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“Nature is no doubt simpler than all our thoughts about it now... and the question
is, what way do we have to think about it so that we understand its simplicity?”

—Richard P. Feynman
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ABSTRACT OF THE DISSERTATION

Solidification, Thermodynamics, and Mechanical Properties of Multi-Principal Element
Alloys

by
Nicholas Alexander Derimow

Doctor of Philosophy, Graduate Program in Materials Science & Engineering
University of California, Riverside, June 2019
Dr. Reza Abbaschian, Chairperson

Structure and solidification of CoCrCu-X with X = Fe, Mn, Ni, Ti, V, FeMn,
FeNi, FeTi, FeV, MnNi, MnTi, MnV, NiTi, NiV, and TiV were studied via arc-melting
and electromagnetic levitation melting. The ternary mixture of CoCrCu was found to form
no single phase liquid, however by systematically introducing the remaining 3d transition
metals, it was found that Ni and Ti promote single phase liquid formation, eventually
leading to dendritic microstructures as opposed to the highly phase separated microstruc-
tures found in ten of the alloys. The thermodynamics of the liquid phase separation in
these alloys is largely dictated by the positive mixing enthalpy contributions of Cu in these
systems. Of the six dendritically solidifying alloys, CoCrCulNi, CoCrCuFeNi, and CoCr-
CuMnNi solidified with a face-centered cubic (FCC) crystal structure for both the dendritic
and interdendritic phases while CoCrCuTi and CoCrCuTiV solidified with FCC and body-
centered cubic (BCC) phases. In contrast CoCrCuMnTi solidified with a hexagonal closed
packed Laves C14 dendritic phase and FCC interdendritic matrix. The three FCC alloys

were then prepared via powder metallurgy and processed via spark plasma sintering (SPS)



to compare microstructure, crystal structure, and mechanical properties with the solidifi-
cation processed alloys. It was found that the powder metallurgical processing and SPS
led to a doubling of the hardness in these alloys due to the nanocrystallinity of the pow-
der being preserved. Liquid phase separation was further investigated by neutron imaging
techniques. It was found that the technique not only allows for the direct observations of
molten metals, but also shows mixing and de-mixing in the liquid for these alloys. The
neutron imaging technique was applied to the CoCrCulNi high-entropy alloy to study the
remixing of the de-mixed liquid with the addition of Ni to CoCrCu. The CoCrCuMnTi
alloys were systematically studied by varying the amount of Mn in order to find the critical
Mn concentration for the formation of the Laves C14 phase in these alloys. The particular
composition of Co2sCrigCusgMnigTisg has high hardness of 996.6 HV 0.01 for the dendritic
phase, while the hardness of the interdendritic phase is 457.3 HV 0.01. In this alloy, there
is also a small dispersed Ti-rich phase. The effects of varied cooling rates on this alloy were
studied, and it was found that higher cooling rates led to the suppression of the tertiary

Ti-rich phase.
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Chapter 1

Introduction



The goal of this work is to gain a better understanding of the solidification, phase
formation, and liquid phase separation of the high-entropy alloys (HEAs). In a nutshell,
high-entropy alloys are metal alloys that have no base element, but rather a near-equal
proportion of three or more elements. Since their discovery in 2004 [1-6], there has been an
great number of research dedicated to studying equiatomic alloy combinations due to their
tendency to form single phase crystal structures. Research articles have described these
alloys in a different manner of ways, however the general core concepts behind design are

relatively the same. Some prefer to call these alloys:

e High-Entropy Alloys (HEAs) [2] — Original definition, used for compositions with
an ideal entropy of Sigeal = 1.61R that are comprised solely of a single phase solid
solution. However, Sjgea1 > 1.5R has also been frequently used to define an alloy has

having ‘high entropy’.

e Multiprincipal Element Alloys (MPEAs) [5] — Broader definition loosely used to gen-
eralize all multicomponent alloy systems that stray away from the traditional alloying

route.

e Complex Concentrated Alloys (CCAs) [7] — typically interchangeable with multiprin-
cipal element alloys. Sometimes used interchangeably with Compositionally Complex

Alloys (CCAs) [8,9]

e Medium-Entropy Alloys (MEAs) [10] — used for compositions with an ideal entropy

of 0.69R < Siqeas > 1.61R

e Low-Entropy Alloys (LEAs) [10] — used for compositions with an ideal entropy of



Sideal < 0.69R

e Lightweight High-Entropy Alloys (LWHEAs) [11] — HEAs that consist of lightweight

elements

e Eutectic High-entropy Alloys (EHEAs) [12] - HEAs/MPEAs/CCAs that have a eu-

tectic microstructure.

e Baseless Alloys [7] — Simplest classification, implies no base metal element in the alloy.

Regardless of what these alloys are called or referred to, the research in this field
seeks to understand these materials’ tendency for simple phase formation as well explore the
interior regions of these alloys’ complex hyperdimensional phase space. These multicom-
ponent alloys show considerable potential for uses as structural and functional materials,
and many studies have show that these alloy systems are coming close to the mechanical
properties for some commercial alloys.

This dissertation covers the author’s work over several different experiments and
approaches, where the majority of these alloys are described as MPEAs. The experimen-
tation begins with the study of MPEA combinations using the 3-d transition metals that
contain equiatomic ternary CoCrCu to understand the effects of the 3d transition metals
on liquid phase separation and miscibility. The next investigation into these alloys were
in-situ neutron imaging of the liquid phase separation in CoCrCu to investigate whether it
can be observed with this technique, and if it lead to a better scientific understanding of
the solidification process when paired with the thermal history of the system. This exper-

iment demonstrates that neutron imaging can be utilized as a characterization technique



for solidification research with the potential for imaging the liquid phases of more complex
alloys, such as the MPEAs, which is a new characterization technique developed in part
by the present author. This neutron imaging technique was applied to the CoCrCuNi sys-
tem, where CoCrCu and Ni were alloyed and imaged in-situ during melting, remixing, and
solidification. Three of the dendritically solidifying alloys from the initial study outlining
liquid phase separation in the CoCrCu system were studied via powder metallurgical pro-
cessing and spark plasma sintering to elucidate the effect of processing on the phases of the
alloys. Lastly, the duplex hexagonal (HCP)/face-centered cubic (FCC) CoCrCuMnTi alloy
was studied via varying the amount of Mn concentration in the alloy as well as the use of

electromagnetic levitation processing to understand phase formation in this alloy system.

1.1 Background of Multicomponent Alloys

The discovery of the high-entropy alloys (HEAs) [1-6] has inspired an enormous
amount of research into multicomponent alloy design. Since their inception, there has been
numerous reviews [9,13-23] and several books [24-29] which summarize the state of the
art for the materials community. These reviews compile and assess the microstructural
developments, mechanical properties, crystallography, and thermodynamics of the high-
entropy, complex concentrated, and multi-principal element alloy systems.

One of the first HEAs contained equal parts Co, Cr, Fe, Mn, and Ni, often written
alphabetically as CoCrFeMnNi and referred to as the ‘Cantor Alloy’ after the alloy’s inventor
Brian Cantor [1]. Subsequent studies of the Cantor alloy involved substitution of various

elements in place of the original five equiatomic elements in the alloy. One of the most



popular substitutions is often Cu for Mn [3], as well as the addition of Al to create the
widely studied AlICoCrCuFeNi HEAs [30-33]. Since their inception, the majority of the high
entropy alloys that are synthesized consist mostly of the 3d transition metals with other
elements substituted into the well-studied systems in the search for new stable phases,
mechanical properties, and reproducible microstructures [22]. There have been several
research papers that prescribe methodologies for computationally screening HEAs for those
that are likely to create single phase solid solutions [8,34-41].

The underlying motivation for the vast amount of work that has been carried out
on the high-entropy alloys has essentially not changed since their initial discovery. As quoted
from Brian Cantor, the central theme of this explorative alloy research is “to investigate
the unexplored central region of multicomponent alloy phase space.” [1]. An example of
an isothermal ternary phase diagram cross section in Fig. 1.1 depicts where traditional
alloys used in industry tend to lie in terms of composition, whereas the HEAs, MPEAs,
and CCAs are designed such that the compositions are equiatomic or near-equiatomic, with
the goal to explore the phase space of these multicomponent alloys’ multidimensional phase
diagrams. By using less restrictive terms such as MPEAs or CCAs to classify these alloys,
the goal of the research is not hindered by adhering to strict definitions of what constitutes a
"high-entropy’ alloy. Therefore, this allows the researcher to cultivate the original scientific
curiosity that was employed during the founding research that led to the development of
these alloys in the first place. As there are billions of alloy combinations that can exist, there
remains an enormous amount of work to be done in terms of developing high-throughput

methods for screening these alloys for their phases, mechanical properties, and potential



Traditional Alloys

Figure 1.1: Diagram depicting the alloy design of HEAs, MPEAs, and CCAs when compared

to traditional alloys.

applications.

The primary reason why HEAs, CCAs, and MPEAs are such an attractive alterna-
tive to traditional alloy design is arguably for a single reason, that being these alloys tend
to form solid solutions with simple crystal structures. It is this reason that these alloys
have displayed considerable potential as engineering materials, as the increasing demand
for stronger materials drives research into new unexplored directions. As demonstrated
by the work of Cantor [1] and Yeh [3], the CoCrFeMnNi and CoCrCuFeNi alloys solidify
dendritically with FCC crystal structures, where the dendritic phase is a disordered solid
solution of the alloying elements in the single phase. In both cases for CoCrFeMnNi and
CoCrCuFeNi, the interdendritic phase was also FCC. These disordered solid solution phases
differ however from traditional room temperature crystal structures of the individual alloy-

ing elements. For example, Fig. 1.2 displays a drawing of the close-packing in Co, while



b)

00>
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Figure 1.2: a) Close-packing of cobalt (Co) b) Close-packing of CoCrCuFeNi

the close-packing of a high entropy alloy CoCrCuFeNi containing equal amounts of Co, Cr,
Cu, Fe, and Ni is shown to be slightly distorted due to the differences in atomic size of
the constituent elements. There are many HEAs in the literature that also display ordered
crystal structures, which will be discussed in this work, however the central theme is that
these multicomponent alloys form stable crystal structures without the presence of a base
element, but rather collectively form the base.

Due to the solid solutions displayed by the high-entropy alloys, four hypotheses

denoted as ‘core-effects’ were outlined by Yeh in 2006 [10]. These are outlined as such:

e High-entropy Effect — the high entropy of mixing stabilizes the solid solutions into

simple phases.

e Lattice Distortion Effect — The lattice distortion from the different atomic sizes
in an HEA leads to solid solution hardening, thermal resistance, electrical resistance,

and X-ray diffuse sccattering.

e Sluggish Diffusion Effect — hindered atomic movement due to the the lattice dis-



tortion.

e Cocktail Effect — If the HEAs are viewed as an ‘atomic composite’, then the com-
posite effects will come from the basic features and interactions between the alloying
elements and can be tailored for desired mechanical, thermodynamic, and functional

properties.

A recent review by Miracle and Senkov [22] critically analyzes these ‘core-effects’,
and provides an in-depth discussion regarding the validity of these hypotheses. The sum-
mary of the comments on the four ‘core-effects’ in HEAs by Miracle and Senkov are presented

below:

e High-entropy Effect — Vibrational entropy is significantly larger than the ideal config-
urational entropy, and that there are typically four major competing thermodynamic
quantities such as the enthalpy of solid solution and intermetallic phases and the

entropy of the solid solution and intermetallic phases.

e Lattice Distortion Effect — Lattice distortion is indeed present in these alloy sys-
tems, however there is much need in the development of approaches to experimentally
quantify lattice distortion in these systems as well as systematically isolate the lattice

distortion effects from the other features these alloys exhibit.

e Sluggish Diffusion Effect — More diffusion studies are needed to systematically test

this hypothesis

o (Cocktail Effect — While not necessarily a hypothesis, Miracle and Senkov seek to

remind the reader to remain “open to non-linear, unexpected results that can come



from unusual combinations of elements and microstructures in the vast composition

space of MPEAs.” [22].

The literature reviews thus far catalog the hundreds of HEAs, MPEAs, and CCAs
that have been made to date. These reviews have included comprehensive viewpoints and
observations [9, 16, 20, 22, 23|, phase formation and predictions [18,21,42-46], microstruc-
tures and mechanical properties [17,47], fracture resistance [48], lightweight high-entropy al-
loys [11], fatigue behavior [49], deformation behavior [50], high-temperature properties [51],
corrosion resistance [52], films and coatings [53,54], liquid phase separation [55], and mod-
eling of stacking faults [56].

To date, there have been no recorded HEAs, CCAs, or MPEAs that outperform
the Ni-based superalloys, however, these alloys show significant promise for not only high-
temperature or structural applications, but also in their potential for thin films and coatings,
their exceptional wear-resistance, fatigue behavior,and deformation behavior. There are
significant advancements being made in the ability for high-throughput calculations and
screening for stable compounds. The amount of scientific publications in this new field of
metallurgy and materials science continues to grow exponentially by the year, with new
alloys being developed every single day. In order to systematically understand how phase
formation occurs in these systems, more exploratory research needs to be carried out in

order to understand what parameters influence the phase formation in these systems.



