3 -7.5 -16.8 -34.5 0
\Y -16.3 -14 -2 -7.1 -18 -1.7 0
Zr -43.7 -40.3 -12 -24.6 -48.4 -0.2 -3.7 0

The calculated thermodynamic parameters via equations 5.1 to 5.6 are represented in
Table 5.6, indicating that the configurational mixing entropy is insufficient to compensate for
the mixing enthalpy, promoting intermetallic phase formation. Zhang et al. [135]. defined a
range utilising AH,,,;,, and 0: 20 < AHmix < 0 kJ/mol and 5 < 6% < 6.6, to form a mixture of
disordered and ordered solid solutions. Also, the eutectic stability in fully eutectic and near
EMPEAs was estimated by Chanda et al. [121] that the eutectic phases become stable when
—18 < AH,;;,, = —6, 6 < VEC <85 and 0>3%. The currently developed completely

eutectic Fe73 alloy and nearly eutectic Fe73 and Fe75 alloys fulfil this criterion.

Table 5.6: Calculated thermodynamic parameters of the developed EMPEAs.
AHmix ASmix

BRSSO Q () VEC
Fe70 1466 1.03R 1.05 8.58 6.80
Fel3 J13.48 0.96R 1.07 831 6.92
Fe75 112,66 0.91R 1.08 8.11 7.00

5.6: Designing an EMPEA for Strength-Ductility Synergy

After validating the 'Single Phase Plus EFE' design philosophy by developing the first
eutectic in the Al-Fe-Ti-V-Zr system with a BCC plus Laves combination, a new lightweight
EMPEA featuring a B2 plus FCC combination was designed. The objective was to achieve an
appreciable strength-ductility synergy to that of AICoCrFeNiz.1, which demonstrated a density
of 7.38 g/cc, remarkable castability, significant elongation (17%) and high fracture strength
(1009 MPa) [50]. Despite the development of numerous EMPEAs subsequent to
AlCoCrFeNiz.1, none have surpassed or replicated its strength-ductility synergy. Additionally,
two challenges persist with the AICoCrFeNiz.i alloy: firstly, there is no definitive design
rationale for this exact composition and secondly, the coexistence of Cr and Fe in this alloy

raises the potential for sigma phase formation [136,137]. Consequently, the new lightweight
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EMPEA with a B2 plus FCC combination aimed to address these challenges and further

substantiate the 'Single Phase Plus EFE' design philosophy. In this context, four considerations

guided the design approach to determine the optimal composition:

1. Considering elements from the TCHEAS database of the Thermo-Calc program.

2. Metallic elements with densities below 10 g/cc were considered to ensure that the designed
alloy density was low.

3. Requiring the FCC phase fraction in the designed alloy to be more than 50% to get a good
amount of ductility, as implied from the literature, represented in Table 5.7.

4. Avoiding combinations involving both Fe and Cr to prevent the potential formation of the
sigma phase.

Here, it is noted that CALPHAD observations by Oliveira et al. [138] suggest that the
eutectic alloy AlCoCrFeNiz21 is predicted to undergo sigma phase formation within the
temperature range of 500-800 °C. This prediction aligns with the model proposed by Tsai et
al. [139,140], which indicates that Cr-containing MPEAs with a VEC between 6.88 and 7.84

are susceptible to sigma phase formation.

Table 5.7: Ultimate tensile strength (MPa) and uniform elongation for literature-reported
EMPEAs of FCC+B2 at a strain rate of 1 X 1073 s~ done at room temperature in the as-cast
condition (DIC = digital image correlation, E = extensometer, MD = machine data).

Composition FCC Omax &p p Strain Ref
% (MPa) (%) (g/cc) Calculation
(AlCoFe)ss(Ni)as 61 1014 17,5 7.16 DIC This
work
(AlCoCrFe)6s5.36(Ni)34.64 65 1009 17 7.08 DIC [50]
Ni30Co30CrioFe10Alis W2 60 1200 15 7.38 DIC [141]
Al7CrsFe32Nia3 60 951 15.2 7.02 E [142]
Ali6.4CrisFe2Nias.6 60 1012 126 7.01 E [142]
Ali6.6Cri2Fe2sNi43.4 60 979 12.1 7.03 E [113]
Ali16Ca0Fe20Nia4 60 1050 108 7.02 E [142]
Ali13C020Cr20Ni42 - 1033 69 7.03 E [143]
Ali639Cri639Fe24.59Ni42.63 72 1028 18.3 7.00 MD [72]
Ali9Co20Fe20Ni41 - 1050 16 7.10 MD [57]
Ali9.51C024.39Cr14.64F€17.07N124.39 70 980 14.8 6.86 MD [144]
Al17.5C020Cr20Ni42.5 82 1273 144 7.07 MD [145]
Ali6.3C025Cr25Ni33.7 843 1109 13.6 7.08 MD [145]
Al18Co13CrioFe14Niss - 1047 10.83 7.07 MD [146]
Ali6.67Cri6.67F€16.67N150 70 1200 10.1 7.05 MD [113]
(AlisCo13Crio0Fe14Nias)(100—x) Tix - 1065 9.18 7.05 MD [113]
(x=0.5)
Al13C024Cr20Niss 59 1005 8.1 7.03 MD [147]
(AICoCrFe)ss5.36(Ni)34.64 71 1057 8§ 7.08 MD [146]
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(AlisCo13CrioFe14Nias)(100x) Tix - 1244 751 7.03 MD [148]

(x=1)
Al1837C020.40F€20.40N140.83 60 1005 6.2 7.14 MD [149]
Al20.45C010Cr10N159.55 68 718 1.85 7.01 MD [145]

Z
\."/ —0.20kJ/mol

— 1.60 kJ/mol

Figure 5.11: Chemical mixing enthalpies for atomic pairs among the alloying elements; the
dashed line indicates a binary eutectic reaction.

The four criteria presented above were initially addressed by evaluating ten metallic
elements: Al, Co, Cr, Cu, Fe, Nb, Ni, Ti, V and Zr. In the subsequent screening process, costly
elements such as Ti, V, Nb and Zr were excluded. Additionally, Cu was removed due to its
positive enthalpy of mixing with other elements, which could lead to compositional segregation
[86,150]. Given the cost-effectiveness of Fe and its potential to form the FCC phase with Ni or
Co, the Cr-Fe combination was also excluded to avoid sigma phase formation [137].
Consequently, the elements selected for further consideration include Al, Co, Fe and Ni. The
mixing enthalpies and binary eutectic reactions among these elements are illustrated in Figure
5.11.

To comply with the first step of the "Single Phase Plus EFE" design approach, the Al-
Co-Fe system was selected as a potential B2 phase former, based on the binary phase diagrams
of Al-Co and Al-Fe. The CALPHAD analysis, shown in Figure 5.12(a), effectively identified
the B2 phase in AICoFe. This identification was further confirmed by XRD results presented
in Figure 5.13, which were obtained from the as-cast vacuum arc-melted button. The XRD
patterns reveal a distinctive superlattice peak at 31°, corresponding to the (100) plane,

validating the presence of the B2 phase in AlCoFe.
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Figure 5.12: (a) Phase evolution plot for AlCoFe, (b) Pseudo-binary phase diagram for
AlCoFe-Ni, (c) Scheil solidification simulation for (AlCoFe)ss(Ni)ss and (d) Phase evolution
plot for (AlCoFe)ss(Ni)a4s.

The second step of the "Single Phase Plus EFE" design approach involves selecting the
EFE, with 'Ni' emerging as the sole viable candidate. Nickel is well-suited for this role, as it
forms a robust intermetallic compound with Al, characterized by an enthalpy of mixing of -
22.30 kJ/mol and a long-range order parameter 'L' of 0.92. Additionally, Ni forms a binary
eutectic with Al at 75 at.%. For the third and final step, a pseudo-binary diagram analysis of
the AICoFe-Ni system indicated a eutectic reaction at approximately 45 atomic percent Ni, as
illustrated in Figure 5.12(b). To validate the formation of eutectic phases, Scheil solidification
simulations and phase evolution plots were conducted for the composition (AlCoFe)ss(Ni)as,
as shown in Figures 5.12(c) and 5.12(d). These simulations confirmed the eutectic formation
of FCC and B2 phases at 1636 K, with approximately 70% FCC phase fraction. This result is
consistent with the goal of achieving an elongation comparable to that of AICoCrFeNiz.1, which

has a 65% FCC fraction.
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Figure 5.13: XRD patterns of the as-cast AlICoFe and (AlCoFe)ss(Ni)4s alloys.

The effectiveness of the "Single Phase Plus EFE" design approach is demonstrated
through the analysis of potential combinations involving Al, Co, Fe and Ni. Four scenarios
were considered for the initial step: (1) CoFeNi, an FCC single phase; (2) AlCoFe; (3) AlFeNi;
and (4) AICoNi, each forming single-phase B2 structures, as illustrated in Figure 5.14(a-c).
For the second step, eutectic forming elements are Al, Ni and Co for the first three scenarios,
respectively. In the fourth scenario, Fe is proposed as the eutectic forming element. However,
Fe does not form compounds with a relatively low enthalpy of mixing with Al, Co, or Ni,
failing to meet the requirements of step 2 of the design philosophy. This limitation could
impede the eutectic reaction in the AlICoNi-Fe pseudo-binary phase diagram.

Figure 5.12(b) showed a eutectic reaction in the AlCoFe-Ni system. To validate this
finding, further analyses of the pseudo-binary phase diagrams (CoFeNi-Al, AlFeNi-Co and
AlICoNi-Fe) were conducted. The results, shown in Figures 5.14(d-h), confirmed eutectic
reactions in the first two cases but not in the latter, supporting the initial hypothesis. Comparing
the compositions of EMPEAs—(CoFeNi)sas(Al)is2 and (AlFeNi)474(Co)s2.c—from the
CoFeNi-Al and AlFeNi-Co pseudo-binary phase diagrams revealed that the former
compositions contained higher cobalt content (28.27 at.% in (CoFeNi)s4.8(Al)15.2 and 52.6 at.%
in (AlFeNi)47.4(Co)s2.6). Consequently, the composition (AlCoFe)ss(Ni)4s, derived from the
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AlCoFe-Ni pseudo-binary phase diagram with 18.33 at.% Co was selected for experimental

validation.
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Figure 5.14: (a-c) Phase evolution plots of CoFeNi, AIFeNi and AICoNi, respectively;
(d-f) Pseudo-binary phase diagrams of CoFeNi-Al, AlFeNi-Co and AICoNi-Fe, respectively;
and (g-h) Phase evolution plots of (CoFeNi)sa.s(Al)is.2 and (AlFeNi)47.4(Co)s2.6, respectively.