1.2 Alloy Combinations

1.2.1 3d Transition Metal High Entropy Alloys

From the reviews of the HEAs, CCAs, and MPEAs, the majority of the alloys
are composed of the 3d transition metals, often with substitutions of one or two of the
elements in various permutations. According to the Intnernational Union of Pure and
Applied Chemistry (IUPAC) definition [57], a transition metal is an element whose atom
has a partially filled d sub-shell, or which can give rise to cations with an incomplete d
sub-shell. Not all d block elements count as transition metals as they are defined as one
or more stable ions which have incompletely filled d orbitals. Scandium has the electronic
Structure [Ar]3d'4s?. When it forms ions, it loses the 3 outer electrons and ends up with
an [Ar] structure which as an empty d sub-level. The Sc3* has no d electrons and so does
not meet the definition. Zinc has the electronic structure [Ar]3d'%4s?. When it forms ions,
it always loses the two 4s electrons to give a 2+ ion with the electronic structure [Ar]3d°.
In order to preserve similar chemistry among the metals used in this study, Sc and Zn
were excluded from the possible combinations of alloys that could occur. From a practical
standpoint, Sc is a very expensive material (~ $20,000/kg) while Zn has a very low boiling
point (907 °C), making it difficult to alloy using methods such as arc-melting, levitation
casting, and induction melting.

The 3d transition metals Ti, V, Cr, Mn, Fe, Co, Ni, and Cu are highlighted in Fig.
1.3. A collection of the properties of these elements is present in Table 1.1. All possible

equiatomic alloy combinations of these elements have been compiled below with references
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Figure 1.3: Periodic table of the elements highlighting the 3d transition metal row.

to each of the systems that have been studied in the literature. These combinations are
listed alphabetically for consistency in reading. Note that these alloy systems are not all
equiatomic, and serve to only illustrate the amount of exploration into complex alloy design.
Tables 1.2 and 1.3 are collections of the binary and ternary alloys that can be constructed
using Co, Cr, Cu, Fe, Mn, Ni, Ti, and V. Almost all of the binary alloy systems have
been studied prior to the discovery of HEAs, while the ternary alloys have a mixed history
of development, all except for the CrCuV system, which is yet to be studied. Tables 1.4
and 1.5 represent the quaternary and quinary alloys that contain the 3d transition metals
with citations to the relevant literature. Alloy combinations without a citation indicate
that the alloy has yet to be studied. Note, there are many HEA/MPEA/CCA systems
that contain aluminum in similar ratios to the other alloying elements. For the purposes
of this study, similar chemistry of the alloying elements was preserved so that relationships

between miscibility of the systems can be understood with elements of similar atomic radii.

11



Table 1.1: Properties of the 3d transition metals from Ti through Cu. x = Pauling elec-

tronegativity, VEC = Valence Electron Concentration, Cryst. = Crystal structure at room

temperature.
Elem. m (g/mol) p (g/cm®) T,, °C) x VEC rq (pm) Cryst. Magnetism
Ti 47.69 4.51 1668 154 4 147 HCP Paramagnetic
\% 50.94 6.11 1910 1.63 5 134 BCC Paramagnetic
Cr 52.00 7.14 1907 1.66 6 128 BCC Antiferromagnetic
Mn 54.94 7.47 1246 155 7 127 aMn (A12) Paramagnetic
Fe 55.85 7.87 1538 1.83 8 126 BCC Ferromagnetic
Co 55.93 8.90 1495 1.88 9 125 HCP Ferromagnetic
Ni 58.69 8.91 1455 191 10 124 FCC Ferromagnetic
Cu 63.55 8.92 1085 1.90 11 128 FCC Diamagnetic

Tables 1.6, 1.7, and 1.8 represent the senary, septary, and octonary combinations of the 3d

transition metals that have been studied in the literature. Note that there is no literature

on the septary combinations of the 3d transition metals.

Table 1.2: Binary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V

CoCr
CoCu
CoFe
CoMn
CoNi
CoTi
CoV

[58]
[62]
[66]
[70]
[74]
[78]
(82]

CrCu
CrFe
CrMn
CrNi
CrTi
CrV
CuFe

CuMn
CuNi
CuTi
CuV
FeMn
FeNi
FeTi

12

[60]
[64]
[68]
[72]
[76]
(80]
(84]

FeV
MnNi
MnTi
MnV
NiTi
Niv
TiV

[61]
[65]
[69]
[73]
[77]
(81]
(85]



Table 1.3: Ternary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V

CoCrCu [86] CoFeV [87] CrFeTi [88] CuMnV [89]
CoCrFe [90] CoMnNi [91] CrFeV [92] CuNiTi [93]
CoCrMn [94] CoMnTi [95]  CrMnNi [96] CuNiV [97]
CoCrNi [98] CoMnV [99] CrMnTi [100] CuTiV (101]
CoCrTi  [102] CoNiTi  [103] CrMnV  [104] FeMnNi [105]
CoCrV  [106] CoNiV  [107] CrNiTi  [108] FeMnTi [109]
CoCuFe  [110] CoTiV  [111] CiNiV  [112] FeMnV  [113]
CoCuMn [114] CrCuFe [115]  CrTiVv [116] FeNiTi [117]
CoCuNi  [118] CrCuMn [119] CuFeMn [114] FeNiV  [120]
CoCuTi [121] CrCuNi [122] CuFeNi [123] FeTiV [124]
CoCuV  [125] CrCuTi  [126] CuFeTi  [127] MnNiTi [128]
CoFeMn  [129] CrCuV CuFeV [115]  MnNiV  [113]
CoFeNi [130] CrFeMn  [131] CuMnNi [132] MnTiV ~ [133]
CoFeTi  [134] CrFeNi  [135] CuMnTi [136] NiTiV  [137]

Table 1.4: Quaternary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V. Note, * indicates

calculation only.

CoCrCuFe [138-140] CoCrTiV CoFeNiTi [141]  CrCuNiTi CuFeMnTi
CoCrCuMm  [138,140] CoCuFeMn* [138] CoFeNiV CrCuNiV CuFeMnV
CoCrCuNi [138,140] CoCuFeNi (138,142] CoFeTiV CrCuTiV CuFeNiTi
CoCrCuTi [140] CoCuFeTi CoMnNiTi CrFeMnNi [143,144] CuFeNiV
CoCrCuV [140] CoCuFeV CoMnNiV CrFeMnTi CuFeTiV
CoCrFeMn* [138] CoCuMnNi* [138] CoMnTiV CrFeMnV CuMnNiTi
CoCrFeNi [145-147] CoCuMnTi CoNiTiV CrFeNiTi CuMnNiV
CoCrFeTi CoCuMnV CrCuFeMn* [138] CrFeNiV CuMnTiV
CoCrFeV CoCuNiTi CrCuFeNi* [138]  CrFeTiV CuNiTiV
CoCrMnNi* [138]  CoCuNiV CrCuFeTi CrMnNiTi FeMnNiTi
CoCrMnTi CoCuTiV CrCuFeV CrMnNiV FeMnNiV
CoCrMnV CoFeMnNi [142] CrCuMnNi* [138] CrMnTiV FeMnTiV
CoCrNiTi CoFeMnTi CrCuMnTi CrNiTiV FeNiTiV
CoCrNiV CoFeMnV CrCuMnV CuFeMnNi* [138]  MnNiTiV

Table 1.5: Quinary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V. Note, * indicates

calculation only.

CoCrCuFeMn
CoCrCuFeNi
CoCrCuFeTi
CoCrCuFeV
CoCrCuMnNi
CoCrCuMnTi
CoCrCuMnV
CoCrCuNiTi
CoCrCuNiV
CoCrCuTiV
CoCrFeMnNi
CoCrFeMnTi
CoCrFeMnV
CoCrFeNiTi

CoCrFeNiV
CoCrFeTiV
CoCrMnNiTi
CoCrMnNiV
CoCrMnTiV
CoCrNiTiV
CoCuFeMnNi*
CoCuFeMnTi
CoCuFeMnV
CoCuFeNiTi
CoCuFeNiV
CoCuFeTiV
CoCuMnNiTi
CoCuMnNiV

[149]

[148]

[138]

[155]
[156]
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CoCuMnTiV
CoCuNiTiV
CoFeMnNiTi
CoFeMnNiV
CoFeMnTiV
CoFeNiTiV
CoMnNiTiV
CrCuFeMnNi
CrCuFeMnTi
CrCuFeMnV
CrCuFeNiTi
CrCuFeNiV
CrCuFeTiV
CrCuMnNiTi

[148]

[154]

CrCuMnNiV
CrCuMnTiV
CrCuNiTiV
CrFeMnNiTi
CrFeMnNiV
CrFeMnTiV
CrFeNiTiV
CrMnNiTiV
CuFeMnNiTi
CuFeMnNiV
CuFeMnTiV
CuFeNiTiV
CuMnNiTiV
FeMnNiTiV

[148]



Table 1.6: Senary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V

CoCrCuFeMnNi [1] CoCrCuMnNiV CoCrMnNiTiV CrCuFeMnNiTi
CoCrCuFeMnTi CoCrCuMnTiV CoCuFeMnNiTi CrCuFeMnNiV
CoCrCuFeMnV CoCrCuNiTiV CoCuFeMnNiV [158]  CrCuFeMnTiV
CoCrCuFeNiTi [159]  CoCrFeMnNiTi [1] CoCuFeMnTiV CrCuFeNiTiV

CoCrCuFeNiV CoCrFeMnNiV [160]  CoCuFeNiTiV CrCuMnNiTiV
CoCrCuFeTiV CoCrFeMnTiV CoCuMnNiTiV CrFeMnNiTiV

CoCrCuMnNiTi CoCrFeNiTiV CoFeMnNiTiV CuFeMnNiTiV

Table 1.7: Septary Combinations of Co, Cr, Cu, Fe, Mn, Ni, Ti, V

CoCrCuFeMnNiTi
CoCrCuFeMnNiV
CoCrCuFeMnTiV
CoCrCuFeNiTiV
CoCrCuMnNiTiV
CoCrFeMnNiTiV
CoCuFeMnNiTiV
CrCuFeMnNiTiV

Table 1.8: Octonary Combination of Co, Cr, Cu, Fe, Mn, Ni, Ti, V

CoCrCuFeMnNiTiV [161]
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1.3 Empirical Approaches For Single Phase Prediction

There are currently several empirical approaches for predicting single phase for-
mation in MPEAs such as the configurational entropy, enthalpy of mixing (AHpx), com-
position weighted parameters for differences in atomic radii and electronegativity (or, dx),
and valence electron concentration (VEC) [42]. Recent studies have included criterions for
the formation of ¢ phase in many alloy systems to help the accuracy of prediction when

distinguishing between potential phases that can form [41].

1.3.1 Atomic Size Mismatch, Configurational Entropy, Electronegativity

Difference, and Valenece Electron Concentration

Some of the earlier theories suggested that the stability of the simple single phase
solid solutions were due to the high configurational entropy of these alloys, however by
that same reasoning the 20 component alloy from Ref. [1] should have been a single solid
solution, which was not the case as Yeh describes that the competition between mixing
enthalpy and entropy can be used as a design parameter for HEAs [10]. Guo et al. initially
reported parameters for characterizing the behavior of the constituent elements within mul-
ticomponent alloys, defined by using the Hume-Rothery rules for atomic size difference (9)

and mixing entropy (ASp;) Egs. 1.1 and 1.2:

3

§ =100 ¢i(1 =1 F)? (1.1)

=1
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Figure 1.4: Configurational entropy as an integer function of elements in the periodic table.

ASpmiz =—RY ¢ilne; = RInN (1.2)
=1

where 7 = E?:l ¢ri, and ¢; and r; are the atomic percentage and atomic radius of the ith
element, and R is the gas constant. A plot of Eq. 1.2 such that configurational entropy
is plotted against equiatomic additions of elements of periodic table is presented in Fig.
1.4. Most of the HEAs/MPEAs/CCAs in the literature contain from 3 — 8 elements, which
equates to a configurational entropy of ~ 1R to 2R. The configurational entropy for the
equiatomic 20 element alloy from Cantor’s original work is ~ 3R [1], yet we see that these
high mixing entropies do not necessarily lead to single phase solid solutions.

Additional parameters for electronegativity difference Ay [162] and valence electron con-

centration, VEC [163] have also been adapted to determine the phase stability in HEAs:

16



3

Ax = ci(xi — X)? (1.3)
—1

VEC = zn: CZ(VEC)»L (1.4)
i=1

where Y = Y | ¢;xi, and X; is the Pauling electronegativity for the ith element and (VEC);
is the VEC for the ith element. Guo et al. point out that VEC in this case is different than
the average number of itinerant electrons per atom e/a =Y ;" | x;e/a;, in that VEC counts
the total electrons including the d-electrons accommodated in the valence band [42]. Valence
electron concentrations (VEC) for 3d transition metals are often calculated from the tables
in Ref. [164] using (1.4) where Guo suggests that FCC phases are found when VEC > 8
while BCC occurs when VEC <6.87.

Guo et al. suggests that high mixing entropy is not sufficient to form solid solution
phases in equiatomic multi-component alloys. There exists a possibility that when the sys-
tem gets confused is to form an amorphous phase. To form stable metallic glass phases, the
more negative enthalpy has to be coupled with the large atomic size difference of elements
in the alloy. Guo statistically analyzes the effects of atomic size difference, mixing enthalpy,
mixing entropy, electronegativity, and valence electron concentration on the formation of
solid solution and amorphous phases. They conclude that the most significant difference
between high-entropy alloy and bulk metallic glasses formation is the atomic size difference,

while the requirements for complete solid solution are,

o —22 < AH, <7kJ/mol
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e 0 <ASix <85 J/(Kmol)
o 11 < ASir <19.5 J/(K-mol)

However, bulk metallic glass has the tendency to form when § > 9, —49 <

AHpip < —5.5 kJ/mol and 7 < AS,;, < 16 J/(K-mol).

1.3.2 Entropy

In the review by Miracle et al. they suggest that the configurational entropy hy-
pothesis for these alloy systems is not a good indicator for predicting the formation of
stable single phases alloys. The authors suggest that there are many other contributions
to the entropy of these systems, and that by using only the configurational entropy term
(i.e. Boltzmann equation) can lead to erroneous results when calculating free energies. The

total molar entropy outlined in Ref. [22] is given by Eq. 1.5:

S¢ _ S(ﬁ,ideal +conf S¢ +Vib S(,b +elec S(,b +mag S¢ (15)

where S? is the total molar entropy of phase ¢, S$i9¢! is the atomic configurational
entropy for solid solution phases via the Boltzmann equation, “"f S? is the excess configura-
tional entropy term which can arise from short range ordering, and ¥ S%, ™%9,8% and eS¢
are the entropy terms from atomic vibrations, magnetic moments, and electronic effects re-

spectively. The significance of these terms relative to Sidea!

vary across alloy systems, and
the literature suggests that the ”excess entropy terms can make important contributions to

the total entropy in competition between phases.” [22]. This ultimately leads to difficulty

when calculating free energies of these systems.
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1.3.3 Enthalpy

The Gibbs free energy of a system can be defined as:

AG = AH — TAS (1.6)

where AG is the Gibbs free energy, AH is the enthalpy contribution and T'AS is the entropy
contribution. As described earlier, the entropy term can be difficult to calculate based on
the number of factors that can influence the entropy of the system. The ability for a solid
or liquid solution of an alloy to form highly depends on the interplay between enthalpy and
entropy.

Due to the lack of experimental data for mixing enthalpies of many binary alloys,
a model for generating approximate mixing enthalpies was first developed by Miedema et
al. in 1973 [165], which uses the electron density at the Wigner-Seitz cell boundary and
the chemical potential of electronic charge of pure metals as input and can be written
as AHpix = Z?:l,#j Angmé‘J This model was used by Takeuchi et al. in 2005 for the
classification of bulk metallic glasses by atomic size difference and heat of mixing [166]
and later revisited by Takeuchi in 2010 [167] for mixing enthalpies of binary alloys, which
includes an additional model for sub-regular solutions [168]. The A Hy,ix of the binary alloys
from Ref. [167] serve as a starting point for calculations of AH,;x for HEAs, MPEAs, and

CCAs.

AHuwix= Y AHD (1.7)
i=1,i#j
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In equiatomic MPEA systems, there can be Z;ll (kil) elemental combinations
that may arise during the overall mixture, not taking into account the enormous amount
of non-equiatomic combinations that may also arise. For context, in an equiatomic quinary
alloy mixture, there can be 5 quarternary combinations, 10 ternary combinations, and 10
binary combinations of the elements used in the alloys. By generating a table of the possible
combinations that can arise from binary, ternary, quaternary, and quinary 3-d transition
metal MPEAs of a specific combination, we may roughly investigate the AH i, of phase
separated regions to draw comparisons between the resulting compositions in the solid or

liquid phase separated regions with the nominal values for the possible combinations. This

way we may begin to elucidate the relationship between miscibility and mixing enthalpy.

1.3.4 Additional Parameters

Yang et al. presents a theoretical prediction for phase formation for a wide array
of multi-component alloys with assumed normal casting or casting into copper mold [34].
They conclude that the number of the phases and their structures depend on processing
conditions other than atomic size difference parameter § and a solid-solution formation

parameter ) defined as,

)= """

(1.8)

Yang suggests that processing such as splat quenching with rapid cooling rate
could facilitate the formation of simple structures. Their calculations for the formation of

bulk-metallic glasses have larger values of § and smaller values of 2 than multi-component
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HEAs. They claim that the calculation of § and 2 can provide two key factors in the
prediction of solid-solution formation of HEAs. They suggest that £ > 1.1 and 6 > 6.6%
as criterion for forming solid-solution phase while Guo et al. suggested that § < 6.5 with
AH,i > —12 kJ/mol favors solid solution phase [42]. Ren et al. further refine these values
with investigations into the formation of solid solution structures of seventeen different
kinds of high-entropy alloys [149]. The phase compositions and microstructures of the
alloys that were analyzed favored § < 2.77 and AH,,;, > —8.8 kJ/mol for simple solid
solution. Otherwise intermetallic compounds tended to form.

King et al. presents a new method for predicting the formation of single phase
high-entropy alloys [169]. Two new values are compared to assess the suppression of an
ordered phase through the formation of a random solid solution: the change in Gibbs free
energy for the formation of a fully disordered solid solution from a mixture of its individual
elements AGgs , and the lowest intermetallic or highest segregated possible Gibbs free
energy obtainable from the formation of binary systems from the constituents of the mixture
AGpae- Thus, a new parameter @, defined as the ratio of these two values (Eq. 1.9), where
a value of ® > 1 suggests a stable solid solution at the systems’ melting temperature while
® < 0 suggests the system has a positive formation enthalpy and will not form a solid

solution.

AGss

b= —"+—
- ‘AGmaw‘

(1.9)

There were a few exceptions to this method, however density functional theory

(DFT) calculations suggest that partial atomic ordering may explain the discrepancies.
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The authors suggest this parameter ®, can be used to predict the temperature at which the
single phase solid solution will begin to precipitate.

Using the CALPHAD approach, the stability of phase was determined by the
systems Gibbs energy which includes contributions from both enthalpy and entropy. Using
phase diagrams, a two step approach is proposed to face the challenge of having a complete
database for the entire compositional range of the ever evolving HEAs. Zhang proposes
that a thermodynamic database can be developed for the limited number of matching
elements [170].

Recently, work by Toda-Caraballo et al. suggests that the lattice distortion is
related to the high solid solution hardening effect in HEAs. Along with the previously dis-
cussed solid solution forming parameters, two new parameters are introduced: interatomic
spacing distribution s,, and bulk modulus distribution K,, [37]. These parameters are
suggested to be used in conjunction with the existing parameters, and can approximately
describe separate regions displaying solid solutions, intermetallics, bulk metallic glasses,
and other crystal structures. Full mathematical representation of s,, and K,, can be found

in Ref [37].

1.4 Liquid Phase Separation

It has been 14 years since the discovery of the high-entropy alloys (HEAs), an
idea of alloying which has reinvigorated materials scientists to explore unconventional al-
loy compositions and multicomponent alloy systems. Many authors have referred to these

alloys as multi-principal element alloys (MPEAs) or complex concentrated alloys (CCAs)
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in order to place less restrictions on what constitutes an HEA. Regardless of classification,
the research is rooted in the exploration of structure-properties and processing relations
in these multicomponent alloys with the aim to surpass the physical properties of conven-
tional materials. More recent studies show that some of these alloys undergo liquid phase
separation, a phenomenon largely dictated by low entropy of mixing and positive mixing
enthalpy. Studies posit that positive mixing enthalpy of the binary and ternary compo-
nents contribute substantially to the formation of liquid miscibility gaps. The objective of
this review is to bring forth and summarize the findings of the experiments which detail
liquid phase separation (LPS) in HEAs, MPEAs, and CCAs and to draw parallels between
HEAs and the conventional alloy systems which undergo liquid-liquid separation. Positive
mixing enthalpy if not compensated by the entropy of mixing will lead to liquid phase
separation. It appears that Co, Ni, and Ti promote miscibility in HEAs/CCAs/MPEAs
while Cr, V, and Nb will raise the miscibility gap temperature and increase LPS. Moreover,
addition of appropriate amounts of Ni to CoCrCu eliminates immiscibility, such as in cases
of dendritically solidifying CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi.

Liquid phase separation (LPS), a widely observed phenomenon in metals is related
directly to the Gibbs free energy of the system, and the most prevailing cases are often two
distinct immiscible liquids of varying compositions. Although there is often some degree of
solubility between the alloying elements in a metallic system exhibiting LPS, each liquid
will have its own equilibrium vapor pressure, such that the vapor pressure of both phases
are the same, with a positive deviation from Raoult’s Law. When positive deviations from

Raoult’s Law are large, phase segregation tends to occur.
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The occurrence of liquid phase separation in an alloy can lead to heterogeneous
microstructures which may or may not be desirable depending on the intended application.
For example, an alloy exhibiting liquid phase separation would not be suited for use as
a structural material due to the heterogeneity of the microstructure, however may have
potential use as a self-lubricating bearing material, such as the case with Cu-Pb. There
have been several comprehensive reviews of immisicible metal systems of common alloys
about the phenomenon [171-175]. Therefore the scope of this review will focus particularly
on the liquid phase separation in the high-entropy alloy (HEA), complex concentrated alloy

(CCA), and multi-principal element alloy (MPEA) systems.

1.4.1 Thermodynamics of Liquid Phase Separation

Factors such as positive deviations from Raoult’s Law, positive heat of mixing, and
atomic size mismatch in some cases do not overcome the entropy term in the overall Gibbs
free energy and, cause overall immiscibility in the liquid, as is the case of miscibility between
Au-Bi [175]. B. Mott in the late 1950s put together a review of the immiscible liquid metal
systems as well as the corresponding thermodynamic data for each material at the time.
The immiscible alloys Mott compiled in the study contained many of the known immiscible
binary monotectic alloys of the time [171]. Nearly ten years later, Mott compiled another
review detailing the thermodynamics of these metal systems as well as provided models for
predictions of immiscibility in metals [172]. In Table 1.9, we provide a non-exhaustive table
of binary alloys with miscibility gaps in the liquid state. The table is expands the tables
from Mott’s reviews [171,172] by adding alloys from binary phase diagrams from the Centre

for Research in Computational Thermochemistry using the FactSage databases [176].
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The molar Gibbs free energy of a system of stable unmixed liquids is represented

additively via the atomic fraction of the free energies of the constituent liquids,

GI&+B+CA.. = Z xiGiL (1.10)
i=A,B,C...

where x;—4 B,c.. are the molar fractions of elements A, B, C etc. The molar Gibbs free

energy of mixing is classically defined as,

AGmix = AHpmix — TASmix (1.11)

where the entropy of mixing is given as,

ASpix = —R> z;lnz; (1.12)
%
and the enthalpy of mixing is
n .
AHyix = Y AHDY (1.13)
i=1,i#j

where AHE’;J is the interatomic interaction between concentrations of ‘i’ and ‘j’ elements
in the system. Immiscible alloys typically have a positive value of AHyi, which implies a
preference of nearest neighbors of similar atoms as opposed to compound formation with
different atoms. Many of the immiscible binary systems can be categorized by their liquid

state miscibility gaps and positive enthalpy of mixing, AHnyix, of which extensive thermo-

dynamic treatments are presented in Ref. [173,175].
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The region of a phase diagram where there is non-mixing of the constituents is
defined as a miscibility gap. The liquid miscibility gap in many of the monotectic binary
systems assumes a dome-like shape; the shape and location of which may shift with the
addition of more alloying elements. For example, one of the most well studied ternary
systems with a stable liquid miscibility gap is the Co-Cu-Fe system [110, 115, 177-185]
while equiatomic additions of Cr and Ni, the CoCrCuFeNi high-entropy alloy solidifies
dendritically from a single phase liquid, as observed by Yeh et al. in 2004 [3].

A generalized equilibrium monotectic phase diagram is present in Fig. 1.5, where
the miscibility gap in the liquid state is present as a dome with label I; + La. The size
and width of the immiscibility gap varies from system to system, however the concept is
the same. That is, cooling the alloy system from a liquid state in the concentrations that
fall within the miscibility gap will lead to the liquid decomposing into two compositionally
different liquids, the temperature of which is known as the critical temperature (labeled T,
in Fig. 1.5).

As the temperature decreases to T1 in Fig. 1.5, the entropy term T'AS, is smaller
than the enthalpy of mixing A H iy in the free energy of the system (Fig. 1.6), therefore the
free energy of the liquid Gy, with respect to concentration of the B element in A will also
assume a dome shape, presented in Fig. 1.5. If the temperature T is held, the equilibrium
phases will be L1, Ly 4+ Ls, or Ly dependent on composition Xg. Cooling the system through
Ty until the monotectic temperature, T3, the monotectic reaction will take place and we
will start to see « precipitate out of the liquid as L is no longer stable until we reach Ty,

where the remaining equilibrium phases are the solidified o and liquid Ly. Cooling through

26



Figure 1.5: Generalized equilibrium monotectic binary phase diagram.

the eutectic temperature at T5 to reach Tg we are ultimately left with a4+ g solid phases.

Due to the lack of experimental data for mixing enthalpies of many binary alloys,
a model for generating approximate mixing enthalpies was first developed by Miedema et
al. in 1973 [165], which uses the electron density at the Wigner-Seitz cell boundary and
the chemical potential of electronic charge of pure metals as input and can be written
as AHpyix = Zzﬂ:l,i;«éj AHE“;(J This model was used by Takeuchi et al. in 2005 for the
classification of bulk metallic glasses by atomic size difference and heat of mixing [166]
and later revisited by Takeuchi in 2010 [167] for mixing enthalpies of binary alloys, which
includes an additional model for sub-regular solutions [168]. The A Hy,ix of the binary alloys
from Ref. [167] serve as a starting point for many of the recent calculations of AHy,;y for
HEAs, MPEAs, and CCAs. Using the calculated binary mixing enthalpies (AHyyix) from

Takeuchi et al. [167], A Hpix much of the values used for determining the mixing enthalpies
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Figure 1.6: Gibbs free energy corresponding to the monotectic phase diagram.

for HEAs/CCAs/MPEAs were calculated using equation (3.1) where AH, g;;lgj = 4Qo,, T;1;
for the ith and j*® elements at Ag50Bo.50 concentrations from the tables in Ref. [167]. The

values for ¢; and ¢; are the normalized atomic concentrations in the multicomponent alloy.