5.7: Experimental Verification of the (AlCoFe)ss(Ni)4s alloy

Guided by CALPHAD predictions, three compositions of (AlCoFe)100-x(Ni)x (where x
= 40, 45 and 50) were synthesised to substantiate the proposed design philosophy further.
Micrographs and EDS elemental composition analyses of (AlCoFe)so(Ni)so and
(AlCoFe)s0(Ni)so, representing hypo- and hyper-eutectic compositions, respectively, along with

the eutectic (AlCoFe)ss(Ni)4s, were presented in Figure 5.15 and Table 5.8, respectively.
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Figure 5.15: SEM secondary electron (SE) micrographs of
(a) (AICoFe)s0(Ni)40, (b) (AlCoFe)ss(Ni)4s and (¢) (AlCoFe)so(Ni)so.
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Table 5.8: Elemental composition analysis of (AlCoFe)i00x(Ni)x (x = 40, 45 and 50) at 10
different locations at 100x

Alloy Composition Al (at.%)  Co (at.%) Fe (at.%) Ni (at.%)
(AICoFe)so(Nipw — o 20.5i02.2 19.9i02.g 19.9J_r02.g 39.8J_ro4.(3)
(AlCoFe)ss(Ni)as N:?tlflr;?l 19.21;;63.2 17.8?632 183 113:33 44.7 + 0.15
(AlCoFe)so(Ni)so N::tlli;?l 16,611666.2 16.811666.461 16.6116662 so.oios.g

AR
gula

Figure 5.16: (a) SEM image of the dual-phase eutectic microstructure of the as-cast
(AlCoFe)ss(Ni)ss, (b-c) EDS elemental mapping and (d) EDS line analysis showing
distributions of Al, Fe, Co and Ni.
Of particular significance is the eutectic composition (AlCoFe)ss(Ni)4s, which exhibited

an exquisite dual-phase eutectic microstructure, as depicted in Figure 5.16(a), acquired under

SEM-BSE (backscattered electron) mode. The phases identified through XRD, as shown in
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Figure 5.13, agree with the microstructural features presented in Figure 5.16, providing further
evidence of the dual-phase microstructure in the alloy. The Sin?6,: Sin?8,: Sin?0;... ratio
analysis, focusing on the peaks with higher intensities, shows a ratio of 3:4:8:11:12:16,
suggesting the presence of FCC as one of the constituent phases. The remaining peaks, which
could potentially follow a 2:4:6 ratio indicative of a BCC structure and the identification of
superlattice peaks at 31° and 55°, corresponding to the (100) and (111) planes, respectively,
confirm the presence of an ordered BCC (B2) phase. Additionally, the DSC trace shown in
Figure 5.17 exhibits a sharp endothermic peak corresponding to the eutectic characteristic, i.e.,
'solid phase 1 (FCC) + solid phase 2 (B2) — liquid,’ during the melting process. This
observation further confirms the eutectic nature of (AlCoFe)ss(Ni)4s. The onset of melting was
observed at 1371 °C (1644 K), which aligns well with the CALPHAD prediction, further

validating the accuracy of the designed eutectic composition (AICoFe)ss(Ni)4s.

T, =1371°C

Endothermic (a.u.)

1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature, T/°C
Figure 5.17: DSC trace of (AlCoFe)ss(Ni)ss alloy.

The calculated thermodynamic parameters for (AlCoFe)ss(Ni)4s, as presented in Table
5.9, meet the criteria given in equations 5.1 to 5.6, providing further evidence of the eutectic
formation of FCC plus B2 phases. The microstructure of the as-cast (AlCoFe)ss(Ni)ss alloy,
depicted in Figure 5.16, displays distinct regions of regular lamellar eutectic (highlighted in
ellipses) and irregular eutectic patterns (highlighted in circles). The regular eutectic pattern
exhibits a lamellar spacing of 10984265 nm, while the irregular quasi-lamellae demonstrate

apparent relative coarsening, indicative of a hierarchical microstructure.
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Table 5.9: Calculated thermodynamic parameters for (AlCoFe)ss(Ni)4s
Composition 6 (%) AH,,;, (KJ/mol) AS i (J/K.mol) VEC

(AICOFe)ss(Ni)ss 5.63 —12.05 10.74 8.17

The solidification of the eutectic mixture commenced with the growth of straight,
regular lamellae characterized by slight anisotropic variations. This uniform eutectic pattern
arises from the concurrent growth of FCC and B2 phases of the liquid melt, exhibiting a steady-
state coupling. As the solidification progresses, deviations from steady-state growth can
manifest due to instabilities from the concentration boundary layer ahead of the eutectic front,
leading to the transition from uniformity [121]. Furthermore, the partitioning of the eutectic
into regular and irregular patterns can also occur due to temperature gradients and variations
in cooling rates surpassing a critical threshold [151]. The corresponding EDS maps and line
analyses, respectively, for Figure 5.16(b-c) and Figure 5.16(d), confirm that the FCC phase
contains elevated concentrations of Co and Fe, while the B2 phase is enriched with Al, with Ni
being distributed uniformly in both phases. The similar mixing enthalpies (AHNL- €0 =
—0.20 kJ/mol and AHN"F€ — 1,60 k] /mol) and atomic radii (Table 5.4 and Table 5.5) for
Co, Fe and Ni explain the dissolution of these elements within the FCC phase and the B2 phase
formation of AINi (AHA-N! = —22.30 kJ/mol). The corresponding EDS spot analysis of
Figure 5.16(b) determined the presence of elements in each phase, represented in Table 5.10,
further informing the enrichment of Al in the B2 phase. Phase fractions were quantified by
analyzing multiple micrographs at 500x magnification, revealing volume fractions of 61% for
the FCC phase and 39% for the B2 phase. These phase fractions show a minor deviation from
the CALPHAD equilibrium phase predictions of 70% for FCC and 30% for B2. This observed
slight discrepancy might be ascribed to deviations from equilibrium cooling rates and thermal

gradients during the eutectic solidification process, thereby emphasizing the formation of

quasi-lamellae.

Table 5.10: Phase compositions for (AICoFe)ss(Ni)4s

Phase Fraction Al (at.%) Co (at.%) Fe (at.%) Ni (at.%)
FCC (61%) 9.9+0.1 21.2+0.2 24.6+0.2 44.3+0.3
B2 (39%) 22.4+0.4 15.5+0.2 16.6+0.1 45.5+0.2

5.8: Mechanical Properties of the (AlCoFe)ss(Ni)4s alloy

The developed EMPEA (AlCoFe)ss(Ni)4s underwent uniaxial tensile and compression
tests to reveal its mechanical properties. Under compression, the alloy exhibited a fracture

strength of 1994+88.1 MPa and a strain of 42.46+1.47%, as illustrated in Figure 5.18. The
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observed compressive fracture strain exceeds that of most reported as-cast EMPEAs, as

detailed in Table 5.11.
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Figure 5.18: Compression stress-strain curve of (AlCoFe)ss(Ni)ss alloy.

Table 5.11: Compression fracture strength vs. elongation for literature-reported EMPEAs

containing FCC phase at room temperature and a strain rate of 1 X 1073 s™%,
Alloy Phases oy (MPa)  omax (MPa) ¢ (%) Reference
AlCoFeNi2.4 FCC+B2 554 1994  42.5 This Work
FeaNiCrNbo.34 FCC + Laves 988.7 2267  30.8 [152]
CrFeNiNbo.3s FCC + Laves 1204.67 2411.12 30.23 [127]
CoCuo.sFeNiTaos FCC + Laves 1595 3160 24 [153]
(CoFe2NiVo.sMoo.2)91(Nb)e FCC + Laves 1118.2 2050.8 19.3 [154]
CoCrFeNiNbo.s FCC + Laves 2060 2200 17 [155]
CrFeNi2Nbo.s FCC + Laves 1232.1 2060.6 14.4 [156]
FeaNi2CrMoi 25 FCC+o — 1745 9.2 [157]
CoCrFeNiHfo.4 FCC + Laves 1200 - 5 [158]
CoCrFeNiHfo.4 FCC + Laves 1501 2050 4.5 [32]
Fe3.sNi25Cr2.5sMoi s FCC+o 1065 1875 3.7 [159]
CoFeNi2Vo.5sNbo.7s FCC + Laves 2073 2232 3.4 [94]

The tensile stress-strain curve for the as-cast alloy is shown in Figure 5.19(a), obtained
at room temperature using DIC to ensure accuracy and minimize potential compliance errors
of the testing equipment. The average ultimate tensile strength and elongation were measured
at 1014+4.95 MPa and 17.5+0.70%, respectively. Notably, the alloy demonstrates a substantial
increase in stress, from a yield strength of 498 MPa to an ultimate tensile strength of 1014 MPa,

highlighting its excellent strain-hardening ability. Furthermore, the tensile engineering stress-
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strain curve shows no significant necking phenomenon, as illustrated in Figure 5.19(a), similar
to the behaviour observed in AlCoCrFeNi21. The absence of significant necking can be
attributed to strain distribution resulting from alternating deformation between the softer FCC
and harder B2 phases [19]. Figure 5.19(b) reveals a typical trench-like morphology on the
tensile fracture surface of (AlCoFe)ss(Ni)4s, providing insights into its fracture behaviour.
During tensile deformation, the harder B2 phase undergoes minimal deformation while the
ductile FCC phase extends, contributing to the observed mechanical behaviour. Consequently,
the FCC phase experiences gradual thinning, forming dimples (marked in ellipses), while the
less deformed B2 phase remains at the trench base, forming quasi-cleavage marks (marked in
rectangles), as shown in Figure 5.19. This observation was further supported by EDS analysis
of the fractured surface, indicating Al enrichment in the quasi-cleavage regions and depletion
in the dimples, as presented in Table 5.12. This suggests that the dimples are formed due to

FCC phase deformation, while the cleavages result from B2 phase deformation.

Table 5.12: Chemical composition of phases on the tensile fracture surface of

(AICoFe)ss(Ni)4s
Region of Interest Al (at.%) Co (at.%) Fe (at.%) Ni (at.%)
Quasi-cleavages (B2) 12.46+1.95 26.14+1.73 29.04+1.05 32.37+0.96
Dimples (FCC) 05.22+0.84 26.12+1.82 27.97+0.98 40.71+3.63

A comparative assessment presented in Figure 5.20 highlights the superior tensile
performance of the developed alloy, surpassing most reported as-cast EMPEAs, as detailed in
Table 5.7 [160]. The developed alloy, (AlCoFe)ss(Ni)4s, demonstrates a density very close to
that of alloys containing chromium despite its chromium-free composition. The exceptional
strength-ductility synergy can be attributed to the distinct hierarchical eutectic microstructure.
The notable elongation was primarily achieved by incorporating Ni, an FCC phase former, into
AlCoFe, an ordered BCC known for its limited plasticity but high strength. The similar phase
fractions of AICoCrFeNiz.1 (65% FCC and 35% B2) and (AlCoFe)ss(Ni)4s (61% FCC and 39%
B2) elucidate the reason for their comparable strength-ductility synergy. It is noteworthy that
the only as-cast alloy exhibiting superior elongation compared to (AlCoFe)ss(Ni)4s was as-cast
Ali639Cr16.39Fe24.50N142.63, with an elongation of 18.3% [72]. However, the strain measurement
in that report utilized a traditional extensometer, which generally tends to overestimate
compared to DIC [72]. However, a very similar composition, Ali6.4CrisFe24Nia3.6, demonstrated

a ductility of approximately 12.6% when measured with an extensometer [72,142]. In contrast,
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the strain measurements in the present study were conducted using the DIC technique, which

provides more accurate strain measurements.
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Figure 5.19: (a) Tensile stress-strain curve and
(b) tensile fracture surface morphology of (AlCoFe)ss(Ni)4s alloy.
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Figure 5.20: Comparison of ultimate tensile strength versus uniform elongation for
(AICoFe)s5(Ni)4s and literature-reported FCC+B2 EMPEAs at a strain rate of 1 x 1073 s71
and room temperature in the as-cast condition.

78



5.9: Inherent Limitations of the Single Phase Plus EFE Design Strategy

Despite the significant advancements offered by the "Single Phase Plus EFE" design

strategy in expediting the identification of new eutectic compositions in MPEA systems, this

methodology has inherent limitations. These limitations include:

Limited to Identifying Single Two-Phase Eutectics: The methodology primarily identifies a
single two-phase pseudo-eutectic, lacking the ability to detect higher-order eutectics or an
invariant eutectic.

Restriction Due to EFE Binary Eutectic Requirement: The strategy reliance on the EFE
having a binary eutectic may inadvertently exclude some desirable compositions. For
instance, in systems like Co-Cr-Fe-Ni, the pursuit of Fe-based compositions might be
limited due to the absence of binary eutectics involving Fe or its low enthalpy of mixing
with other elements (Co, Cr and Ni).

Constraint on Non-Equiatomic EMPEA Identification: The current strategy, based on a
pseudo-binary approach, does not naturally identify non-equiatomic EMPEAs unless

started with a non-equiatomic single phase in the first step.

5.10: Summary

Introduction of the "Single Phase Plus EFE" Strategy: This chapter introduces a novel alloy
design approach that leverages CALPHAD to redefine the concept of the ‘EFE’ (Eutectic
Forming Element).