1.4.2 Metastable Liquid Phase Separation

Unlike the stable liquid state immiscibility observed in the monotectic binary al-
loys, there are certain cases where a completely miscible liquid alloy can de-mix in the
presence of impurities or when supercooled below the freezing temperature of the alloy, as
demonstrated for Co-Cu and Cu-Fe by Nakagawa in 1958 [186]. Since then, there has been
an enormous amount of LPS studies on metastable Co-Cu [177,183,184,187-197] and Cu-

Fe [83,183,198-205], as well as the stable LPS that occurs in the combination of all three
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Table 1.9: Binary systems that contain a stable miscibility gap in the liquid state.

Ag-B Au-Ru Bi-V Ce - Cr Cs - Fe Fe - Na K - Mo Li-Tb Na-Y Sr - Tm
Ag-Co B-Ge Bi- Zn Ce-Eu Cu-K Fe - Pb K- Nd Li-Ti Na-Yb Sr-V

Ag - Cr B-Sn C - Cu Ce-K Cu-Mo Fe-Rb K - Ni Li-V Na-Zn Sr-Y

Ag - Fe Ba - Ce C - Sn Ce - Li Cu-Na Fe-Sn K- Pb Li-Yb Na - Zr Sr - Zr
Ag-Ir Ba - Cr Ca-Cd Ce-Mo Cu-Pb Fe-Sr K -Pm Li- Zr Nd - Sr Tb - Ti
Ag-K Ba - Fe Ca - Ce Ce-Na Cu-Ru Fe-TI K- Pr Lu - Na Nd - Ti Tbh -V
Ag-Mn Ba-Gd Ca-Cr Ce - Sr Cu - Se Ga-Hg K-Sc Lu - Sr Nd-V Te - T1
Ag-Nb Ba-K Ca-Dy Ce-Ti Cu- Tl Ga-Pb K-Sm Lu-V Nd-Yb Th-U
Ag-Nb Ba-La Ca - Er Ce-U Cu-Tu Ga-Te K- Sr Lu-Yb Ni- Pb Ti- Yb
Ag - Ni Ba-Mn Ca- Fe Ce-V Cu-U Ga- Tl K-Tb Mg-Mn Ni-Sr Tl - Zn
Ag - Os Ba-Nd Ca-Gd Ce - Zr Cu-V Ge - Tl K- Ti Mg - Mo Ni-TIl Tm -V
Ag - Os Ba-Pm Ca- Ho Co - In Cu-W Gd- K K-Tm Mg-Na Pb- Se V-Y

Ag-Rh Ba-Pr Ca- K Co- K Cr - Pb Gd - Li K-V Mg-Nb Pb-Si V-Yb
Ag-Rh Ba-Ru Ca-La Co - Li Cr - Sn Gd-Mo K-Y Mg-Ru Pb-Zn W-Zn
Ag - Se Ba - Sc Ca - Lu Co-Pb Dy-K Gd-Na K-Yb Mg-Ru Pb-7Zr

Ag - Ta Ba-Sm Ca-Mn Co-TI Dy - Li Gd - Sr K-Zn Mg - Ta Pm - Sr

Ag-U Ba - Ti Ca-Na Cr-Dy Dy-Na Gd-Ti K-7Zr Mg - Ti Pm - Ti

Ag-V Ba-Y Ca-Nd Cr-Er Dy - Sr Gd-V La- Li Mg - W Pm-V

Ag - W Ba - Zr Ca-Pm Cr-Eu Dy - Ti Gd-Yb La-Mn Mg-Zr Pr - Sr

Al - Bi Be - K Ca - Pr Cr-Gd Dy-V Hg-Nb La-Na Mn-Na Pr-Ti

Al - Cd Be - Li Ca - Ru Cr-K Er- K Hg - Si La- Sr Mn-Pb Pr-V

Al-In Be-Mg Ca-Sc Cr - La Er - K Hf - Mg La - Ti Mn - Sr Pr - Zr

Al- K Be - Na Ca-Sm Cr-Li Er - Na Ho - K La-V Mn - T1 Sc-V

Al - Na Be - Se Ca-Tb Cr-Mg Er-Sr Ho-Mo La-Zr Mn-Yb Sc-Sr

Al - Pb Be - Sn Ca- Ti Cr - Na Er-V Ho-Na Li-Cs Mo-Na Sc-V

Al- Tl Be - Sr Ca-Tm Cr-Nd Eu - Li Ho - Sr Li - Fe Na - Nd Se - T1

As - Tl Be - Zn Ca-V Cr - Pb Eu-Mn Ho-Ti Li-K Na - Ni Si- Tl

Au-B Bi - Co Ca-Y Cr-Pm Eu-Na Ho-V Li - Na Na-Pm Sm- Sr

Au - Ir Bi- Cr Ca-W Cr- Pr Eu-TI In-Te Li- Nd Na - Pr Sm - Ti

Au-Mo Bi-Fe Ca - Zr Cr-Sm Eu-V In-V Li- Ni Na - Sc Sm -V

Au-Rh Bi-Ga Cd - Cr Cr - Sn Eu - Zr K- La Li-Pm Na-Sm Sn -V

Au-Rh Bi-Mn Cd - Fe Cr - Sr Fe - In K - Li Li- Pr Na - Tb Sn-W

Au - Se Bi- Rb Cd-Ga Cr-Tm Fe-K K - Lu Li- Rb Na - Ti Sn - Zr

Au-W Bi - Se Cd-K Cr-Y Fe - Li K - Mg Li- Sc Na-Tm Sr-Tb

Au-Ru Bi-Si Cd - Na Cr-Yb Fe - Mg K - Mn Li- Sm Na -V Sr - Ti

elements in Co-Cu-Fe [110,115,177-185]. Metastable liquid phase separation is defined as
the liquid phase separation that occurs when undercooling an alloy such that it enters a
miscibility gap that would not have been observed if solidified via conventional methods,
presented in the phase diagram from Ref. [188] in Fig. 1.7. These studies have shown that
when undercooling past freezing, the single phase alloy liquid will then split into two liquids
(L1 + L2), specifically in these cases into Cu-rich and Cu-lean liquids, which solidify often
as spherical globules trapped in the frozen regions of the other liquid (the microstructure of

such will be discussed later). This metastable LPS implies that there exists a dome shape
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Figure 1.7: The Co-Cu phase diagram with dashed line indicating the metastable liquid

miscibility gap beneath the liquidus.

similar to the monotectic alloys beneath the liquidus curves in their respective equilibrium

phase diagrams.

1.4.3 LPS in Ternary systems

Many of the ternary alloys that exhibit liquid phase separation contain Cu as it has
a low affinity for mixing with other elements, however, there are a number of other non Cu-
containing ternary alloys with liquid miscibility gaps as well. Table 1.10 is a non-exhaustive

list of the studied ternary alloys with liquid phase miscibility gaps, many of which contain
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Cu. As was the case with many binary alloys, the AH,;x of these systems are typically
positive. One can think of the HEAs/CCAs/MPEAs as the addition of alloying elements
to preexisting ternary alloys, some of which may actually contain a stable miscibility gap
in the liquid, which is the case with CoCrCu [86] and many of the HEAs that contain Co,
Cr, and Cu in equal parts with respect to the other alloying elements in the HEA. It would
appear that the increase in the entropy of mixing ASnix with additional alloying elements
stabilizes the solution, however this strongly depends on the enthalpy of mixing AHpyix as

well as other factors that determine miscibility [22].

Table 1.10: Ternary alloy systems that contain a liquid miscibility gap

Ag-Al-Pb  [170] AT- Mg - Mn _[1706]
Ag-Co-Pd [176] Au-Cu-Pb [176]

Ag- Cu- Fe [206] Au-In-Pb [176]
Ag-Cu-Mn [206] Au-1In-Pb [176]

Ag - Cu- Ni [206] B - Cu- Fe [181,207]
Ag-Cu-Pb  [206] Bi-Ga-Zn  [176]
Ag-Cu-Se  [206] Co-Cr-Cu [86,140,208,209]
Ag-Cu-Ti  [206] Co-Cr-Nb  [86]
Ag-Fe-Mn  [176] Co-Cu-Fe [110,115,177-180,182-185,210]
Ag-Fe-Ni  [176] Cr-Cu-Fe [115,211]

Ag - Nb - Ti [212] Cu-Fe-Mo [213]

Ag-Ni- Sn [176] Cu-Fe-Nb [213]

Al - Bi- Cu (214] Cu - Fe -Si [115,181]

Al - Bi- Sb [215] Cu - Fe - Sn [216]
Al-Bi-Sn  [217-220] Cu-Fe-V  [115]

Al - Cu - Sn [221] Cu- Ni- Pb [176]
Al-Ga-In  [176] Fe-Si-Zn  [176]

Al - Ga - Sn [176] Pb - Pd - Sn [176]

There is much debate as to what exactly constitutes a high-entropy alloy (HEA),
complex concentrated alloy (CCA), or multi-principal element alloy (MPEA). In essence,
the core idea is very similar behind each definition: multicomponent, “baseless” alloys
greater than 3 elements designed with the goal of surpassing the mechanical properties of
traditional alloys. Whether or not which composition will solidify into a single, duplex, or

multiple phases is not what this review is concerned with, but rather the observance of liquid
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phase separation in these multicomponent alloy systems. Approximately 85% of HEAs in
the literature to date are made up of predominantly 3d transition metals, many of which
contain Al [22]. As it is impossible to visualize the phase diagram space of multicomponent
alloy systems that contain 5+ elements, it can be difficult to know whether these alloy
systems will phase separate in the liquid. Many of the well studied HEA systems, such
as CoCrCuFeNi for example [2], contain equiatomic CoCrCu which has a very large liquid

miscibility gap [86,208].

1.5 Solidification Microstructures

1.5.1 Dendritic Microstructure

Alloy solidification morphology and as-cast microstructure can have many forms
depending on the solidification process. The most common microstructures of a solidified
alloy can vary from plane front solidification, dendritic morphology, and eutectic microstruc-
tures, among others. Many of the solidification microstructures present in HEA literature
consist of dendritic growth, which is typically indicative of crystal growth from a liquid with
an imposed thermal gradient, as is the case with most arc-melting processes. Dendrites are
solid tree-like, branching cellular structures that grow from a liquid phase. The conglom-
eration of atoms during solidification typically form a nucleus of spherical shape, which
then becomes unstable due to perturbations. The solid shape then begins to express the
preferred growth directions of the underlying crystal and consumes atoms from the overall
liquid to form a stable solidifying phase [222]. The liquid that is leftover after dendritic

solidification is referred to as the interdendritic liquid which solidifies last, and is referred
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Figure 1.8: Backscattered electron image of an as-cast AIMoNi alloy with a dendritic mi-

crostructure.

to as the interdendritic region or interdendrite.

The preferred dendritic growth directions for most cubic systems (FCC/BCC) are
in the < 100 > directions, which leads to the secondary dendrite arms to grow perpendicular
from the primary arm. This is often an easy way to differentiate between cubic and noncubic
crystal structure of the dendritic phase.

Typical dendritic microstructure of an electromagnetically levitated and solidi-
fied alloy is presented in Fig. 1.8. The dendritic morphology usually indicates that the
microstructure evolved from a single phase liquid if the dendritic morphology is uniform,

however if the alloy has a small volume fraction of LPS, the remaining L2 globules may be
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pushed to the edge of the sample by the growing dendrites. There have been cases where
liquid phase separation has occurred in the interdendritic liquid after the growth of primary
dendrites [223,224], however the general morphology of dendritic microstructures indicate
that there were no large scale liquid-liquid immiscibility between the alloying elements.
Many HEAs/CCAs/MPEAs solidify with a duplex microstructure, where the den-
dritic and interdendritic regions have a large compositional and crystallographic differ-
ences [9,17,22,23,27]. These have been shown to have interesting mechanical properties

however, have yet to surpass the mechanical properties of commercial alloys.

1.5.2 Microstructures Resulting From Liquid Phase Separation

Alloys that undergo either stable or metastable LPS also have very distinct mi-
crostructures that can vary based on the solidification process. Slow cooling rates paired
with a static environment can lead to the liquids separating. If the system is a little more
dynamic, such as in the case of casting, the process can lead to trapping of the primary
liquids in one another, referred to as emulsion (Fig. 1.9). The separated liquids tend to be
trapped as spherical globules inside the other liquid, and solidify as such, as is the case of
the equiatomic CoCrCu alloy present in Fig. 1.10. As these liquids can be slightly different
in composition than the primary liquid, they are referred to as secondary liquids. Based on
morphology alone, one can distinguish the first phase to solidify from the interface between
the the two liquids as the higher melting point liquid will solidify at a higher temperature,
and will most of the time solidify with protrusions into the other liquid, as is the case with
the solidification of CoCrCu present in Fig. 1.11. The backscattered electron image in Figs.

1.10,1.11 display emulsion of the lighter (Cu-rich) and darker (CoCr-rich) liquids, as well
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Figure 1.9: SEM image of liquid phase separation and emulsion of two immiscible liquids L1
and L2 in an undercooled CoCuFe alloy. Image presented with permission from the original

authors.

as small protrusions coming from the CoCr-rich secondary liquid in Fig. 1.11.