Experimental Verification: The efficacy of the proposed strategy is demonstrated through
practical experiments, leading to the design and development of the first eutectic
composition in the Al-Fe-Ti-V-Zr system and an EMPEA in the Al-Co-Fe-Ni system. The
(AlCoFe)ss(Ni)ss alloy exhibited a remarkable strength-ductility synergy, surpassing most
reported as-cast EMPEAs at room temperature.

Advantages and Limitations: The strategy provides a streamlined and insightful approach
compared to traditional alloy design methods, facilitating the rapid identification of new
eutectic compositions. However, the chapter also acknowledges the inherent limitations of

the methodology, outlining areas for future research.
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CHAPTER 6
The High-Throughput CALPHAD Approach

6.1: Introduction

Eutectic reactions in binary alloy systems are characterized by the simultaneous melting
of two solid phases at a specific temperature and composition, known as the invariant eutectic
point. This thermal equilibrium state, with zero degrees of freedom, is typically represented as
an invariant point in binary phase diagrams, as illustrated in Figure 6.1(a). In ternary alloy
systems, the Gibbs phase rule indicates that the invariant eutectic reaction involves the melting
of three solid phases at a specific temperature, depicted as a point in the ternary phase diagram.
This transition from binary to ternary systems shifts the binary eutectic representation from a
point to a line, as shown in Figure 6.1(b). In quaternary and quinary systems, the binary
eutectic points further evolve into areas and volumes, respectively, as demonstrated in Figures
6.1(c) and 6.1(d).

This progression from a point to a line and then to an area and volume underscores a
crucial distinction: in systems beyond binary alloys, eutectics with only two solid phases are
not true invariant eutectics. Invariant eutectics in multi-element alloy systems involve the
simultaneous melting of multiple solid phases at a single temperature—specifically, four
phases in quaternary systems and five in quinary systems. Consequently, the two-phase
combinations commonly referred to as eutectics in HEAs literature, such as BCC plus FCC or
FCC plus Laves phases, are more accurately described as pseudo-eutectics rather than true
(invariant) eutectics. As the number of elements in higher-order alloy systems increases, the
compositional range of these pseudo-eutectics expands. This insight highlights the potential
existence of thousands, or even hundreds of thousands, of these pseudo-eutectics in higher-
order multi-principal element alloy (MPEA) systems.

Identifying a singular pseudo-eutectic composition presents a significant challenge, as
discussed in Chapter 2. Thus, expanding the search to encompass a broader compositional
space exacerbates this difficulty. Further, existing design strategies, including the empirical and
single phase plus EFE approaches presented in Chapters 4 and 5, respectively, have not yet
addressed the search for higher-order eutectics or an invariant eutectic. This gap highlights the
urgent need for a new design strategy capable of navigating the complex compositional

landscape of pseudo-eutectics and exploring the quest for invariant eutectics in MPEAs.
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Figure 6.1: Representation of two-phase eutectics in different alloy systems:
(a) binary, (b) ternary, (c) quaternary and (d) quinary.

To this end, Chapter 6 investigates the complex eutectic compositional landscape in the
Al-Cr-Fe-Ni alloy system, selected as a case study due to its cost-effectiveness and potential
for lightweight alloy development. Further, the cobalt-free Al-Cr-Fe-Ni system is particularly
suited for this systematic exploration, as previous studies have identified two types of dual-
phase eutectics in this system: BCC plus B2 and FCC plus B2 [42,142]. This suggests the
potential for higher-order eutectics, which Chapter 6 aims to explore in depth. The investigation
employs high-throughput (HT) CALPHAD methodology integrated with the 7C-Python API
(Application Programming Interface). The HT CALPHAD approach, known for its
computational efficiency and comprehensive databases, enables precise predictions of high-
entropy alloy (HEA) compositions and facilitates the down-selection of design space prior to
experimental characterization. It has been reported that HT CALPHAD calculations can
reliably predict phase stabilities in the AI-Co-Cr-Fe-Ni system [161,162].

6.2: Latin Hypercube Sampling in the Al-Cr-Fe-Ni System

The exploration of eutectic compositional space in the Al-Cr-Fe-Ni system commenced
with the implementation of Latin Hypercube Sampling (LHS). LHS is a statistical method used

to generate samples from multi-dimensional distributions, ensuring efficient mapping of an

82



alloy composition space. By dividing each element concentration range into equally probable
intervals and randomly sampling within these intervals, LHS provides broad coverage with a
limited number of samples. This approach is particularly advantageous in high-throughput
computational methods like the CALPHAD technique, as it significantly reduces
computational costs while maintaining high exploratory dataset representativeness.

In the AIl-Cr-Fe-Ni quaternary system, as mentioned above, the compositional
landscape is rich and complex. Invariant eutectic points are characterized by the simultaneous
presence of four solid phases as a point, while triple-phase eutectics are depicted as lines and
dual-phase eutectics as areas. The potential for more complex, higher-order eutectics—whether
triple-phase or quadruple-phase—is expected to fall within the bounds established by dual-
phase eutectics. A comprehensive literature review of fully eutectic microstructures in the Al-
Cr-Fe-Ni system identified the following elemental ranges for complete dual-phase eutectic
structures (expressed in atomic percent): Al between 16% and 37%, Cr from 8% to 30%, Fe
from 16% to 33% and Ni from 21% to 50%. The LHS script workflow executed on the Google
Colab platform, generating 100,000 datasets within these defined confidence intervals for Al,

Cr, Fe and Ni, is detailed below.

6.2.1: Importing Essential Libraries

import pandas as pd

import numpy as np
The script starts by importing pandas and Numpy. 'Pandas is crucial for data manipulation,
offering robust tools for organizing generated alloy compositions into structured data formats.
Numpy is key for numerical operations, such as generating random numbers, which are

essential for the random sampling process in the alloy composition.

6.2.2: Ensuring Reproducible Results
np.random.seed(0)
To ensure that our computational experiments can be replicated, the random number generator

1s seeded with a value of 0.

6.2.3: Setting Parameters for Dataset Generation
num_datasets = 100000
min_values = {'Al": 0.160, 'Cr': 0.080, 'Fe": 0.160, 'Ni': 0.210}
max_values = {'Al": 0.370, 'Cr': 0.300, 'Fe': 0.330, 'Ni": 0.500}
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target_sum = 1.0000
A target of generating 100,000 unique alloy compositions is set to ensure a thorough
exploration of the Al-Cr-Fe-Ni system compositional space. The min_values and max_values
dictionaries outline the minimum and maximum atomic percentages for each element, setting
the boundaries. The target sum variable ensures that the total proportion of all elements in each

composition equals 100%, maintaining a stoichiometric balance.

6.2.4: Preparing Data Structures for Composition Generation
datasets = []
unique _combinations = set()
An empty list, datasets and unique combinations are prepared to store generated alloy

compositions and to ensure each composition is unique, preventing duplicate entries.

6.2.5: Generating Unique Alloy Compositions
while len(datasets) < num_datasets:

Al = np.random.uniform(min_values|'Al"], max values['Al"])

Cr = np.random.uniform(min_values['Cr'|, max_values['Cr'])

Fe = np.random.uniform(min_values['Fe'|, max_values['Fe'])

Ni = target_sum - (Al + Cr + Fe)
if min_values['Ni"| <= Ni <= max_values|'Ni"|:
Al, Cr, Fe, Ni = round(Al, 4), round(Cr, 4), round(Fe, 4), round(Ni, 4)
if dataset_str not in unique_combinations:
unique_combinations.add(dataset str)
datasets.append({'Al": Al, 'Cr': Cr, 'Fe': Fe, 'Ni': Ni})

The script iterates until 100,000 unique compositions are generated. Random values for Al, Cr
and Fe are generated within specified ranges, with the Ni proportion adjusted to ensure the sum
of all elements equals 100%. Compositions are rounded for precision and uniqueness is ensured

before addition to the datasets.

6.2.6: Saving the Generated Dataset
df = pd.DataFrame(datasets)
csv_filename = 'LHS Al-Cr-Fe-Ni.csv'
df-to_csv(csv_filename, index=False)

print(f"DataFrame saved to {csv_filename}")
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Generated alloy compositions are saved into a pandas DataFrame and exported to a CSV file
named 'LHS Al-Cr-Fe-Ni.csv', with index=False to omit row indices. A message confirms the

successful saving of the data, enhancing transparency and accessibility for further analysis.

6.2.7: Confirmation of Effective LHS Execution
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Figure 6.2: Histograms showing the LHS distributions of Al, Cr, Fe and Ni.

To validate the LHS results, the output file "LHS Al-Cr-Fe-Ni.csv" was analyzed with
a focus on two critical aspects: the uniformity across the value ranges for each element (Al, Cr,
Fe, Ni) and the orthogonality among these parameters. Uniformity ensures comprehensive
coverage of the parameter space, while orthogonality guarantees that sampling of one
parameter is independent of others—both are essential for unbiased sampling in multi-
dimensional space. The initial analysis involved generating histograms and kernel density
estimates (KDE) for each element. As depicted in Figure 6.2, the distributions for Al, Cr, Fe
and Ni were relatively uniform, confirming that a diverse set of compositions was evenly
sampled. This uniformity indicates that the LHS method effectively covered the range of
possible values for each element, demonstrating its capability to uniformly sample the
parameter space. Following this, a correlation matrix was computed to evaluate orthogonality.

The correlation coefficients were close to zero, indicating a minimal linear relationship among
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the parameters, as shown in Figure 6.3. This low correlation confirms the orthogonality of the
LHS process, affirming that the value selection for any given element is statistically

independent of the others.
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- 0.50
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Figure 6.3: Heatmap of correlation coefficients among the elements Al, Cr, Fe and Ni.

6.3: In-House Python Script for Eutectic Identification

The solidification behaviour at the eutectic point, illustrated in Figure 6.1(a), is further
clarified by the schematic phase evolution plot in Figure 6.4(a). At the eutectic temperature,
Tk, the liquid phase, L, transitions directly to the solid phases a and B, similar to the melting
behaviour of pure metals. This transition is marked by a vertical liquidus line, indicating a
single, distinct melting temperature without a solidification range. In quaternary alloy systems,
the invariant eutectic involves the simultaneous melting of four solid phases a, B, y and 6 at 7&.
This scenario is depicted in Figure 6.4(b), where 7o, Tp, T), Ts and T are all aligned at the
same temperature point.

However, as discussed in Chapter 2, most reported eutectic compositions in multi-
principal element systems, whether quaternary or higher, typically exhibit only two-phase

eutectics. These systems are more accurately represented by the schematic in Figure 6.4(c),
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where the o and B phases solidify over a temperature range. Such systems are more
appropriately termed pseudo-eutectics. Even if temperatures 77, T, and 7p, many compositions
may display similar behaviour. They still do not satisfy the Gibbs phase rule, which requires
that the number of phases melting simultaneously must be achieved at a single temperature,
thereby maintaining their classification as pseudo-eutectics.

This observation highlights a clear distinction between pseudo-eutectics and true
(invariant) eutectics. A system with 'n' elements exhibits true eutectic behaviour only if all 'n'
solid phases melt simultaneously at a single temperature without any temperature range. In
contrast, formations that do not meet this stringent criterion should be classified as pseudo-
eutectics. An in-house Python script has been developed based on this understanding to identify
invariant eutectic compositions and map the pseudo-eutectic compositional space in these
complex alloy systems utilizing Thermo-Calc. The following sections provide a brief, logical

workflow of this script.

6.3.1: Imports and Initialization:

= The script begins by importing necessary Python modules: 'TC-Python' for accessing
Thermo-Calc Python API, 'os' for operating system interfaces (such as file paths), 'numpy’
(aliased as 'np') for numerical operations and 'pandas' (aliased as 'pd') for handling tabular

data.

6.3.2: Function Definitions:

= get liquidus(calc_obj): Determines the liquidus temperature of an alloy. This function
modifies the thermodynamic calculation object to fix the phase of the alloy to 'LIQUID' and
calculates the corresponding temperature at which the alloy is fully liquid.

= get_solidus(calc_obj): Similar to 'get_liquidus', but calculates the solidus temperature, the
temperatures below which the alloy is completely solid, by setting the 'LIQUID' phase
fraction to be zero.

= get phases(calc_obj): Returns the names of stable phases present under the current
conditions set in the calculation object.

= get phases fractions(calc_obj, phase names): calculates and returns the fractions of
specified phases within the alloy.

= Set multiple conditions(solutes, conc, comp_choice): Constructs a string command for
setting the composition of the alloy in 7Thermo-Calc based on the solutes and their

concentrations.
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6.3.3: Configuration and Input Data:

® The script specifies the thermodynamic database and the elements involved in the

calculations. For this case, the database is "TCHEAS5" with 'Ni' as the solvent and "Al", "Cr"

and "Fe" as solutes.

® |t reads an input CSV file ("chunk 1.csv") containing alloy compositions into a pandas

DataFrame and prepares additional columns for the calculated properties.

6.3.4: Thermo-Calc Setup and Calculations:

= The script initializes a Thermo-Calc session and configures it for single-point equilibrium

calculations with specific conditions.

= For each alloy composition in the DataFrame, the script:

Constructs a condition string for the composition.

Performs equilibrium calculations at 1000 degrees to establish a baseline.

Calculates each phase formation temperature.

Determines the difference between liquidus and solidus temperatures to infer the range
of temperatures over which the alloy transitions from liquid to solid.

Identifies if a composition is eutectic based on the narrow liquidus-solidus range and the
presence of more than one phase just below the solidus temperature.

Extracts and records the stable phases and their fractions at a temperature slightly below

the solidus.

6.3.5: Error Handling and Logging:

* The script includes try-except blocks to gracefully handle errors during calculations,

allowing the script to skip problematic compositions without halting execution.

6.3.6: Output:

= After processing all alloy compositions, the script writes the updated DataFrame to a new

CSV file, including the calculated thermodynamic properties and phase information.
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Figure 6.4: Schematic illustrations of (a) binary and (b) quaternary systems with the invariant
eutectic at a single melting temperature and (c) quaternary system displaying the pseudo-
eutectic behaviour over a temperature range.

Utilizing the TCHEAS.1 database for equilibrium calculations, the in-house Python
script interfaces with Thermo-Calc software to process all 100,000 LHS compositions. This
script calculates key thermodynamic parameters, including liquidus and solidus temperatures,

identifies stable phases along with their formation temperatures and determines eutectic

89



compositions. The results are organized into a pandas DataFrame and exported to Excel, with
a classification column indicating '1' for eutectic compositions and '0' for non-eutectic ones.

To identify eutectic compositions within the AI-Cr-Fe-Ni system, the script employs a
criterion based on minimal temperature differences (AT) among the solid phase formation
temperatures. This approach ensures the identification of compositions with multiple solid
phases just below the solidus temperature, thereby excluding results related to spinodal
decomposition or congruent melting. Although the Gibbs phase rule implies that a true
invariant four-phase eutectic point would exhibit no temperature difference between the
liquidus and solidus, practical observations often show a dual-phase structure with a
measurable solidification range rather than a strict zero temperature difference (AT(L-S)). This
highlights that a zero or near-zero AT(L-S) may not fully capture all eutectics, particularly
those with broad solidification ranges, such as pseudo-eutectics.

Accordingly, the script uses a criterion based on the temperature difference (AT) among
all solid phases formed within the liquidus-solidus interval. This method encompasses both
narrow and broad solidification eutectics. Supported by literature, including DSC analyses of
fully eutectic dual-phase structures in the Al-Cr-Fe-Ni system, a threshold of AT <25 K is
established. This threshold effectively identifies eutectics, whether comprising dual, triple, or
quadruple phases. Thus, the in-house Python script is designed to search for all possible

eutectics, including both invariant and pseudo-eutectics.

6.4: No Invariant Eutectic in Al-Cr-Fe-Ni
Using the Spyder platform, the in-house TC-Python script evaluated 100,000

compositions. The results, shown in Figures 6.5 and 6.6, revealed 15,660 dual-phase eutectics
with BCC plus B2, 5,699 eutectics with FCC plus B2 and 1,260 triple-phase eutectics involving
FCC, B2 and BCC phases. However, no compositions resulting in four-phase eutectics were
identified. This finding aligns with the observed trend in MPEAs, where invariant (four-phase)
eutectics have not been reported, even in high-throughput calculations.

High configurational entropy in high-entropy alloys (HEAs) typically promotes the
formation of at least one disordered solid solution phase, such as FCC or BCC, rather than a
complete array of compounds. This trend is evident even in binary systems, where metals A
and B form eutectic phases only when lacking solid-state affinity, solidifying separately as
AxBy below their respective temperatures 74 and 75 (thermodynamically, the eutectic is a failed

chemical compound) [163]. Conversely, elements with solid-phase aftinity and close mixing
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enthalpy in the liquid phase, such as Co-Ni (AHp,ijx = —0.20 k]/mol) or Fe-Cr (AH,ix =
—1.50 k] /mol), are less likely to form eutectic phases and instead favour the formation of
FCC and BCC disordered solid solutions, respectively, even with sub-regular solutions [86]. In
eutectic high-entropy alloys (EHEAS) like Al-Co-Cr-Fe-Ni, disordered solid solution phases,
typically FCC or BCC, usually consist of Ni-Co-Fe-Cr or Al-Co-Cr-Fe, with only one
intermetallic phase, NiAl, regardless of Al content [164]. The frequent formation of either a
BCC-disordered solid solution of Fe-Cr or an FCC of Ni-Fe-Cr further underscores the
improbability of forming an invariant eutectic in the Al-Cr-Fe-Ni system. This preference for
a disordered solid solution as one of the phases in eutectic HEAs deviates from conventional
pathways, making invariant eutectic formation less favourable. This preference, driven by the
negative Gibbs free energy change associated with high configurational entropy, disrupts the
specific compositional and thermal conditions necessary for a eutectic reaction, which requires
the simultaneous solidification of four phases from a liquid at a specific temperature and
composition. Thus, achieving an invariant eutectic in HEAs would necessitate suppressing
configurational entropy, possibly through high negative enthalpy of mixing among all
elements, resulting in distinct compounds or ordered solid solutions rather than a single
disordered solid solution. Additional CALPHAD calculations across a broad compositional
range (~100,000 compositions with 5 to 85 atomic percent for each element) in the Al-Cr-Fe-

Ni system also did not reveal any invariant eutectic formations, reinforcing this hypothesis.

Eutectics of FCC, B2, BCC
5.6%
1260

Eutectics of FCC, B2

25.2%
5699

Figure 6.5: Proportion of eutectic types in the Al-Cr-Fe-Ni alloy system.
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Figure 6.6: Elemental composition ranges for eutectics in the Al-Cr-Fe-Ni alloy system.

6.5: Comparison of 7C-Python Predictions with Reported Alloys

The scatter plot in Figure 6.7 illustrates the relationship between the liquidus-solidus
temperature difference (AT(L-S), on the X-axis) and the temperature difference among solid
phase formation temperatures (AT, on the Y-axis) or compositions in the Al-Cr-Fe-Ni system.
Data points falling within a AT < 25 K threshold are indicative of potential eutectic
compositions. Points exhibiting minimal AT but greater AT(L-S) values correspond to pseudo-
eutectics, which likely represent dual or triple-phase structures with broader solidification
ranges. This distribution confirms the capability of the script in identifying a range of eutectic
behaviours, from true invariant eutectic to prevalent pseudo-eutectics, adhering to the Gibbs

phase rule.
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Figure 6.7: Scatter plot of temperature differences between solid phase formation and
liquidus-solidus temperatures for eutectics in the Al-Cr-Fe-Ni alloy system.

To validate the TC-Python approach, Table 6.1 compares its predictions with
experimentally reported eutectic alloys in the Al-Cr-Fe-Ni system. The comparison criteria
include composition accuracy, Euclidean distance as a measure of compositional similarity,
eutectic phases and temperature differences (AT). Euclidean distance, calculated in multi-
dimensional compositional space, reflects the proximity between predicted and experimental
compositions; smaller distances indicate higher compositional similarity. The results in Table
6.1 reveal a strong correlation between TC-Python predictions and experimental data, with
Euclidean distances ranging from 0.00024 to 0.00432. This close agreement underscores the
method precision attributed to the large dataset of 100,000 data points and the narrow
confidence composition intervals considered. The predictions encompass various eutectic
phases, including BCC-ordered (B2) and disordered (A2) structures, demonstrating the 7C-
Python capability to forecast complex microstructural characteristics accurately. The sublattice
symmetry approach effectively differentiates between ordered and disordered structures.
Additionally, the AT values provide insights into thermal stability and phase formation
temperatures, further validating the reliability of the method. However, the elemental range for
these predictions is based on a limited number of reported alloys with fully eutectic dual-phase

microstructures, implying the need for further exploration of the broader compositional space.
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Table 6.1: Comparison of TC-Python calculated and experimentally reported EHEA

compositions of AI-Cr-Fe-Ni (E = Experimental, C = Calculated).

SN

E/C  Composition

Euclidean

distance

Eutectic phases

AT
(L-S) Ref.
(K)

01

E

Al164Cri6Fe24Nisz 6

C

Ali6.46Cr16.03F€24.07N143 44

0.00187

FCC, B2

[142]

BCC B2 ORD
(AL,FE:NL:VA);
FCC_L12 DISORD
(NLFE:NLFE:VA)

5.80

02

Ali6.67Cr16.67F€16.67N150

Ali6.79Cr16.72Fe16.5N149.99

0.00214

FCC, B2

<30 [113]

BCC B2 ORD
(AL:NI:VA);

FCC _L12 DISORD
(NLCR:NI,CR:VA)

11.45

03

Ali6.6Cri2Fe2sNis3 4

Ali6.61Cr11.96F€e27.98N143 45

0.00068

FCC, B2

[142]

BCC_B2 ORD
(AL,FE:NL:VA);
FCC_L12 DISORD
(NLFE:NLFE:VA)

7.24

04

Ali6.7Cr19.8Fe16.7N146.3

Ali16.7Cr20.01Fe16.53N146.76

0.00273

FCC, B2

[71]

BCC B2 ORD
(AL:NI:VA);

FCC LI12#2
DISORD
(NLCR:NI,CR:VA)

5.71

05

Ali6.95Cri6.95Fe19.1N147

Ali16.92Cr17.01Fe18.96Ni47.11

0.00190

L12/B2

<30 [165]

BCC B2 ORD
(AL:NL:VA);
FCC_L12#2
DISORD
(NLFE:NLFE:VA)

5.29

06

Al17Cr17Fe24.5Ni415

Ali6.86Cr17.02Fe24.67N141.45

0.00227

FCC, B2

[71]

BCC B2 ORD
(AL,FE:NI:VA);
FCC_L12 DISORD
(NLFE:NLFE:VA)

3.15

07

Al16Cr20Fe20Ni44

Ali6.11Cr20.23Fe19.85N143 81

0.00352

FCC, B2

[46,142,166,167]

BCC B2 ORD
(AL:NI:VA);
FCC_L12 DISORD
(NI,CR:NIL,CR:VA)

7.56

08

Al17CrsFe3aNis3

Ali168Crs.15Fe32.02N143.03

0.00253

FCC, B2

[142]

BCC B2 ORD
(AL,FE:NI:VA);
FCC _L12#2
DISORD
(NLFE:NLFE:VA)

8.20

09

AlxsCr25FexsNios

0.00095

BCC, B2

<30 [168,169]
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BCC_B2 DISORD
(CR,FE:CR,FE:VA);
BCC_B2#2 ORD
(NI:AL:VA)

C Alzs.01Cr24.98F€25.07N124.94 7.75

10

E Al26.83Cr24.39F€24.39N124.39 BCC, B2 <30 [42]