There have been several efforts to create uniform microstructures of immiscible
liquid melts, such that the LPS is evenly distributed. These techniques include free di-
rectional and directional solidification [225], rheomixing [226], microgravity experiments
[191, 227, 228], electromagnetic levitation processing [202] and rapid solidification [229].
Much of this work is aimed at the tailoring of the immiscible liquid droplets such that
microstructure has a uniform spread of the immiscible phase [173]. There have also been
experiments aimed at the suppression of LPS with additional alloying elements [230].

Traditionally, observing LPS in metallic systems was done via post-mortem anal-

ysis via metallography and microscopy, as metals are not transparent to light and have
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Figure 1.10: Backscattered electron image displaying emulsion of CoCr-rich (darker) and

Cu-rich (lighter) liquids in an as-cast alloy of CoCrCu.
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Figure 1.11: Backscattered electron image displaying emulsion and protrusions of the CoCr-

rich (darker) phase into the Cu-rich (lighter) phase in an as-cast alloy of CoCrCu.
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a very small transparency for X-rays. Recently through the use of neutron transmission
imaging techniques, the direct observation of liquid phase separation in metals was made
possible via neutron radiographs taken during heating and cooling of immiscible CoCrCu
alloys [209]. These experiments show for the first time an in-situ observation of macroscopic
LPS in metals, and can be applied to any metallic system such that the neutron transmis-
sion through the each phase can provide enough contrast between them. Fig. 1.13 displays
neutron radiographs of two stacked CoCrCu arc-melted buttons in a small AloOgz crucible
with inner diameter of 8 mm. Prior to the in-situ testing, the arc-melted CoCrCu but-
tons underwent stable LPS and solidified with very heterogeneous Cu-rich and Cu-depleted
regions, as presented in Fig. 1.12. The resulting as-cast button consists of a non-uniform
mix of the two solidified Cu-rich and Cu-depleted phases, and can be seen as the lighter
(Cu-rich) and darker (Cu-depleted) regions in Fig. 1.13a. During melting (Figs. 1.13b-d),
the two liquid phases separate and stack according to density (Cu being the lighter contrast,
more dense liquid phase). Note that the solid Cu-rich and CoCr-rich phases were already
separated in the arc-melted buttons, but at a finer scale. The stable liquid phases then
agglomerated and separated at the macro-scale. A full sequence of images in the form of a

movie can be found in Ref. [209].
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Figure 1.12: Neutron radiograph of two stacked arc-melted CoCrCu buttons in an alu-
mina crucible with brighter regions corresponding to Cu-rich phases and darker regions

corresponding to CoCr-rich phases.

o - B *

Figure 1.13: Melting and liquid phase separation of stacked CoCrCu samples. (a) During
initial heating, the two as-cast buttons are intact. (b) The Cu-rich phase melts first between
1075 and 1100 °C, and (c) pools at the bottom of the crucible. (d) The Cu-lean phase fully

melts upon heating to 1500 °C and stack based on density due to the influence of gravity.
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1.6 High-Entropy Alloys Exhibiting Liquid Phase Separation

1.6.1 HEASs containing Cu

The first occurrence of LPS in HEAs was observed by Hsu et al. in 2007 with
a study of the alloying behavior of AlCoCrCuNi-based HEAs with additions of Fe, Ag,
and Au [231]. The addition of Ag to the AlICoCrCuNi HEA to create AgA1CoCrCuNi was
found to phase separate in the liquid which resulted in the solidification microstructure
consisting of Cu-rich globules embedded in Cu-depleted phases, contrary to the typical
dendritic solidification microstructures observed for AlICoCrCuNi. Hsu suggested that in
order to achieve effective mixing in the liquid, the A Hyix for atom pairs should not exceed 10
kJ/mol, and that “mutual interaction between elements, based on their mixing enthalpies,
should be taken into account when designing high-entropy alloys” [231].

These alloys were then revisited by Munitz et al. in 2013 where AgAlCoCrCulNi
and AgAlCoCrCuFeNi were synthesized to study the melt separation behavior [232]. It was
observed that the Cu-rich immiscible liquid tended to flow to the bottom of the buttons
udring arc-melting, as well as residual Cu-rich liquid being trapped in the interdendritic
region of the Cu-depleted dendritic phase. Undercooling experiments were also carried out
for a similar alloy of Al; §CoCrCus sFeNi, however no metastable liquid miscibility gap was
found at the undercoolings obtained in the study (~ 150 K) [184,232].

A similar alloy composition of AICoCrCuFeNiSig 5 doped with YoO3 was synthe-
sized via laser cladding with the intention to form a core-shell structure in HEAs, inspired
by the LPS observed in HEAs and binary monotectics. The undoped AlICoCrCuFeNiSig 5

did not undergo LPS, while the addition of 1 wt.% nanosized Y503 caused the liquids to
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separate into egg like globules of Cu-rich liquids inside the Cu-depleted liquid [233]. This
is similar LPS phenomena that has been seen in the aforementioned alloy compositions.

Recent studies into Co-free Als sCrCuFeNiy revealed what the authors referred to
as anomalous “sunflower-like” solidification microstructures [234], where it was suggested
that LPS occurs in the no longer stable-depleted interdendritic liquid, occurring due to
changes in the composition. Munitz et al. suggest that the liquid phase separation is due to
constitutional changes and not temperature changes, where the authors refer to this phe-
nomena as “constitutional LPS” (CLPS) [224]. For the Aly oCrCuFeNi, alloy, constitutional
LPS occurred in the interdendritic liquid , where the interdendritic liquid decomposed into
a CrFe-rich L; and a Cu-rich Lo. As the dendritic skeleton was already formed, the heav-
ier Cu-rich liquid accumulated in the interdendritic region and the cast bottom, while the
CrFe-rich spheres underwent solidification emulsed in the Cu-rich liquid.

A large study of several HEAs by Munitz et al. in 2017 was undertaken to explore
the effects of Al, Co, Cr, Ni, Ti, and V on the miscibility gap temperature of several HEA
systems. It was shown that Al, Co, Ni, and Ti lowered the miscibility gap temperature
while Cr, V, and Nb will raise the miscibility gap temperature and increase LPS in these
systems, alloys of which are found in Table 1.11. Many of the HEAs studied by Munitz et
al. contained equiatomic CoCrCu, which was experimentally determined to have a large
liquid miscibility gap [86]. It is peculiar that systems such as CoCrCuFeNi will solidify
dendritically [3] while similar alloys of CoCrCu [86, 140,209] and CoCuFe [110,115,177—
180, 182-185,210] have been shown to have large liquid miscibility gaps. A recent study by

Derimow et al. investigated the solidification microstructures of equiatomic CoCrCu with
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Figure 1.14: Tree diagram representing probability of clustering based on the mixing en-

thalpies of binary combinations of elements ABC

added Fe, Mn, Ni, V, FeMn, FeNi, FeV, MnNi, MnV, and NiV to the composition. It was
found that only three of the alloys solidified dendritically (CoCrCuNi, CoCrCuFeNi, and
CoCrCuMnNi), while the remaining combinations underwent stable LPS [140]. Derimow et
al. also suggest that the positive mixing enthalpy of each of the systems were responsible for
the LPS, and presented a tree diagram for approximating the likelihood of which elements
will cluster together in the melt, present in Fig. 1.14.

The tree diagram in Fig. 1.14 indicates that AB atoms are more likely to cluster
than ABC, AC, or BC, thereby rejecting the C element. This can be seen in case of the
ternary CoCrCu where the LPS consists of CoCr-rich and Cu-rich liquids [86, 140] and
solidifies with the microstructure shown in Fig. 1.10.

Table 1.11 compiles the multicomponent alloys found in the literature that have
been shown to undergo LPS. Each of these systems have solidification morphology similar to
the microstructure present in Fig. 1.10. From this table, the common component in all but
one of these systems is equiatomic Cu. This is in part due to the positive mixing enthalpy
Cu has with many of the alloying elements in the system. It should be noted that although

Ni appears to promote miscibility in Cu-containing HEAs, however may be ineffective if the
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Table 1.11: Multcomponent alloy systems with reported liquid miscibility gaps.

System Classification Type of LPS Ref.
Ag-Al-Co-Cr-Cu-Fe-Ni HEA Stable [232]
Ag-Al-Co-Cr-Cu-Ni HEA Stable [231,232]
Al-Co-Ce-La-Zr Bulk Metallic Glass ~ Stable/Metastable  [235]
Alps -Co-Cr-Cu-Fe-V HEA Stable [139]
Al-Cr - Cu- Fe- Ni HEA Stable [224]
Al-Cu-La-Ni-Zr Bulk Metallic Glass ~ Stable [236]
B-Cu-Fe-P-Si Fe-Cu-alloy Stable [237]

Co - Cr-Cu- Fe HEA Stable [139,140]
Co - Cr - Cu - Fe - Mn HEA Stable [140]

Co - Cr - Cu - Fe - Mo - Ni HEA Stable [238]

Co - Cr - Cu - Fe - Ni HEA Metastable [151-153,239]
Co-Cr-Cu-Fe-Ni-Nb HEA Stable [139]
Co-Cr-Cu-Fe-Ti-V HEA Stable [139]
Co-Cr-Cu-Fe-V HEA Stable [139,140]
Co - Cr - Cu - Mn HEA Stable [140]
Co-Cr-Cu-Mn-V HEA Stable [140]
Co-Cr-Cu-Ni-V HEA Stable [140]
Co-Cr-Cu-V HEA Stable [140]
Cr-Cu-Fe-Mn-V HEA Stable [139]

Cr - Cu - Fe - Mo - Ni HEA Stable [240]

Cr - Cu - Fe -Ni Cu-alloy Stable/Metastable  [110]

repulsion between Cu and the majority of the alloying elements is too great.

1.6.2 CoCrCuFeNi

One of the seminal HEAs synthesized by Yeh et al. was the CoCrCuFeNi HEA [3].
Along with the Cantor alloy (CoCrFeMnNi) [1], these alloys served as many a starting
point for the addition and subtraction of alloying elements. The first study to note the
liquid phase separation in HEAs in a similar composition of AgAlCoCrCuNi attributed the
presence of LPS to the positive mixing enthalpies between Ag and the rest of the alloying
elements [231].

An induction melting study by Wu et al. involving CoCrCuFeNi demonstrated the
first occurrences of LPS in this alloy [153]. In Wu’s study, several combinations of the CoCr-
CuFeNi alloy with varied Fe and Ni were studied to investigate the effects on microstructure

and crystallography of the system. When Fe and Ni were varied to create CoCrCuFeg 5Ni
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and CoCrCuFeNig 5, spherical Cu-rich separations were observed postmortem analysis of
the solidified samples [153]. The authors rationalized that the two alloy compositions pos-
itive mixing enthalpies were too great to be overcome by the entropy of the system which
would thereby lower the overall Gibbs energy of the system in the molten state.

Previous studies of supercooling and rapid solidification via electromagnetic levi-
tation melting by Elder et al. characterize large undercoolings of 150 K for Cu-Fe and 75
K for Co-Cu that produce the LPS microstructures for these metastable alloys [241]. El-
der et al. list several techniques to achieve high undercoolings such as melt emulsification,
melting in molten slag or fused silica (glass fluxing), free fall in a drop tube, and electro-
magnetic levitation techniques to achieve undercooled temperatures [241]. Using the molten
fused silica technique, rapid solidification studies of CoCrCuFeNi by Liu et al. were carried
out to investigate rapid solidification effects on the microstructure and phase stability of
CoCrCuFe,Ni HEAs (where x = 1, 1.5, and 2.0) [151]. It was found that LPS occurred in
all three compositions below critical undercooling temperature, AT, where AT?=Z10 =

crit
160 K, ATgﬁl'E’ = 190 K, and ATC“EQ'O = 293 K. When AT > AT, the microstructure
is consistent with that of LPS, such that there were Cu-rich spheres present throughout
the material. Due to the dendritic solidification behavior of CoCrCuFeNi through regular
solidification routes [3], this alloy is classified as having a metastable liquid phase miscibility
gap that is present when undercooled past AT, [151]. The metastable liquid miscibility
gap was also confirmed by Wang et al. for CoCrCuFeNi where the authors also achieved an

exceptionally high degree of undercooling of 381 K (0.23T,,) for the alloy [152]. The AT

for equiatomic CoCrCuFeNi was also studied by Guo et al., and it was found that metastable
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LPS occurs when AT > AT = 100 K [239]. The authors also show that the yield strength
and elongation of equiatomic CoCrCuFeNi significantly decrease when the alloy undergoes
liquid phase separation due to the non-uniformity of the resultant microstructure [239].

Recently, Wang et al. show that with the addition of 3 at.% Sn to CoCrCuFeNi,
the alloy undergoes the same characteristic liquid phase separation when undercooled past
AT = 100K [242]. The study showed that the LPS produced an increase in hardness of
the Cu-depleted phases due to the separation of Cu and Sn in the liquid [242].