BCC B2 DISORD

0.00024  (CR,FE:CR,FE:VA);
BCC B2#2 ORD
(AL:NL:VA)

C Ale.82Cr24.38F€24.39N124 .41 1.80

11

E Ali639Cr16.39Fe24.50N142.62 FCC, B2 [72]

BCC_B2 ORD
(AL,FE:NI:VA);

C  Alic42Cri6.29Fe24.46Ni42.83 0.00268 FCC L12#2 5.35
DISORD
(NLFE:NLFE:VA)

12

E Al2g.57Cr23.81Fe23.81N123 81 BCC, B2 <30 [42]

BCC_B2 DISORD

0.00191  (CR,FE:CR,FE:VA);
BCC_B2#2 ORD
(NLAL:VA)

C Als.65Cr23.92F€e23.72N123.71 6.78

13

E Al29.41Cr23.53F€23.53N123.53 BCC, B2 [168,170]

BCC B2 DISORD

0.00432  (CR,FE:CR,FE:VA);
BCC B2#2 ORD
(AL:NLVA)

C Al9.7Cr2337F€23.65N123.28 10.58

14

E Al3023Cr23.25F€23.25N123.25 BCC, B2 <30 [42,171]

BCC B2 DISORD
0.00417  (CR,FE:CR,FE:VA);

BCC B2#2 ORD

(AL:NLVA)

C Al30.33Cr23.54F€23.14N122.99 10.45

15

E Al3333Cr22.22Fe22.22Ni22.22 BCC, B2 [168,170]

BCC_B2 DISORD
0.00196 (CR,FE:CR,FE:VA);

BCC _B2#2 ORD

(AL:NI:VA)

C Alz3.5Cr22.15Fe22.19N122.16 21.15

6.6: The Compositional Space of B2 Plus FCC Eutectics in AI-Cr-Fe-Ni

Among the various phases frequently reported in the literature on EMPEAs—namely,
FCC, BCC, B2, L1, Laves, Sigma and p phases—the combination of a dual-phase eutectic
comprising FCC and B2 phases has been shown to offer superior strength-ductility synergy.
This is illustrated in Chapter 5, where the (AlCoFe)ss(Ni)ss alloy exhibits a strength-ductility
synergy comparable to AICoCrFeNiz.1. However, the cobalt content, constituting 18.3 atomic
percent in this alloy, may not be cost-effective or lightweight enough for applications limited
to room temperature. As discussed in Chapter 1, the Al-Cr-Fe-Ni system, featuring the FCC

plus B2 phase combination, is identified as suitable for use in centrifugal pump impellers. This
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positions the compositional space of this two-phase combination as a promising area for further
exploration. To facilitate the development of new alloys beyond the existing dataset, it is
essential to understand the elemental ranges and phase formation rules. Thus, eight alloy design
descriptors—enthalpy of mixing, entropy of mixing, melting point, omega, density,
electronegativity, valence electron concentration and atomic size difference—are calculated for
all compositions. Given the extensive number of compositions, efficient calculation of these
descriptors is crucial. An in-house Python script, executed on the Google Colab platform, has

been developed to address this need. A generalized workflow for this script is outlined below.

6.6.1: Initialization and Data Preparation

= The class is initialized with an Excel file containing alloy compositions. This file is read
into a pandas DataFrame.

= Missing values in the DataFrame are filled with 0.0 to ensure numerical calculations can

proceed without interruption.

6.6.2: Element Data and Enthalpy of Mixing Definitions

= A dictionary, element data dict, contains detailed properties for each element, such as
atomic number, atomic weight, density, melting point, electronegativity, atomic radius and
VEC.

= Another dictionary, enthalpy mix_dict, defines the enthalpy of mixing between element

pairs, which is essential for calculating the enthalpy of mixing for the alloys.

6.6.3: Composition Adjustments
= The method divide 100 adjusts the alloy compositions from percentages to fractions if the
values exceed 1, assuming they're meant to be represented as fractions of 1 for the

calculation.

6.6.4: Sum of Elements Check
» Methods sum_elements and sum_acceptable are used to calculate the total sum of elements
in a composition and check if this sum is within an acceptable range (0.990 to 1.010),

ensuring that the alloy compositions are correctly normalized.

6.6.5: Property Calculations

= The class includes methods to calculate each of the desired properties:

96



= calculate vec: Calculates the VEC for an alloy.

* Find_entropy: Calculates the entropy of mixing (ASmix) using the ideal solution model.

= clectronegativity: Calculates the standard deviation of electronegativity (Ay) for the alloy,
indicating the uniformity of electronegativity among constituents.

» find asd: Calculates the atomic size difference (J) to measure size mismatch among
constituent elements.

= find enthalpy: Calculates the enthalpy of mixing (AHuwmix) for the alloy.

= density: Calculates the theoretical density (p) of the alloy using the rule of mixtures.

* find Tm: Calculates the theoretical melting point (7») of the alloy.

* find omega: Calculates the omega parameter (), which is a function of 7T, ASmix and

AHmix.

6.6.6: Processing the DataFrame

* The method process_dataframe applies all the previously defined calculation methods to the
DataFrame containing the alloy compositions. It adjusts composition values, calculates all
the defined properties for each alloy and appends these properties as new columns in the

DataFrame.

6.6.7: Output
= Finally, the updated DataFrame with all calculated properties is exported to an Excel file,

named using the input file name prefixed with 'Output'.

Executed in the Google Colab environment, the in-house Python script has elucidated
the correlation between thermodynamic descriptors and eutectic formation. As illustrated in
Figure 6.8, the heatmap generated reveals significant correlations between VEC, density and
atomic size difference. These descriptors are particularly crucial for predicting the formation
of eutectics featuring B2 plus FCC phases. Notably, VEC exhibits a strong positive correlation
with density (0.92) and with the indicator for B2 plus FCC eutectic formation (0.45). This
suggests that an increase in the average number of valence electrons not only increases density
but also enhances the likelihood of forming a B2 plus FCC eutectic structure. In contrast, VEC
shows a pronounced negative correlation with atomic size difference (-0.80), indicating that
alloys with a higher count of valence electrons tend to have smaller atomic size differences.
The entropy of mixing displays a weaker negative correlation with the B2 plus FCC eutectic

criterion (-0.38), suggesting limited capability to predict this eutectic type. Conversely, the
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enthalpy of mixing is moderately positively correlated with density (0.77) and shows a slight
positive relationship with the B2 plus FCC eutectic (0.30). This implies that higher enthalpy
values may be associated with denser materials and slightly increase the probability of forming
a B2 plus FCC eutectic. The most substantial negative correlation is observed between atomic
size difference and density (-0.96), highlighting a strong inverse relationship: as atomic size
differences increase, alloy density significantly decreases. This attribute also shows a negative
correlation with the B2 plus FCC eutectic characteristic (-0.40), indicating that larger atomic
size differences may reduce the likelihood of forming a B2 plus FCC eutectic. These findings
highlight the significant differences in VEC and atomic size between Al and the elements Cr,
Fe and Ni, which are crucial for eutectic formation and contribute to a narrower compositional

range for Al compared to the other elements.

VEC 1.00

0.75
Entropy of Mixing
-0.50

Enthalpy of Mixing -0.25

-0.00

Atomic Size Difference --0.25

--0.50
Density
-0.75

Eutectic of B2, FCC -1.00

Figure 6.8: Heatmap displaying the correlations between thermodynamic descriptors for B2
and FCC eutectics.

As depicted in Figure 6.6, the compositional range for Al is indeed confined to 15 to
20 atomic percent. The 2D scatter plots in Figure 6.9 illustrate the intricate interplay between
the enthalpy of mixing, VEC and atomic size difference within the B2 plus FCC phases eutectic
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space of the Al-Cr-Fe-Ni system. Alloys within this defined space are highly likely to exhibit
eutectic behaviour with the B2 and FCC phases. Specifically, the compositional ranges where
this eutectic formation is prevalent are 16 <A1<19.38, 8 <Cr<21.95, 16 <Fe <33 and 34.40

< Ni <50 atomic percent.
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Figure 6.9: Scatter plots of (a) Valence Electron Concentration (VEC) vs atomic size
difference (0%) and (b) VEC vs enthalpy of mixing(AH ;).

To further validate the identified compositional space, the next step involves
synthesizing an alloy with a B2 plus FCC eutectic structure and conducting experimental
validation. Designing an alloy that balances lightweight and cost-effective characteristics with
optimal mechanical properties requires empirical insights into how each element influences the
overall properties within the Al-Cr-Fe-Ni system. In this context, Mao et al. [142] have
demonstrated that Cr enhances yield strength in Al-Cr-Fe-Ni eutectic alloys. Conversely, Diao
et al. [172] have observed that increasing Fe content adversely affects yield strength. Given
that the Al content is specified to range between 16 and 19.38 atomic percent, as indicated in
Figure 6.6, an optimized alloy composition would favor higher allocations of Al and Cr while
minimizing Fe. This strategic composition is anticipated to result in an alloy that is both
lightweight and yet has higher yield strength. Advancing this notion, the "single phase plus
EFE" methodology introduced in the previous Chapter (5) was applied to develop an alloy with
a nominal composition of (AlCrFe)s2.8(Ni)47.2, where Al, Cr and Fe each constitute 17.6 atomic
percent and Ni makes up the remaining 47.2 percent. Theoretical calculations suggest that this
alloy has a density of 6.95 g/cc. A comparison of the VEC, enthalpy of mixing and other
thermodynamic descriptors of the designed alloy with those in the B2 plus FCC eutectic

compositional space in the Al-Cr-Fe-Ni system is presented in Table 6.2. This comparison
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confirms that (AlCrFe)s2.8(Ni)472 is within the compositional space associated with the

identified B2 plus FCC.

1.0
0.94 (a) : LI:‘U_D
LIQUID
g 0.7
; b
[TRREES
[}
-
M= 054
[1}}
E 0.4
3 03
= o]
)
0.21
BCC
0.0 T T T
"LT\“ 1000 1250 1500 1750 2000
== Temperature, °C
1700
(b) . .
1600 Liquid + B2 + FCC
O Ni=47.2,1272°C
0- 1500
E !
3 14004 l
[
|
)
& 1300
E
£ 1200
1100
1000 T T
;f 0.0 01 0.2 03 0.4 05 06 0.7 0B 09 1.0
AN R
e X(Ni)

Figure 6.10: (a) Phase evolution plot for AICrFe and
(b) pseudo-binary phase diagram of AlCrFe-Ni.

Following the initial step of the single-phase plus EFE approach, AICrFe is identified
as a single-phase BCC, as depicted in Figure 6.10(a). This observation was in line with the
known tendency of Fe-Cr to form a disordered BCC structure and the similar BCC formation
tendencies of both Al-Cr and Al-Fe combinations. Nickel is identified as the EFE, forming an
ordered BCC (B2) phase with Al, characterized by an enthalpy of mixing of -22.30 kJ/mol and
a long-range order parameter ('L') of 0.92. Notably, Ni forms a binary eutectic with Al at 75
atomic percent. In the final step, the pseudo-binary diagram analysis of AICrFe-Ni indicates
that the eutectic reaction occurs at approximately 47.2 atomic percent Ni, as shown in Figure
6.10(b). The EDS analysis of the as-cast (AlCrFe)s2.8(Ni)47.2 alloy, detailed in Table 6.3,

confirms the chemical homogeneity of the cast alloy. The microstructure, illustrated in Figure
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6.11, reveals a lamellar eutectic pattern. Elemental mapping of this microstructure further
confirms that the white phase is enriched with Al-Ni, while the dark phase is predominantly

composed of Fe-Cr-Ni. This observation suggests a potential eutectic combination of B2 plus

FCC.
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Figure 6.11: SEM-BSE micrograph and elemental distribution map of the as-cast
(AICrFe)s2.8(Ni)47.2 alloy.