Previous studies on similar alloys have shown that Mo improves the strength in
the AlCoCrFeNi and AlCoCrCuFeNi HEAs [243-245]. However, it has been shown that
with varied Cu concentrations in CoCrCu,FeMoNi where x > 0.5, LPS occurs in similar
fashion to the other Cu-containing HEAs [238].The addition of Mo to the CoCrCuFeNi
alloy was investigated by Wu et al. to elucidate the solidification process in these alloys,
as there had been a lack of thorough studies on the solidification microstructures of these
alloys [238]. Due to the Cu-rich sphere emulsion in Cu-depleted phases, likely due to
the positive mixing enthalpy between Cu and the remaining alloying elements, Wu et al.
suggested that the AH i, criteria for the prediction of single phase formation be amended
to include the possibility of liquid phase separation in the liquid when AH;x > 0. In
order to further study the Mo-containing HEAs, Peng et al. synthesized a Co-depleted
CrCu,FeMo,Ni HEA to further elucidate the effects of the large positive AHyix between
Cu and Mo on the solidification process and microstructure. It was found that Cu-rich and
Cu-depleted LPS occurs in the CrCu,FeMoyNi when x and y = 0.5 and 1, attributed to

AHyp,ix > 0 for these alloy combinations [240)].
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The field of high-entropy alloys, complex concentrated alloys, and multi-principal
element alloys continues to grow, with new studies producing valuable insights to the mate-
rials community with the overarching goal of creating new alloys that exceed the properties
of conventional materials. This relatively new class of material is not much different from
the conventional alloys, being that they are still subject to the same thermodynamic rules
that are imposed on them. The main caveats are that with the increase of alloying elements,
orthogonal element phase diagram visualization becomes impossible, therefore creative ideas
are warranted to help understand the nature solidification of these alloys. Positive mixing
enthalpy if not compensated by the entropy of mixing will cause liquid phase separation. It
appears that Co, Ni, and Ti promote miscibility in multicomponent alloys,while Cr, V, and
Nb will raise the miscibility gap temperature and increase LPS. Moreover, for equiatomic
CoCrCu, which has a large liquid miscibility gap, addition of appropriate amounts of Ni
eliminates immiscibility. Indications of such for example is the CoCrCuFeNi alloy, which
will solidify dendritically while similar alloys of CoCrCu and CoCuFe show strong immisci-
bility. Moreover, when Fe, Mn, Ni, V, FeMn, FeNi, FeV, MnNi, MnV, and NiV are added
to to equiatomic CoCrCu, only three of the alloys solidify dendritically (CoCrCuNi, CoCr-
CuFeNi, and CoCrCuMnNi), while the remaining combinations underwent stable LPS. In
the case of CoCrCulNiV, it appears that the addition of Ni in equiatomic amounts was not
enough to overcome the positive mixing enthalpy interaction between Cu and V, as the
CoCrCuV alloy also exhibits stable LPS. From the table of listed multicomponent alloys
that undergo LPS, Cu is found in all but one of these combinations, which indicates that

Cu containing HEAs may contain a metastable liquid miscibility similarly to CoCrCuFeNi.
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2.1 Arc Melting
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Figure 2.1: Schematic of Arcmelting System

The first melting of metal on a water-cooled metal substrate was performed over
100 years ago for the invention of ductile tantalum [246]. The water cooled substrates
became more elaborate nearly 50 years later when researchers began to carve grooves into
water filled Cu tubes to hold the starting metallic material [247,248]. This process eventually
led to the modern hearths we have today that can have a variety of shapes. As opposed to

consumable electrode melting, inert or nonconsumable electrode melting is what is mainly
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used in laboratories for current research purposes. In this method, the arc is maintained
by a refractory material, such as thoriated tungsten. The schematic in Fig. 2.1 displays the
modern arc melting unit, such as the one used for these experiments. The system is a fairly
simple circuit with half of it being encapsulated inside of a water-cooled bell jar; a direct
current (DC) power supply provides current through water-cooled Cu wires surrounded by
insulated tubing into the electrode to where the current travels through the electrode and
to the thoriated tungsten tip. An arc is an extremely hot body of ionized elemental species
(5000-50,000K) which the current passes through, typically over 100 A with a voltage drop
between the limits of 20-45 V [249]. Once the arc is started, the current completes the
circuit through the water-cooled Cu-hearth and back to the DC power supply, melting the
metal inside the hearth in the process. To remove impurities in the atmosphere of the bell
jar, a piece of titanium is melted in between sample melts to act as an oxygen getter. The
arc-melting device used throughout this work was a Centor Series 5 BJ arc-melter, depicted
in Fig. 2.2.

Compositions in the following studies were prepared with elemental purities of
the base metals: Co > 99.9%, Cr > 99.99%, Cu > 99.9%, Fe > 99.97%, Mn > 99.7%,
Ni > 99.99%, Ti > 99.7% and V > 99.7% all purchased from Alfa Aesar (Ward Hill,
Massachusetts). Elemental manganese used in the experiments was pickled prior to alloying
to remove unwanted oxide layers from the manufacturer. Bulk pieces of Co and Ti received
from the manufacturer were cut into 4x4x8 mm pieces via wire EDM. Elemental metals
were cut to specific sample stoichiometry with SiC griding discs on a rotary tool, followed

by sonic bath in isopropyl alcohol to remove dust and oils. Each sample with elemental
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Figure 2.2: Centorr Series 5BJ Arc-melting unit.

metal pieces weighing a total of =~ 1.5g, were then placed into the water-cooled Cu hearth
of the arcmelting furnace in Fig. 2.1 and melted three to five times in a Ti-gettered argon

atmosphere.

2.2 Electromagnetic Levitation

The use of induction coils to achieve levitation of conducting materials was first
proposed by O. Muck in 1923 [250], but not fully realized until 1951 where it was suggested
that sample levitation could be achieved without melting [251,252]. Shortly after, the
process was further theoretically and experimentally developed by researchers at the West-

inghouse Research Laboratory who were able to achieve sample levitation in a container-less
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environment [253-255].
The force required for sample levitation and heat input are influenced by [253]:
e Size, shape, and construction of the induction coil.
e Size, shape, and material of the charge relative to the coil.

e Physical properties of the charge, such as the rate of variation of surface tension, electrical,

and magnetic properties with temperature.
e Type of power supply and frequency.

e Thermal history of the melt as influenced by the gas environment.

The ratio of levitation force to weight of the sample, and power absorbed by the

sample is given by,




Figure 2.4: Photograph of a metal suspended in the magnetic field of the EML apparatus

_ 37RH(x)

P
a,ug

B B (2.2)

where x is defined as the ratio of the radius of the metal sphere R to the skin depth ¢ (x
= R/d) , G(x) and H(x) are functions of x, F is the levitating force, W is the weight of
the sphere, B is the magnetic induction, P is the power absorbed by the sample, g is the
permeability of free space, o is the electrical conductivity of the metal and p is the density
of the metal [249]. The high frequency current supplied by the power source produces an
alternating magnetic field in the induction coil, which induces eddy currents in the sample
that are 180° out of phase with the applied field. This both heats the sample and creates
an opposing magnetic flux that moves the sample to the weaker part of the applied field.
For levitation to occur there must be a lifting force equal to the weight of the sample, which
can be achieved by using a conical induction coil with one or two opposing turns at the top

to provide horizontal stability and dampen oscillations. The samples are typically levitated
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within quartz tubing under Ar cover gas, while temperature of the sample can be controlled
via flow of gasses with high thermal conductivity (such as He) [241]. A schematic for this
system can be seen in Fig. 2.3.

Successful electromagnetic levitation experiments in the 1980s and 90s utilized
this technique to manipulate undercooling effects, grain refinement, reduced gravity envi-
ronments, levitation of paramagnetic materials, and rapid solidification in metallic sam-
ples [241,256-261].

Electromagnetic levitation processing was carried out using a LEPEL 20 kW, 300
kHz - 8 MHz high-frequency generator in an Ar/He environment inside of a 5/8” OD
quartz tube with slightly conical induction coils, which were prepared via the prescribed
coil preparation method in Ref. [262]. Heating and cooling of the levitating metallic samples
were controlled via passing a combination of He and Ar gasses through the quartz tube. The
gasses were first passed through a Centorr Model 2A gas purifier prior to entering the quartz
tube. Heating is achieved when He gas is reduced, while cooling is achieved by increasing the
flow of He and reducing the flow of Ar. For fast cooling rates, the samples were dropped from
levitation to quench on a room temperature piece of copper. Temperature measurements
were made with Process Sensors M3 2-color pyrometers of temperature ranges 500 - 1800

°C and 800 — 3000 °C.

2.3 Metallography

The cast samples were cut in half using a diamond wafering blade and subsequently

mounted face down in BPA epoxy resin or Conducto Mount conductive mounting powder.
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The specimens were then abraded using SiC paper up to 1200 grit, and polished using 1y,
0.3, and 0.05u AloO3 powder or colloidal silica. As the colloidal silicon is slightly alkaline,

no additional etchant was used prior to electron microscopy.

2.4 Characterization

X-ray diffraction patterns were taken using a PANalytical Empyrean Series 2
diffractometer with Cu K, radiation. The data was acquired from 20° to 100° with
a step size of 0.02° and step time of 30s/step. Backscattered electron images (BEIs)
and energy-dispersive X-ray spectroscopy (EDS) were obtained with NovaNanoSEM 450
and TEESCAN MIRA3 GMU scanning electron microscopes. Semi-quantitative analysis
was carried out on the X-ray spectra obtained from the primary liquid regions and den-
dritic/interdendritic regions. With the magnification being on the order of several microns,
we can estimate the average elemental composition based on the semiquantitative analysis
of the Ka and La X-ray emission peaks of the elements with approximate error in atomic

composition % 2-3 at.%.
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3.1 Abstract

We report on observations of the as-cast microstructures of equiatomic quater-
nary and quinary multiprincipal element alloys (MPEAS) containing equiatomic ternary
CoCrCu-X with X being Fe, Mn, Ni, Ti, V, FeMn, FeNi, FeTi, FeV, MnNi, MnTi, MnV,
NiTi, NiV and TiV. Out of the 15 MPEA combinations studied, CoCrCuNi, CoCrCuTj,
CoCrCuFeNi, CoCrCuMnNi, CoCrCuMnTi, and CoCrCuTiV displayed solid solution den-
dritic microstructures while the remaining 10 displayed a liquid phase separation into Cu-
lean and Cu-rich liquids which solidified into highly phase separated regions. Calculations
for enthalpy of mixing (AHpix) were carried out on the possible equiatomic combinations
of these alloys using Miedema’s scheme for sub-regular solutions. The calculated A H iy for
the nominal combinations were then compared to the A Hyyiy for the atomic percentages of
the actual compositions determined via EDS. It was found that stable Cu-lean microstruc-
tures all have lower A Hyy;x than the calculated A Hpy,ix for their equiatomic ratios, indicating
a positive correlation between AH,;x and stable phase formation. The FCC structures ob-
served for CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi dendrites are in agreement with the
model for valence electron concentration described in the literature. The following work

was published in part in Ref. [140].

3.2 Background

Since the discovery of high-entropy alloys (HEAs) in 2004 [1-6], several efforts
have been made to fully understand the formation mechanisms of these alloys as well as to

what extent their mechanical, thermal, and electric properties could be exploited through
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various processing techniques. Recent literature has been heading in the direction of using
less restrictive definitions for these complex alloy systems, leading to more inclusive terms
such as multi-principal element alloys (MPEAs), baseless alloys, and complex concentrated
alloys (CCAs) [22]. Not withstanding, much of the research in the field of HEAs, CCAs, and
MPEASs has conformed to the idea that HEAs must be composed of five or more principal
elements in equimolar ratios which lead to the formation of a single phase solid solution in [1,
2]. As such, previous studies have mostly skipped equiatomic ternary and quaternary alloys
due to them being considered medium-entropy alloys based on the classifications outlined by
Yeh in 2006 [10]. Almost all of the literature pertaining to high-entropy alloys refer to many
of the alloys being found to be single-phase solid solutions while neglecting the interdendritic
regions with elementally different compositions, such as the Cantor alloy CoCrFeMnNi [1]
and CoCrCuFeNi [2,139,150-153]. The interdentritic regions also fundamentally lower the
overall melting temperature of the alloy, which should be taken into consideration when
designing materials for high-temperature applications.

The process of designing engineering materials is complex when different metallur-
gical methods are employed for synthesizing alloys such as HEAs, MPEAs or CCAs. For ex-
ample, a single-phase solid solution with desirable properties may be obtainable via powder
metallurgy, yet vanishes if these alloys undergo stable liquid phase separation (LPS) during
casting. In the recent review of HEAs, CCAs, and MPEAs by D. Miracle and O. Senkov,
approximately 85% of all HEAs contained the 3d transition metal elements plus Al [22].
Alloys that have been shown to have stable liquid phase separation have been mostly the Cu

alloy systems such as, Cu-Fe [83,181,199,201,204,263], Co-Cu [62,184,187,188,194,195,202],
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Cu-Nb [184,264], Co-Cu-Fe [110,178,180,184], Co-Cr-Cu [86], Cr-Cu-Nb [86] and Cr-Cu-
Fe-Ni [110]. The single phase HEA CoCrCuFeNi solidifies dendritically but undergoes
Cu-segregation when solidified at undercooled temperatures [152].

It has been experimentally found that equiatomic CoCrCu leads to two distinct
liquids with a very large miscibility gap [86]. Out of the alloys listed in the review by
Miracle et al. [22], over 100 systems contained equimolar Co, Cr, and Cu. The percentage
of CoCrCu ranges from approximately 30-75% of the entire alloy in these systems. Cu-
segregation has been observed in many of these HEA systems, of which contain equiatomic
CoCrCu and are listed in Table 3.1. In each of these phase-separated alloys, primary Cu-rich
and Cu-lean phases have been observed. Cu segregation occurs typically in the interden-
dritic regions as well as large globule like separation. Table 3.1 represents a compilation of
HEAs/MPEAs/CCAs with Cu-segregation that could be be due to the liquid phase sepa-
ration of Cu in the CoCrCu. The additional alloying elements preferentially mix with the
CoCr-rich liquids forming compounds that reject Cu. as observed in Table 3.1.