Table 6.2: Comparison between overall B2 plus FCC compositional space
and the designed alloy (AlCrFe)s2.8(Ni)47.2
Parameter B2 plus FCC eutectic (AICrFe)s.s(Ni)47.2
compositional space

VEC 7.52 to0 8.02 7.71
ASmix (J/K.mol) 9.95t0 11.07 10.57
AHwix (kJ/mol) -13.58 to -10.96 -12.96
Ay 0.11t0 0.13 0.13
0 (%) 5.36t0 5.77 5.56
T (K) 1630 to 1713.71 1682.32
Q 1.25t0 1.71 1.37
p (g/cc) 6.87t07.14 6.95
Table 6.3: EDS of the full area at 100x from three locations.
Composition Al Cr Fe Ni
Nominal 17.6 17.6 17.6 47.2
Actual 18.1+0.10 17.9+0.6 17.7+£0.2 46.3+0.6
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Figure 6.12: XRD pattern of the as-cast (AlCrFe)s2.8(Ni)47.2 alloy.
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Figure 6.13: XRD pattern of the as-cast (AlCrFe)s2.8(Ni)47.22 alloy.

From the X-ray diffraction pattern depicted in Figure 6.12, a distinct two-phase

structure is evident. A minor peak at 31 degrees suggests the possible presence of a B2 phase.

The peak ratio analysis, specifically the sin % for peaks at 44.4 and 43.4 degrees, resulting in a
1

102



value of 1.018. Additionally, the sin % ratio for peaks at 50.5 and 43.4 degrees is calculated to
1

be 1.1, indicative of FCC structure corresponding to the (111) and (200) lattice planes.
Consequently, the peak at 43.3 degrees is identified as the FCC (111) plane, while the peak at
50.5 degrees corresponds to the (200) plane. The peak at 44.4 degrees is associated with the
(110) plane. Further analysis utilising X'pert HighScore Plus software confirms the presence
of an FCC phase (Fm-3m) with a lattice parameter of 3.61 A and a B2 phase (Im-3m) with a
lattice parameter of 2.89 A. The DSC trace in Figure 6.13 displays a single sharp endothermic
peak, further validating the eutectic nature of the developed alloy.

The room temperature (RT) tensile engineering stress-strain curve of the as-cast
(AlCrFe)s2.8(Ni)47.2 alloy, shown in Figure 6.14, reveals a tensile yield strength of 622 MPa
and an ultimate tensile strength of 1106 MPa. The alloy exhibits significant strain hardening in
the plastic regime, resulting in an elongation of 10.35% without necking, as measured using
DIC. Figure 6.15 compares the tensile properties of the (AlCrFe)s2.8(Ni)47.2 alloy with other
advanced as-cast EMPEAs in the Al-Co-Cr-Fe-Ni system, highlighting its superior tensile
performance, particularly in terms of specific yield strength and adhering with the anticipated

design expectations.
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Figure 6.14: Tensile engineering stress-strain curve of (AlCrFe)s2.8(Ni)47.2 alloy.
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Figure 6.15: Mapping of yield strength versus density for EMPEAs in the Al-Co-Cr-Fe-Ni
alloy system [50,57,72,113,141-149,173].

6.7: Designing a Triple-Phase EMPEA from a Two-Phase EMPEA

Further observations reveal that the formation of dual-phase and triple-phase eutectics
in the Al-Cr-Fe-Ni system shows a significant correlation with key thermodynamic design
parameters, notably with VEC and percentage atomic size difference (0%). As illustrated in
Figure 6.16(a), dual-phase eutectics with a BCC structure typically have an atomic size
difference ranging from 5.65 to 6.85. In contrast, dual-phase eutectics with FCC exhibit an
atomic size difference between 5.36 and 5.77, while triple-phase eutectics fall within the range
of 5.35 to 5.58.

Additionally, analysis of the VEC parameter reveals that triple-phase eutectics have a
VEC range of 7.37 to 7.55. In contrast, dual-phase eutectics with FCC have VEC values
ranging from 7.52 to 8.02, while those with BCC vary between 6.07 and 7.25. This observation
suggests that minor adjustments to elements with similar atomic radii and VEC values in dual-
phase eutectics with FCC plus B2 can lead to the formation of a triple-phase eutectic. The
absence of a noticeable difference in enthalpy of mixing between dual-phase eutectics with
FCC and triple-phase eutectics, as shown in Figures 6.16(b) and 6.17(a), implies that the
additional phase in an FCC plus B2 dual-phase eutectic is likely a disordered BCC (A2) or an
ordered FCC (L12) phase, rather than a Laves phase or other compounds. This is supported by

the fact that a higher enthalpy of mixing typically favours phase separation and the formation
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of intermetallic compounds like the Laves phase, which is notably absent in the Al-Cr-Fe-Ni
binaries. Furthermore, the VEC versus enthalpy of mixing plot in Figure 6.17(a) indicates that
while triple-phase eutectics are similar to dual-phase eutectics with FCC in terms of enthalpy
of mixing, their VEC values are slightly lower, suggesting that the third phase is likely BCC.
Literature supports this observation, noting that BCC HEAs generally have lower VEC values
compared to FCC HEAs and similarly, dual-phase eutectics with BCC exhibit lower VEC
values than those with FCC [121,161].
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Figure 6.16: Scatter plots of (a) Valence Electron Concentration (VEC) vs atomic size
difference (0%) and (b) enthalpy of mixing (AHy;x) vs 6%.

The density versus VEC plot shown in Figure 6.17(b) indicates no significant density

difference between triple-phase eutectics and dual-phase eutectics with FCC, although a
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distinct difference is observed with dual-phase eutectics containing BCC. This suggests that
the formation of triple-phase eutectics originates from dual-phase eutectics with FCC plus B2.
The additional phase is identified as BCC, derived from elements present in the FCC phase,
specifically Ni, Fe and Cr, which have VEC values of 10, 8 and 6, atomic radii of 1.246 A,
1.241 A and 1.249 A and densities of 8.9 g/cc, 7.88 g/cc and 7.2 g/cc, respectively. This
observation implies that a higher concentration of Cr or Fe relative to Ni in dual-phase eutectics
with B2 plus FCC could promote the segregation of a BCC phase, leading to the formation of
triple-phase eutectics comprising B2, FCC and BCC.
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Figure 6.17: Scatter plots of (a) Valence Electron Concentration (VEC) vs enthalpy of
mixing (AH,ix) and (b) density (p) vs VEC.
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The parallel coordinate plot in Figure 6.18 offers additional insights into the elemental
correlations among Al, Cr, Fe and Ni in dual- and triple-phase eutectic compositions featuring
FCC as one of the phases. The plot reveals an inverse linear relationship between Cr and Ni,
suggesting that an increase in chromium content coupled with a decrease in nickel content can
transform a two-phase eutectic into a triple-phase eutectic. This indicates that a dual-phase
eutectic consisting of FCC (Ni-Fe-Cr) and B2 (Ni-Al) could potentially develop an additional
phase if the chromium content is sufficiently high to interact with iron, resulting in the

formation of a separate Cr-Fe BCC phase.

I Eutectic of B2, FCC I Eutectic of B2, FCC, BCC

27.98 3 550
27,5 494

g8 20.24
Al Cr Fe Ni
Figure 6.18: Parallel coordinate plot of Al, Cr, Fe and Ni relative to eutectic types with FCC
as a phase.

However, it i1s important to note that these kinds of triple-phase eutectics will generally
have lower nickel content and, consequently, a reduced FCC phase fraction compared to their
dual-phase counterparts. This reduction in nickel, which typically contributes to the ductility
of the FCC phase, may result in less elongation for triple-phase alloys compared to two-phase
alloys, where the FCC phase is rich in nickel. An alternative approach to achieve a triple-phase
eutectic with substantial nickel content involves reducing Fe while increasing Cr. However,
this strategy is not cost-effective and offers only a minor density difference. Additionally, the
inverse linear trend observed between Cr and Ni may not be as pronounced as Fe and Ni. Fe is
present throughout a similar range in both triple-phase and dual-phase eutectics (16 < Fe < 33

at.%). Also, Fe can form either a BCC structure with Cr or an FCC structure with Ni at high
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temperatures. The report by Diao et al. [172] indicates that increasing Fe content in AICrFexNi
alloys enhances the fracture strain. Therefore, increasing Fe while keeping Cr constant can lead
to the formation of Fe-Cr BCC in dual-phase eutectics with FCC plus B2, resulting in triple-
phase eutectics with relatively higher elongation and cost-effectiveness. The role of Al is
primarily to form a B2 phase with Ni without significantly influencing the formation of triple-
phase eutectics [42,170]. Thus, it is hypothesized that by maintaining constant Al and Cr levels
and varying Fe in relation to Ni in a dual-phase eutectic alloy of B2 and FCC, a transformation
into a triple-phase eutectic alloy with B2, FCC and BCC can be achieved. This hypothesis is
visualized in Figure 6.19, where varying Fe and Ni in the phase composition of a dual-phase
eutectic alloy, Ali17.6Cri7.6Fe7.6+x)Ni@7.2x), results in the formation of a triple-phase eutectic
alloy, Al17.6Cr17.6Fe33.6Ni3z1.2, when x=16, with phase fractions of 41% B2, 32% FCC and 27%
BCC.

10

- BCC_B2#2 1.0 L0
09
LIQUID =ws [ goo7 LIQUID = | §°] LIQUID = car
g o8 & occb2 8 o8 - uoup 8 084 - uoup
® < - BCC B2 = - B5CC B2
5071 Lorq - Zor- -
E“' FCC go.s-/ go‘s-/
e 0 FCC > FCC
6059 0 05 0 054
° B k=
£ 041 EM_\ EM_.\
gua—\ Eos- B2 ‘9 03 B2
S
So2] B2 202 2 024
> >
- BeC (a) viBcc (b) * . gcc ()
0.0 T T T T T T T 0.0 T T T T T T T
oo m 13'50 1500 1650 18‘00 1950 2100 1200 1350 1500 1650 1800 1950 2100 1200 1350 1500 1650 1800 1950 2100
A Temperature [K] Temperature [K] Temperature [K]
10 10 10
BCC_B2#2 d BCC_B2#2 4 ’ BCC_B2#2
8 051 LIQUID : Fec_12 2 08 LIQUI D : Fee 12 i 08 LIQUID : Fec_12
& 08 - LouDn & 08 - LouD © 08 - LouD
'5_ - BCC B2 ﬁ - BCC B2 -g_ - BCC B2

— 071

g 06 g 06 § 06
H o.s-ﬁ § o054 FCC s o‘s-/CC-
\

g g g
© 04 8 0‘4-\ R —
& & &
g 03 B2 0 03 B2 g 034 B2
2 021 2 021 3 021
#01\ BCC (d) o wEBCC (e)| *BCC (f)
00 T . T . T T 00 > . " . T T 00— Q-J " . T .
1200 1350 1500 1650 1800 1950 2100 1200 1350 1500 1650 1800 1850 2100 1200 1350 1500 1650 1800 1850 2100
A Temperature [K] A Temperature [K] A Temperature [K]
10 10 10
0o ' - BCCB2 0o - BCCE2 084 - BCC_B2
§,. LIQUID o g1 LIQUID owee| § ] LIQUID o e
5 - Loun £ - uaun 5 - uouo
— 07 — 07 —07
% 0.6 FCC % 0.6 g 06
FCC
H 0.57/ § o5 §os B2
¥ 0 — T g — Soa
£ £ € [T——=—JFCC
ga.a— B2 Eua— B2 gua— B
5 021 BCC 5001 BCC s U‘2_/ ccC .
> 01 (g) > 011 (h) > 01 (I)

0.0

A

(A)x=0,(b)yx=2,(c)x=4,(d)x=6,(e)x=8, () x=10, (g) x=12, (h) x =14, (i) x = 16.

~Ece|

00

T T T v r
1200 1350 1500 1650 1800
Temperature [K]

T T
1950 2100

A

T r T r T
1200 1350 1500 1650 1800
Temperature [K]

T T
1950 2100

A

T T T r T
1200 1350 1500 1650 1800
Temperature [K]

Figure 6.19: Phase evolution plots for Ali7.6Cri7.6Fe17.6+x)Ni@7.2x):

108

T T
1950 2100




6.8: Limitations

The high-throughput CALPHAD approach utilized to explore the Al-Cr-Fe-Ni system has

effectively identified all possible eutectics and addressed several design strategy limitations.

Nonetheless, the study encounters certain limitations:

Computational Methodology Constraints: The reliance on CALPHAD via the TC-Python
API is limited to elemental combinations included in the TCHEAS or TCHEAG6 database,
which encompasses only 26 elements from the full 105-element periodic table.

Kinetic Factors Consideration: The study emphasizes phase formation and stability from a
thermodynamic perspective but lacks consideration of kinetic factors, which significantly
affect microstructural features, such as lamellar thickness and, thus, mechanical properties.
Scope of High-Throughput Methodology: While the high-throughput CALPHAD
methodology allows for investigation across a broad compositional space, it may involve
computational costs and otherwise potentially overlook narrow compositional windows
where unique eutectic compositions might exist. To enhance exploration capabilities and
discover novel compositions with greater computational efficiency, integrating advanced

techniques such as machine learning and artificial intelligence could be beneficial.

6.9: Summary

Chapter 6 provides a comprehensive examination of the eutectic compositional

landscape within the Al-Cr-Fe-Ni system, utilizing the high-throughput CALPHAD approach

through an in-house Python script. Key insights from this chapter include:

Classification of Pseudo and Invariant Eutectics: In a multi-principal element alloy
(MPEA) system with 'n' elements, a true invariant eutectic reaction occurs only if all 'n’
solid phases melt at a single temperature without any range. Eutectic formations that do not
meet this strict criterion are classified as pseudo-eutectics.

Identification of Pseudo-Eutectics Compositional Space: The in-house Python script, which
emphasizes solid phase formation temperatures rather than merely the difference between
liquidus and solidus temperatures, has successfully identified the pseudo-eutectics
compositional space in the Al-Cr-Fe-Ni system.

Unlikelihood of Invariant Eutectics: The study suggests that invariant eutectic reactions are
improbable in high-entropy alloys (HEAs) unless the eutectic phases are compounds or

ordered solid solution phases, without any disordered solid solution phases.
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Significance of Thermodynamic Parameters: The chapter highlights the significance of
thermodynamic parameters, particularly VEC and enthalpy of mixing, correlating with
eutectic formations.

Validation of Predictive Accuracy: Comparison of high-throughput CALPHAD predictions
with experimentally reported compositions shows excellent agreement, as indicated by
minimal Euclidean distances between predicted and observed values.

Experimental Confirmation of Compositional Space: Experimental casting of the alloy
Ali76Cri17.6Fe17.6Nia72, using the single-phase plus EFE approach from Chapter 5,
demonstrated both B2 and FCC phases. The observed lamellar eutectic morphology and
narrow solidification range substantiate the computationally identified eutectic

compositional space, confirming the effectiveness of the predictive framework.
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CHAPTER 7

Conclusions and Future Research Directions

7.1: Conclusions

The thesis introduces three progressively distinct design approaches for developing eutectic

multi-principal element alloys (EMPEAs), addressing the research questions posed in Section

2.6 as follows:

Empirical Design Approach Using Binary Eutectic Clusters (Chapter 4):

Objective: To design binary eutectics in MPEA systems without reliance on computational
tools.

Method: This approach involves using empirical methods to identify stable compounds and
mix them to achieve a eutectic composition. It is a practical alternative to computational
tools like Thermo-Calc, focusing on the enthalpy of mixing values and eutectic points of
binary pairs. Although it is limited to alloy systems with binary eutectic interactions and
may lead to the inclusion of Laves phases—which may not be ideal for structural
applications—this method can effectively identify near-eutectic compositions using simple
calculations.

Single-Phase Plus EFE Approach via CALPHAD (Chapter 5):

Objective: To quickly locate eutectic points in MPEAs with minimal calculations.
Method: This approach refines the definition of the "Eutectic Forming Element" (EFE) to
include binary eutectics with only one of the elements in the alloy system. It enables rapid
identification of eutectic compositions for different eutectic types, using pseudo-binary
phase diagrams both graphically and via console mode. The method can identify eutectic
points within 2 minutes but is limited to a maximum of four eutectic compositions in a
quaternary system and five in a quinary system. However, this method does not reveal all
possible dual-phase eutectic compositions or higher-order eutectics governed by the Gibbs
phase rule.

High-Throughput CALPHAD Approach (Chapter 6):

Objective: To identify all potential binary and higher-order eutectics in MPEA systems,
including invariant reactions.

Method: This approach involves calculating the phase formation temperatures of all solid
phases and analyzing their differences to discover both binary and higher-order eutectics.

Despite its computational time and the need for Python programming expertise, this method
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offers a comprehensive solution for exploring complex alloy systems. As illustrated in
Chapter 6 with the Al-Cr-Fe-Ni case study, invariant eutectic reactions are less likely in
MPEAs with transition elements unless the eutectic phases are compounds or ordered solid
solutions devoid of disordered solid solution phases. Table 7.1 provides examples of

compositions with fully eutectic microstructures that comply with this approach.

Table 7.1: Reported compositions across alloy systems complying with the high-
throughput CALPHAD approach proposed in Chapter 6 (AT = solidification range).

SN Published on Composition Eutectic Phases AT Ref.
001 2013.04.10  Alys1Cr23.81F€23.81M04 76Nizz 81 gggigiz;’ 44 [92]
002 2013.04.10  Alos75Cr24.75F €24 75Niza 75 Tioso gggigiz;’ 42 [92]
003 2014.08.27  Alig39C016.39Cr1639F€16.39Nisa a3 Eggff;;z’ 15 [17]
004 2015.01.18 C019.05F€19.0sND14 29Nizg1Vo 50 (Fgég—_ﬁ\éi#l’ 24 [94]
005 2015.09.24  C0215:1Cr21.51F€151ND13.9gNiz1 51 (Fgég—_ﬁ\éi#l’ 119 [29]
006 2016.07.25 C0303M012.12Niz0.3V1515Wi212 Eggfffii 105 [47]
007 2016.09.26  C022.47Cr22.47F€22.47ND10.11Ni2 47 (Fgclg—_LLgi#l’ 20 [100]
008 2016.11.11  Aly3.0sCras64F €25 64Nizs 64 Egg:ggz;’ 42 [42]
009 2016.11.11  AlysCrasFessNios Egg:g;:;’ 23 [42]
010 2016.11.11  Also24Cras.25F€23.25Niz3 25 Egg:g;:;’ 15 [42]
011 2016.11.11  Als/CrassiFesssiNizse: Eggjgig’ 13 [42]
012 2016.11.11  Alos3Cras.3sF€24.39Niza 30 Eggjgig’ 12 [42]
013 2017.05.30  C02275Cr575F €22 73Ni2 75T ag 09 (Fzég—_ﬁ\éi#l’ 27 [44]
014 2017.06.01  Also.25Cr25.26F€23.26Niz3.26 Eggjgig’ 15 [171]
015 2017.08.12  C022.55Cr2929F €35 25Nl 2521111 (Fzég—_ﬁ\éi#l’ 28 [119]
016 2017.09.10  C015.05Cr15.02F €15 02Hfo 91N liz6 04 L?%ﬁ;ﬂ 1, 73 [63]
017 2017.09.10  C017.45Cr17.49F€17.45ND12 69N iza 84 (Fzég—_ﬁ\éi#l’ 43 [63]
018 2017.12.05 C02257Cry57F€30.5/Nizo57Tag 71 (Fzég—_ﬁ\éi#l’ 14 [60]
019 2017.12.13  C022.25Cry529F €5 25ND11 11Nizg 20 C14_LAVES#1, 48 [155]

FCC_L12#1
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BCC_B2#2,

020 2018.01.04  AligCozoFexNis FCC_L12#1 30 [101]
021 2018.01.13 C021.98Cr21.08F€21.08Ni21.08Zr12.00 gé(sl__ll__/i\éii#l’ 43 [64]
022 2018.01.31 Al17C014.3Cr143F€286Nizs.s Egg:ff;ji 41 [74]
023 2018.01.31 Al17C0286Cr14.3F€14.3Nizs8 E(C): g:ff; ; i 28 [74]
024 2018.01.31 Al17C014.3Cr14.3F€14.3Nis0.1 Egg:ff;fi 10 [74]
025 2018.03.07 Co02s.57F€2857ND1429Ni28 57 gég__l[_Al\éii#l’ 36 [105]
026 2018.03.21  Al19.3C015Cr1sNiso.7 Egg:ffj:é 18 [174]
027 2018.08.20  Al1CraoFesoNiss Egg:ffj:z’ 11 [46]
028 2019.02.23  Al1sC050CrioFeoNisz Egg:ffj:z’ 20 [110]
029 2019.04.09 Co010CrisFesssMnsNbg7NizsVio Eég:tq\éii#l’ 55 [175]
030 2019.04.23  Al14.69C021.28Cr21.28F €21 28Ni1.28 Egg:ff;fi 18 [120]
031 2019.06.20  Al1sC030CrioFe1oNisW- Egg:ff;fi 36 [109]
032 2019.10.26  Al1sC04,CrisFe1oNiss Egg:ff;fz’ 14 [111]
033 2019.11.05 Al1sC027.33F€27.33Niz7.33 Egg:ff; ; i 47 [68]
034 2019.11.05 AlisCosoFezoNisz Egg:ff;fi 30 [68]
035 2019.11.05 Al1sC024CrioFesoNizsW- Egg:ff; ; i 26 [68]
036 2019.11.05 Al1sC02CrioFesoNisW- Egg:ff; ; i 19 [68]
037 2019.11.08  Aly7.5C03285Crs 22F€4.11M04.11Niz2.88 Egg:ff;fi 26 [176]
038 2019.11.18 Co025Cu125Fe25NizsTa125 Eég:tq\éii#l’ 156 [153]
039 2019.12.13  Aly7.4C021.7Cr217Nizg 2 Egg:ffj;i 15 [177]
040 2020.01.17  Alis67Crise7F€1667Niso Egg:flzj ; i 15 [113]
041 2020.02.05 Co0a2s99F€2899ND1304Nizg 99 Ség:tq\éii#l’ 11 [117]
042 2020.02.27  AligC020Crz0Niaz Egg:ffj ; 2’ 15 [143]
043 2020.03.05 Al195C047.5Cr7.5Nizs s Egg:flzj:i 10 [82]
044 2020.04.24  Alis79Cr21.0sND21.05Ti21.052121.08 BCC_B241, 63 [123]