The data in the literature suggests that configurational entropy does not have
as strong an influence on the formation of single-phase alloys or simple crystal structures
as previously thought [22], therefore more fundamental experiments must be carried out
to understand the formation mechanisms of these alloy systems. This work seeks to fill
in the gaps in experimental data for 3-d transition metal MPEAs containing the ternary
base of CoCrCu in order to elucidate any effects of the 3-d transition metals on single
phase formation. Although there are many variables that could be responsible for stable

phase formation, this study focuses on relating the enthalpy of mixing AHpix and valence
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electron concentration VEC to the observed phases from the equiatomic combinations of
these alloys to understand the correlations between each alloying element and the miscibility
of the system.

In addition, the study focuses on the miscibility of liquid phases of these complex
alloys at different compositions, while varying solidification parameters. In this study, we
report on the solidification microstructures obtained from arcmelted CoCrCu-X, with X
being Fe, Mn, Ni, Ti, V, FeMn, FeNi, FeTi, FeV, MnNi, MnTi, MnV, NiTi, NiV, and TiV.
In addition, some samples of CoCrCu, CoCrCuFe, CoCrCuV, and CoCrCuFeV were elec-
tromagnetically levitated and cast to further investigate the LPS observed in the systems.
It should be noted that since these alloys explore the interior regions of hyper-dimensional
composition space [22], which does not necessarily place requirement on the presence of a
single-phase solid solution, hereafter referred to the alloys in this study as MPEAs.

There are currently several empirical approaches for predicting single phase forma-
tion in MPEASs, such as the Hume-Rothery rules, enthalpy of mixing (A Hyix), composition
weighted parameters for differences in atomic radii and electronegativity (dr, dx), and va-
lence electron concentration (VEC) [42]. When used in conjunction, their predictive capa-
bilities are approximations at best due to the complex hyperdimensional composition space
that arises in systems with greater than 3 components [22]. Due to the lack of experimental
data for mixing enthalpies of many binary alloys, a model for generating approximate mix-
ing enthalpies was first developed by Miedema et al. in 1973 [165], which uses the electron
density at the Wigner-Seitz cell boundary and the chemical potential of electronic charge

of pure metals as input and can be written as AHyix = Z?:Li £ AH é’;lff] This model was
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Table 3.1: Near-equiatomic MPEAs containing CoCrCu. AC = as-cast, MA + SPS =
mechanically alloyed with spark plasma sintering, SS = solid solution, IM = intermetallic,

U = unknown. Calculated predictions using CALPHAD neglect the possibility of complex

phases.
Composition Processing Phase Crystal Structure Cu Seg.  Ref.
AgAlCoCrCuFeNi AC = = Yes [265]
AgAlCoCrCuNi AC SS +IM 2FCC + B2 Yes [231,265]
AlAuCoCrCuNi AC SS+IM FCC + Llg Yes [231]
AlCoCrCuFe MA + SPS SS +IM FCC + B2 Yes [266]
Aly.5CoCrCuFeV AC - - Yes [139]
AlCoCrCuFeMnNi AC SS+IM FCC+ B2+ o Yes [267]
Alg 25CoCrCuFeMnNiTiV ~ AC SS BCC No [161]
AlCoCrCuFeMoNi AC - BCC + U Yes [245]
AlCoCrCuFeNi AC SS BCC + FCC Yes [231,268]
AlCoCrCuFeNiSi AC SS BCC + FCC - [269]
AlCoCrCuFeNiTi AC SS +IM BCC + FCC + B2 Yes [267]
AlCoCrCuFeNiTiV AC SS BCC + FCC - [3]
AlCoCrCuFeNiV AC SS BCC + FCC Yes [267]
AlCoCrCuMnFe AC SS 2BCC + FCC Yes [270]
AlCoCrCuMnTi AC SS +IM  2BCC + FCC + AlCugMn  Yes [270]
AlCoCrCuNi AC SS +IM BCC + FCC Yes [231,269]
AlCoCrCuNiTi AC SS 2BCC + FCC Yes [271]
AlCoCrCuNiTiY AC SS+IM BCC + C15 +L2; + U Yes [271]
CoCrCu AC SS+IM BCC + FCC + o Yes [86]
CoCrCuFe AC - - Yes [139]
CoCrCuFeMn AC+ E2E  ss 2FCC +B2 Yes [148]
CoCrCuFeMnNi AC SS FCC Yes [1]
CoCrCuFeMnNiTiV AC SS +1IM 2BCC 4+ FCC 4+ o + U Yes [161]
CoCrCuFeMoNi AC SS BCC + FCC Yes [238]
CoCrCuFeNi AC SS FCC Yes 2]
CoCrCuFeNiTi AC SS+IM  FCC + C14 - [159]
CoCrCuFeTig.5 AC - - Yes [139]
CoCrCuFeV AC - - Yes [139]
CoCrCuMn Calculated SS BCC + FCC + 2HCP Yes [138]
CoCrCuMnNi Calculated SS BCC + 2FCC + HCP Yes [138]
CoCrCuNi MA SS BCC + 2FCC Yes [138,142]
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used by Takeuchi et al. in 2005 for the classification of bulk metallic glasses based on atomic
size difference and heat of mixing [166] and later revisited by the same authors in 2010 [167]
to include an additional model for sub-regular solutions [168]. The AHyix of the binary

alloys from Ref. [167] serve as a starting point for calculations of AHix in this study.

3.3 Experimental Procedure

Fifteen equiatomic compositions were prepared: CoCrCu, CoCrCuFe, CoCrCuMn,
CoCrCuNi, CoCrCuTi, CoCrCuV, CoCrCuFeMn, CoCrCuFeNi, CoCrCuFeTi, CoCrCuFeV,
CoCrCuMnNi, CoCrCuMnTi CoCrCuMnV, CoCrCuNiTi, CoCrCuNiV, and CoCrCuTiV.
Elemental purities used were Co > 99.9%, Cr > 99.99%, Cu > 99.9%, Fe > 99.97%, Mn
> 99.7%, Ni > 99.99%, Ti > 99.7%, and V > 99.7% all purchased from Alfa Aesar (Ward
Hill, Massachusetts). Each sample, weighing about 1.5g, was arcmelted three times (flipped
twice) on a water-cooled Cu hearth in a Ti-gettered argon atmosphere. Elemental man-
ganese used in the experiments was etched prior to alloying using 12 M HCI to remove
unwanted oxide layers from the manufacturer. The cast samples were cut vertically in half
using a diamond wafering blade and subsequently mounted face down in BPA epoxy resin.
The specimens were then abraded using SiC paper up to 1200 grit, and polished using 1,
0.3, and 0.05u AloO3 powder.

X-ray diffraction patterns were taken of the remaining halves of the unetched sam-
ples using a PANalytical Empyrean Series 2 diffractometer with Cu K, radiation. The data
was acquired from 20 ° to 100 © with a step size of 0.02 ° and step time of 30s/step. Backscat-

tered electron images (BEIs) and energy-dispersive X-ray spectroscopy (EDS) were obtained
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with NovaNanoSEM 450 and TEESCAN MIRA3 GMU scanning electron microscopes. Du-
plicate samples of CoCrCu, CoCrCuFe, CoCrCuV, and CoCrCuFeV were chosen to be
electromagnetically levitated, melted in a continuous purified argon flow environment.The
electromagnetically levitated, melted, and cast samples CoCrCu, CoCrCuFe, CoCrCuV,
and CoCrCuFeV were cast onto a flat Cu chill. Alloy temperatures were measured with
a Metis M3 2-color pyrometer. Once complete sample melting was achieved, each sample
was then dropped out of the magnetic field and cast onto a flat Cu-surface with the ex-
ception of CoCrCuV, which was solidified in the magnetic field. Semi-quantitative analysis
was carried out on the X-ray spectra obtained from the primary liquid regions and den-
dritic/interdendritic regions. With the magnification being on the order of several microns,
we can estimate the average elemental composition based on the semiquantitative analysis
of the Ka and La X-ray emission peaks of the elements with approximate error in atomic

composition % 2-3 at.%.

3.4 Thermodynamic Calculations

The calculated binary mixing enthalpies (AH,x) from Takeuchi et al. [167] for
liquid binary alloys, which were compiled to study amorphous systems, were used in the
present investigation for calculating A Hp,ix for equiatomic ternary, quaternary, and quinary
3-d transition metal MPEAs were calculated using equation (3.1) where AH, g“;; = 4Qo,; c;icj
for the i*" and j*® elements at Ag50Bo.50 concentrations from the tables in Ref. [167], and
are collected in Table 3.2. The values for ¢; and ¢; are the normalized atomic concen-

trations in the multicomponent alloy. Many HEA, MPEA, and CCA studies have used
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the Miedema method to approximate AHyiy [42,138,164,238,268,270] and are frequently
used in conjunction with other parameters such as configurational entropy ASnix, atomic
size mismatch §, electronegativity Ax and valence electron concentration (VEC) to predict
phase in HEA systems [42]. A comprehensive table of thermodynamic calculations using
these parameters for systems previously studied in the literature can be found in Ref. [34].

Table 3.2 represents the AHix for the alloy combinations that can arise when
producing quinary alloys containing CoCrCu. The equiatomic combinations of 3d transition
metals Co, Cr, Cu, Fe, Mn, Ni, Ti, and V constructed from their binary mixing enthalpies.
Although the 3d transition metals have similar chemistry, equiatomic combinations are
thermodynamically different and can be seen in Table 3.2 from the range in values of
AH .

Guo et al. [163] proposed using valence electron concentration (VEC), defined as
the number of valence electrons per atom, as an additional parameter for predicting phase
stability, citing its usefulness in earlier studies of intermetallic compounds [272,273]. Recent
work by Poletti and Battezzati [274] also uses VEC in conjunction with electronegativity Ay
and itinerant electron concentration (e/a) with atomic size mismatch in order to improve the
methodology for improving HEAs. These authors state that the enthalpy of mixing depends
on the electron concentration, such that the d electron band and the heat of formation of
an alloy are strongly correlated [274]. VEC for the alloys in this study were calculated from
the tables in Ref. [164] using equation (3.2), where it is suggested that FCC phases are

found in HEAs when VEC > 8 while BCC occurs when VEC <6.87 [163].
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n
AHpix = Y AHD (3.1)

i=1,i#]
n
VEC =) (VEC); (3.2)
i=1
In equiatomic MPEA systems, there can be Z;ll (kil) elemental combinations

that may arise during the overall mixture, not taking into account the enormous amount
of non-equiatomic combinations that may also arise. For context, in an equiatomic quinary
alloy mixture, there can be 5 quarternary combinations, 10 ternary combinations, and 10
binary combinations of the elements used in the alloys. By generating a table of the possible
combinations that can arise from binary, ternary, quaternary, and quinary 3-d transition
metal MPEAs, we may roughly investigate the AH,x of phase separated regions to draw
comparisons between the resulting compositions in the phase separated regions with the
nominal values for the possible combinations. This way we may begin to elucidate the
relationship between miscibility and mixing enthalpy.

CoCrCu was chosen to remain present in all of the alloys in this study as there is no
ternary compound formed in the equimolar state, leading to Cu-rich and Cu-lean phases [86].
By doing so, we can investigate the effects of the 3d transition metals solubility in Cu-
rich and Cu-lean phases. It is interesting that the equimolar addition of FeNi to CoCrCu
makes single phase CoCrCuFeNi with primary dendrites that have FCC structure [2]. It
is peculiar that by adding more elements (FeNi) to this ternary lead to the metastable
FCC CoCrCuFeNi [150-153] while the addition of Fe, FeTip 5, and FeV resulted in stable

liquid phase separation [139]. For binary liquids, if AHpx is more negative, it implies
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Table 3.2: AHpix (kJ/mol) of all binary to quaternary equiatomic 3-d transition metal
MPEAs and quinary MPEAs containing CoCrCu calculated using Miedema’s scheme for

sub-regular solutions.