C14_LAVES#1
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C14_LAVES#1,

045 2020.06.01 Al17C025.1Cr1g8F€23.3Niz26Tas5 FCC_L12#1 36 [178]
046 2020.07.01 Al;C025CrisFessNizsTase gég__lﬁ\éii#l’ 14 [179]
047 2020.07.06  C017.15Cr17.15F€17.15ND12.52Ni36.02 gég__ll__/i\éii#l’ 28 [21]
048 2020.07.09  Alis37C020.41F€20.41Nis0.82 Egg:ff;:i 20 [149]
049 2020.12.05 Co0235Cr16.38F€10.75ND15Ni2s.37 Eég__ll__Al\éii#l’ 107 [132]
050 2020.12.05 C020.92Cr20.92F€10.46M02.05ND14 23N I31 38 gég__ll__Al\éii#l’ 95 [66]
051 2020.12.05 Co024.17Cr20.21F€22.08Ni25.21Tas 33 gég:liAl\éii#l’ 57 [132]
052 2020.12.16  CrigFessMozoNis, E?Eﬁkééii’ 90 [157]
053 2020.12.19  Co021.05Cr21.05sF€21.05Ni21.05Ta15.78 gég:liAl\éii#l’ 167 [59]
054 2020.12.26  Cra1.74F€21.74ND13.04Nisz.48 (chlig__ll-_q\éii#l, 82 [156]
055 2021.01.11  AlCoz07F€20.7Nizes Egg:ff;fz’ 34 [75]
056 2021.03.03  AlsCraoNbisTizrZro ggff/xz\fém 46 [180]
057 2021.03.30  Als25Cr10M0sNiaz5Va0 Egg:ggz;’ 19 [76]
058 2021.04.13  Alyo25C018.86F€18.36Nisz 53 Egg:ff;fi 25 [181]
059 2021.05.24  Alis.95C032.2Cr16.95F€16.95Ni16.95 E(CZ: 8:512; ; i 39 [73]
060 2021.05.30  Ali17.39C021.74Cr13.04F€15.22Ni3z2.61 E(CZ: 8:512; ; i 27 [144]
061 2021.06.10  Craz.04F€46.08ND7.83Ni23.04 Eég:ﬂgii#l’ 52 [152]
062 2021.06.30  C029.41Cr29.41Ni29.41Ta11.76 Eég:ﬂgii#l’ 23 [58]
063 2021.07.12 Co010CrisFezsMnsNb1oNizsVie Eég:ﬂgii#l’ 64 [182]
064 2021.07.13  Aligs7Cr24.53Niz774Ti1s.87 ﬁgggf:ﬁiz 141 140 [24]
065 2021.08.27  C0a25.42F€43.96Hfo 70Niz0 83 Ség:ﬂgii#l’ 137 [131]
066 2021.08.27 C027.36F€44.34ND1258Ni15.72 Ség:ﬂgii#l’ 26 [131]
067 2021.08.27 C02531F€41.08ND12.86Ni20 75 Eég:tq\éii#l’ 24 [131]
068 2021.09.03  Ali7.86C017.86Crs.03F€17.86Niz7.5 E((J: ((;:::_312; : i 27 [173]
069 2021.09.20  AlxC030CrioNiao Egg:ffj:z’ 7 [183]
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BCC_B2#2,

070 2021.10.02  AlisC030CrioFe;0M0:NizoW, FCC_L12#2 38 [184]
071 2021.11.12  Alyg25Cr145F€145M0145Nizs 25 ggg:gg:;’ 149 [78]
072 2021.11.12  Alss.95Crs7M0g 7Niszs.95Vs 7 ggg:giz;’ 67 [78]
073 2021.11.12  AlsoCrioFe10M010NizeV1o ggg:giz;’ 61 [78]
074 2021.11.23  Alis31C09.70Cr16.31F€23.33Niz4.26 Eg 5:512; ;2’ 19 [70]
075 2021.11.23  Alis.39C01067Cr16.30F€16.30Ni31.15 Eg 5:512; ; i 19 [70]
076 2021.11.23  Alis.39C016.39Cr13.11F€10,67Niz4.43 Eg 8:512; ; i 15 [70]
077 2021.11.23  Ali639C016.39Cr19.67F€13.11Niz4.43 Eg 8:512; ;2’ 14 [70]
078 2021.11.23  Ali6357C01564Cr13.26F€16.37Niza.37 Eg 8:512; ;2’ 10 [70]
079 2021.11.23  Alis.35C01311Cr1630F€16.35Niz7.7 Eg g:flzj ; i 9 [70]
080 2021.11.23  Ali657C01564Cr16.37F€13.26Ni3za.37 Eg g:flzj ; i 9 [70]
081 2022.01.15 AloCrase7Fezs.67Nizee7 Egg:g;:;’ 74 [128]
082 2022.01.20  Al20.45C010Cr1oNisg.s5 Egg:ff;fé 21 [145]
083 2022.01.20 Al175C020Cr2oNiszs Egg:ff;fz’ 19 [145]
084 2022.01.20 Al1g3C015CrooNiss7 Egg:ff;:z’ 17 [69]
085 2022.01.20 Al163C025Cr2s5Niss 7 Egg:ff;fi 15 [145]
086 2022.03.14  AlgCraoFezoNiso Egg:g;:;’ 59 [101]
087 2022.03.31 Alxss:1Crazs1Fe2s81Nizz81Tiazs Egg:g;:;’ 91 [169]
088 2022.05.11 Al7C02857Cr14.20F€14.20Ni25.86 E(CD: 8:512; ;2’ 28 [185]
089 2022.05.16  Alss84Cr21.05F€21.05Ni21.05 Egg:ggz;’ 34 [168]
090 2022.05.16  Alss.33Cr22.22F€2225Ni22 22 Egg:ggz;’ 22 [168]
091 2022.05.16  Alyg.41Cra3.53F€2353Ni23 53 Egg:ggz;’ 14 [168]
092 2022.05.18  Alis78C012.59Cr13.70F€11.70Niss.05 E((J: ((;:::_312; ;2’ 20 [85]
093 2022.05.30 C011.32Cr21.83F€34.77Hfo.07Ni22.1 Eég__ll_j\éii#l’ 103 [186]
094 2022.05.30 C02299Cr40.23F€2356Hfe.62Niss BCC_B241, 75 [186]

C15_LAVES#1
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FCC_L12#1,

095  2022.05.30 CO03958Craz.0oF€s95Hf1012Niz 20 NI72R0#1 23 [186]
096  2022.05.31 Als39Cri639F€2450Nisz62 Eggff;ji 7 [72]
097  2022.06.08 Ali7.74C01613Cr16.13F€16.13Niza87 Eggff;fi 36 [149]
098  2022.07.14 Als25C02083Cr20.83F€20.83ND10.42Nizo 53 (Fgég—ﬁ\éi#l’ 96 [187]
099  2022.09.27 AligC0soCrioFesoNis;Tis Eggff;jz’ 58 [188]
100  2022.10.04 AlysC04Cr/FesNias Eggff;jz’ 30 [83]
101 2022.10.04 AlgC0s4CriiFesNise Egg:ffj;i 20 [83]
102 2022.10.04 Al;oC04CrgNize Eggffj;i 4 [83]
103 2022.10.27 Ali67C01667Cr16.67F€16.67Niza.aa Eggffj;i 21 [137]
104  2022.11.12 Alys0sCrig9sF€19.1Nisy Eggffj;z’ 7 [165]
105 2022.11.12  Als35C04CrasNizgs Eggjgﬁﬁ’ 6 [169]
106  2022.11.24 Al;75C024CrNisss Eggffj;z’ 15 [147]
107  2022.12.05 Al;sC0soCrisFessNis Eggffﬁz’ 27 [189]
108  2022.12.21 Alis75Crig73F€1675Niss s Eggff;fi 8 [71]
109  2022.12.21 Alis76Cri78F€45Nia1 o5 Eggff;jz’ 2 [71]
110  2023.01.20 C022.47Cr22.47F€22.47NDs 62Niz2 4778449 (F:ég—ﬁ\éi#l’ 18 [67]
111 2023.02.01  Alig6CrisFessNisza Eggff;fi 9 [142]
112 2023.02.01  Alig4CrigFesNiszs Eggff;fi 9 [142]
113 2023.02.01 Al;;,CrsFesNis Eggff;fz’ 8 [142]
114  2023.02.10  Alis05C019.05Cr10.05F€10.0sMNg.52M01 oND12 3 (B;ﬁf:\fss’#l 258 [190]
115  2023.02.24  AlysNizsTisVa, ﬁgggféﬁiﬂ#l 163 [191]
116 2023.02.25 Alie,CriserFeisesMniee/Nissas Eggjgiﬁ’ 62 [192]
117  2023.03.15 CrysFessMnioNbyoNisss Eég—ﬁ\éi#l’ 100 [193]
118  2023.04.23  Ali535C015.35Cr15.38F€15.38Niss a6 Eggffj:i 21 [194]
119  2023.05.20 Co0sCraoFesNis;Vs Eggffj:i 13 [195]
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BCC_B2#1,

120 2023.05.20 C010Cra:NisoVso FCC. L1241 12 [195]
121 2023.05.20 Crs;FeyNisVio Eggffﬁi 9 [195]
122 2023.05.20 C040Cra7FeoNiss Eggff;:l 9 [195]
123 2023.05.24  Ali7.91C012.9:CrossFe15.83Niss77Tios Egg:ff;:i 23 [196]
124 2023.05.24 AligC0435CrioFessNiss ESS:LBS:i 10 [196]
125 2023.05.26  Al1426C025.57Cr28.57Nize.57 ESS:LBS:i 20 [175]
126 2023.06.09 CrasssFe2353ND1471Nizg 2 (F:égjq\éi#l’ 168 [197]
127  2023.06.09 CragssFess55ND1135Nizgss (F:égjgi#l’ 149 [197]
128 2023.06.09  Craz2:F€s5.33Nb11.11Niss 33 (F:égjgi#l’ 102 [197]
129  2023.06.15 C021.05Cr21.05F€21.05Ni21.0sWis.79 E%Cgkﬁ#l’ 148 [198]
130 2023.07.16  AlyC0s6CrsFesNiss Eggffg:z’ 14 [174]
131 2023.07.25  Als.32C021.05Cr21.05F€21.0sNDs 47Niz1.05 Eéé:ﬁ;is#l’ 65 [199]
132 2023.09.26 AlysC03oCrioFe1oMo;Nis Eggff;;i 41 [200]
133 2023.10.18 Al;;C01oCrioFessNisWs Eggff;fz’ 12 [201]
134 2023.10.30 C01426Cr14.26F€1420NDs5 85Ni1a 26 ﬁt{BL:XSEE#L 176 [202]
135 2023.11.29  Aly/FessNisgVs Eggff;fi 29 [203]
136 2024.01.23 Cog5/F€ss.57NizgsTara20 Eég:tq\éi#l’ 52 [61]
137  2024.02.05 Al;;C035Cry7Niss Eggff;fi 15 [204]
138 2024.03.08  Aly;C0195F€q5Niso Eggff;fz’ 16 [205]
139  2024.03.16  Aly33C0516F€30.46Niz7.61 Eggff;;i 82 [206]
140 2024.04.09  Aly3C014CrioFesNiso Eggff;;i 28 [184]
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7.2: Future Research Directions

While this thesis presents new design strategies for EMPEAS, certain limitations remain

for future research. A few limitations and suggested directions are outlined below:

1.

Exploration of All Eutectic Points:

Current Limitation: Chapter 4 focuses on deep eutectic pairs in binary systems but does not

investigate all other eutectic points.

Future Direction: 1t is possible that aggregating not only deep eutectic points but also other

eutectic points in binary elemental pairs could lead to the identification of eutectic
compositions in MPEAs.

Accuracy of the Single-Phase Plus EFE Strategy:

Current Limitation: The success of this method depends on Thermo-Calc and low FAB

(fraction of assessed binaries) values, which can lead to inaccuracies, especially for
elements outside the standard set.

Future Direction: Validate more eutectics experimentally to improve the database and

enhance the accuracy of the single-phase plus EFE strategy.

. High Computational Time of the High-Throughput CALPHAD Method:

Current Limitation: The method has high computational time due to the separation

execution of single-point equilibrium calculations and property models.

Future Direction: Explore more efficient approaches through 7C-Python or other tools to

reduce computational time. Perhaps doing all calculations in the single-point equilibrium
model or the property model can solve this problem to a great extent via 7C-Python.

Integration of Machine Learning:

Current Limitation: The thesis does not incorporate machine learning to reduce

computational costs, which should have been done, keeping the logical progression it had
from mathematical formulas to CALPHAD to high-throughput CALPHAD.

Future Direction: Employ machine learning techniques to further reduce computational

costs, completing high-throughput CALPHAD and enabling predictions beyond the
existing CALPHAD dataset.

Development of Phase Formation Rules:

Current Limitation: Lack of phase formation rules specific to eutectic multi-principal

element alloys.

Future Direction: Use machine learning to develop universal phase formation rules,

advancing the design strategy for EMPEAsS.
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6. Incorporation of Mechanical Properties:

Current Limitation: Current design strategies do not account for mechanical properties at

the design stage.

Future Direction: Considering FCC percentage in the design stage can be helpful in this

regard.
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