Binary [167] CoFeNi -1.0 | MnTiV -4.6 | CrCuMnNi 10.3
CoCr -4.5 | CoFeTi -19.9 | NiTiV -23.6 | CrCuMnTi -1.6
CoCu 6.4 | CoFeV -9.5 | Quaternary CrCuMnV 5.2
CoFe -0.6 | CoMnNi -5.9 | CoCrCuFe 6.3 | CrCuNiTi -10.4
CoMn -5.2 | CoMnTi -18.2 | CoCrCuMn 3.8 | CrCuNiV -1.4
CoNi -0.2 | CoMnV -8.7 | CoCrCuNi 2.4 | CrCuTiV -0.7
CoTi -28.3 | CoNiTi -27.4 | CoCrCuTi -7.6 | CrFeMnNi -3.9
CoV -14.0 | CoNiV -14.0 | CoCrCuV 3.4 | CrFeMnTi -7.9
CrCu 12.5 | CoTiV -19.2 | CoCrFeMn -2.4 | CrFeMnV -2.3
CrFe -1.5 | CrCuFe 10.4 | CoCrFeNi -3.8 | CrFeNiTi -17.2
CrMn 2.1 | CrCuMn 8.0 | CoCrFeTi -14.8 | CrFeNiV -9.2
CrNi -6.7 | CrCuNi 4.1 CoCrFeV -7.4 | CrFeTiV -9.2
CrTi -7.5 | CrCuTi -1.7 | CoCrMnNi -5.7 | CrMnNiTi -15.8
CrvV -2.0 | CrCuV 6.8 | CoCrMnTi -12.9 | CrMnNiV -8.4
CuFe 12.9 | CrFeMn 0.3 | CoCrMnV -6.1 | CrMnTiV -4.5
CuMn 3.8 | CrFeNi -4.3 | CoCrNiTi -20.4 | CrNiTiV -17.6
CuNi 3.6 | CrFeTi -11.2 | CoCrNiV -11.4 | CuFeMnNi 2.7
CuTi -8.9 | CrFeV -4.6 | CoCrTiV -14.5 | CuFeMnTi -4.3
CuV 5.0 | CrMnNi -5.6 | CoCuFeMn 3.9 | CuFeMnV 3.5
FeMn 0.2 | CrMnTi -5.9 | CoCuFeNi 5.1 | CuFeNiTi -11.3
FeNi -1.6 | CrMnV -0.3 | CoCuFeTi -8.8 | CuFeNiV 10.7
FeTi -16.8 | CrNiTi -21.2 | CoCuFeV 0.7 | CuFeTiV -4.2
FeV -7.1 | CrNiV -11.6 | CoCuMnNi 0.1 | CuMnNiTi -13.1
MnNi -8.2 | CrTiV -4.9 | CoCuMnTi -10.1 | CuMnNiV -3.6
MnTi -8.2 | CuFeMn 7.4 | CoCuMnV -1.2 | CuMnTiV -2.7
MnV -0.7 | CuFeNi 6.5 | CoCuNiTi -15.5 | CuNiTiV -13.6
NiTi -34.5 | CuFeTi -5.6 | CoCuNiV -4.3 | FeMnNiTi -17.3
Niv -18.0 | CuFeV 4.7 | CoCuTiV -10.4 | FeMnNiV -13.0
TiV -1.7 | CuMnNi -0.3 | CoFeMnNi -3.9 | FeMnTiV -8.6
Ternary CuMnTi -5.8 | CoFeMnTi -14.7 | FeNiTiV -19.9
CoCrCu 6.3 | CuMnV 3.5 | CoFeMnV -6.9 | MnNiTiV -17.8
CoCrFe -2.9 | CuNiTi -17.3 | CoFeNiTi -20.5 | Quinary

CoCrMn -3.3 | CuNiV -4.1 | CoFeNiV -10.4 | CoCrCuFeMn 4.2
CoCrNi -5.0 | CuTiV -2.4 | CoFeTiV -17.1 | CoCrCuFeNi 3.2
CoCrTi -17.6 | FeMnNi -4.2 CoMnNiTi -12.5 | CoCrCuFeTi -5.8
CoCrV -8.9 | FeMnTi -10.8 | CoMnNiV -11.6 | CoCrCuFeV 1.1
CoCuFe 8.1 | FeMnV -3.3 | CoMnTiV -14.5 | CoCrCuMnNi 0.6
CoCuMn 2.2 | FeNiTi -23.0 | CoNiTiV -24.2 | CoCrCuMnTi -6.0
CoCuNi 4.3 | FeNiV -11.6 | CrCuFeMn 7.5 | CoCrCuMnV 0.5
CoCuTi -13.4 | FeTiV -11.2 | CrCuFeNi 4.8 | CoCrCuNiTi -10.9
CoCuV -1.1 | MnNiTi -22.2 | CrCuFeTi -2.3 | CoCrCuNiV -2.9
CoFeMn -2.4 | MnNiV -11.7 | CrCuFeV 5.0 | CoCrCuTiV -6.9
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more probability of A-B bonds (clustering of A and B) than random mixing of A and
B. Conversely, positive AHpix means a repulsive interaction between unlike atoms. For
CoCrCu, A H i is calculated to be +6.3 % If we break CoCrCu into its three constituent
binaries as seen in Fig. 3.1, CoCr has the lowest mixing enthalpy of -4.5 kJ/mol out of the

possible combinations that can occur.

CoCrCu = +6.3

A

CoCr 22 — 45 CoCu? +6.4 Crou?t 1125

Figure 3.1: Mixing Enthalpies of binary combinations of elements within CoCrCu in %

By creating an enthalpy combination tree we can make approximate predictions
as to which elements undergo liquid phase separation, and in the case of CoCrCu, the
mixing enthalpy of CoCr is significantly lower than that of the rest of the combinations,
indicating that the Co-Cr bonds will preferentially cluster. Using this basic algorithm,
rough predictions for liquid phase separation of the alloys in this study are made in Table

3.3.

3.5 Results

Out of the 15 alloys in this study, 6 of them solidified dendritically: CoCrCuli,
CoCrCuTi, CoCrCuFeNi, and CoCrCuMnNi, CoCrCuMnTi, and CoCrCuTiV. The typical
dendritic solidification of the alloys is indicative of no major liquid phase separations oc-

curring in the melt. The following figures will describe the microstructure of each of the
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Table 3.3: List of quaternary and quinary 3-d transition metal MPEAs containing CoCrCu
in this study. Liquid phase separation predictions are made via comparing the possible
combinations of mixing enthalpies for a given system and are approximations of possible

Cu-rich and Cu-lean phases.

Composition AHpix (kJ/mol)  VEC  Seg. Prediction (kJ/mol)
CoCrCu 6.3 8.6 CoCr (-4.5) 4+ Cu
CoCrCuFe 6.3 85 CoCrFe (-2.9) 4+ Cu
CoCrCuMn 3.8 83 CoCrMn (-3.3) + Cu
CoCrCuNi 24 9.0 CoCrNi (-5.0) + Cu
CoCrCuTi -76 7.5 CoCrTi (-13.4) + Cu
CoCrCuV 34 78 CoCrV (-8.9) 4+ Cu
CoCrCuFeMn 4.2 8.2 CoCrFeMn (-2.4) 4+ Cu
CoCrCuFeNi 32 88 CoCrFeNi (-3.8) + Cu
CoCrCuFeTi -5.8 7.6 CoCrFeTi (-14.8) + Cu
CoCrCuFeV 1.1 7.8 CoCrFeV (-7.4) + Cu
CoCrCuMnNi 0.6 8.6 CoCrMnNi (-5.7) + Cu
CoCrCuMnTi -6.0 7.4 CoCrMnTi (-12.9) + Cu
CoCrCuMnV 0.5 7.6 CoCrMnV (-6.1) + Cu
CoCrCuNiTi -10.9 8.0 CoCrNiTi (-20.4) + Cu
CoCrCuNiV -29 8.2 CoCrNiV (-11.4) 4+ Cu
CoCrCuTiV -6.9 7.0 CoCrTiV (-14.5) + Cu

dendritically solidifying alloy system.

The alloys CoCrCuFe, CoCrCuMn, CoCrCuV, CoCrCuFeMn, CoCrCuFeTi, CoCr-
CuFeV, CoCrCuMnV, CoCrCuNiTi, and CoCrCuNiV, shown in the following figures dis-
played almost identical LPS to CoCrCu with P-L1 and P-L2 boundary with secondary
liquids exsolved into the matrix of the other primary liquid. EDS measurements of the
separated regions for the samples reveal that the regions of P-LX and S-LX have the same
composition with the exception of CoCrCuMnV, where S-L1 was Cr-rich. The P-L1 regions
had the stoichiometric ratio of similar to the nominal equiatomic compositions devoid of
Cu, while P-L2 was mostly Cu with trace amounts of the other alloying elements. The elec-
tromagnetically levitated and cast alloys CoCrCu, CoCrCuFe, CoCrCuV, and CoCrCuFeV

displayed macrostructures similar to samples that were prepared via arcmelting, indicating
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that the liquid phase separation that occurs in these alloys is stable and not a result of the
arcmelting process. A table of all of the chemical compositions of the phases in these alloys

can be found in Table 3.4.

3.5.1 CoCrCu

Microstructures of phase separated and dendrtically solidified MPEAs are shown
in following figures as noted. The phase separated liquids are labeled as primary (P-LX)
while the secondary liquids are labeled as (S-LX), with X pertaining two either 1 or 2 for
Primary liquid 1 or Primary Liquid 2.The Cu-lean phases in these systems are labeled as
dendritic D, primary and secondary liquids P-L1 and S-L1, while Cu-rich phases segregated
to the interdendritic ID, and primary liquid P-L2. The CoCrCu alloy in Fig. 3.4 displays a
boundary of Cu-lean and Cu-rich regions, labeled P-L1 and P-L2 respectively. Two distinct
regions were seen in the backscattered electron image of the CoCrCu alloy in Fig. 3.4. The
darker region was Cu-lean (P-L1), containing mostly equiatomic Co and Cr while the lighter
contrast region, P-L2 contains over 96% Cu. There were globules of each region inside of the
other which were elementally equal to the colored region they correspond to. Small dendritic
arms are seen extending from the P-L1 composition into the P-L2 region along the boundary
as well as near the segregated globules (extending from S-L1) while no dendritic structures
of P-L2 are present. The X-ray diffraction patterns (Fig. 3.3) obtained on the flat piece of
polished surface for this alloy displayed (2) sets of FCC peaks corresponding to two phase

separated regions, as well as o phase peaks that are most likely resulting from the P-L1
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Figure 3.2: X-ray diffraction patterns of CoCrCuNi, CoCrCuFeNi, & CoCrCuMnNi dis-

playing 2 sets of FCC peaks
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Figure 3.3: X-ray diffraction patterns of liquid phase separated samples displaying FCC,

BCC, HCP, and o phases.
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Figure 3.4: Liquid phase separation of electromagnetically levitated ternary CoCrCu. P-
L1/L2 and S-L.1/S-12 indicate primary and secondary liquids. P-L1/S-L1 represent Cu-lean

phases while P-L2/S-L2 are Cu-rich.

region.
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3.5.2 CoCrCufFe

The microstructure of the CoCrCuFe alloy is very similar to that of the CoCrCu
alloy. That is, P-L1 and S-L1 are both Cu-lean, with atomic percentages resulting in an
approximate stoichiometry of CoCrCug 4oFe whereas the P-L2/S-L2 Cu-rich regions are ~
97 at. % Cu.

As presented in Fig. 3.5a for CoCrCuFe, the P-L1 Cu-lean liquid appears to solidfy
first, enclosing Cu-rich spheres inside the region while forming dendrites through the bound-
ary into the P-L2 region. These compositions are similar to those of CoCrCu in terms of
CoCr separating from Cu, while the Mn present in the system distributes almost evenly
with the two liquids. Fig. 3.5b shows the Cu-rich P-L2 region with microstructure of S-L1
liquid that solidified with dendrite arms pushing freely into the liquid P-L2.

Atomic compositions differences are shown more drastically in Fig. 3.6, where the
difference in chemical composition is denoted by the colors present in the EDS maps. From
the EDS maps in Fig. 3.6 we can confirm the chemical segregation of the Cu from the
other elements in the system. Based on the morphology of the microstructure, this is clear
indication of liquid phase separation. These results confirm the LPS in this system as
previously observed by Munitz et al. [139].

Similarly to the CoCrCu alloy, the XRD pattern for the CoCrCuFe also shows (2)
sets of FCC peaks corresponding to P-L1/L2, and the presence of o phase, likely in the

CoCrFe-rich P-L1 phase.
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Figure 3.5: Liquid phase separation of CoCrCuFe. P-L1/L2 and S-L1/S-L2 indicate primary
and secondary liquids. P-L1/S-L1 represent Cu-lean phases while P-L2/S-1L2 are Cu-rich. a)
Boundary between P-L1 and P-L2 showing emulsion of the S-L1/L2 liquids, b) P-L2 region

showing S-L1 LPS and dendritic arms branching from the spherical phase separations.
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Figure 3.6: Energy dispersive X-ray spectroscopy (EDS) maps of the CoCrCuFe phase

separated boundary.
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3.5.3 CoCrCuMn

Figure 3.7: Liquid phase separation of CoCrCuMn. P-L1/L2 and S-L1/S-L2 indicate pri-
mary and secondary liquids. P-L1/S-L1 represent Cu-lean phases while P-L2/S-L2 are

Cu-rich.

A representative portion of the microstructure of the arc-melted CoCrCuMn alloy
is presented in Fig. 3.7 where the boundary of P-L1 and P-L2 is highlighted. Unlike the
large Cu chemical segregation that occurred in CoCrCu and CoCrCuFe, the P-L1 and P-L2
liquids share Mn concentrations, as opposed to a complete rejection of Cu into a liquid by
itself. The Cu-rich liquid P-L2 contains ~ 26 at. % Mn while the Cu-rich liquid contained
only ~ 15 at. % Mn. There are no microstructural features that indicate secondary liquid
phase separation present in the CoCrCuMn cross-section that was characterized via SEM.

The region indicated by P-L1 appears to have some semblance of dendritic solid-
ification due to the presence primary dendrite arms. The right hand side of the primary

dendrite arms contain secondary dendrite arms that appear to break off and become spher-
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ical. The pieces of the dendrite arms to the left of the phase separation boundary contains
floating dendrites as well, and it is not immediately clear if these broken dendrites are a
result of broken secondary dendrite arms or from free floating spherical globules of P-L1.
This microstructure is an indication of liquid phase separation during melting.

Due to the relatively small volume fraction of the P-L.2 Cu-rich phase, the XRD
pattern for CoCrCuMn only shows (1) FCC peak and o phase. These FCC and o phase

peaks are likely due to the P-L1 phase.

3.5.4 CoCrCulNi

Figure 3.8: As-cast dendritic microstructure of CoCrCuNi.

The CoCrCuNi alloy solidified with a typical dendritic microstructure, with a
CoCrNi-rich dendritic phase and a Cu-rich interdendritic phase. No features in the mi-
crostructure indicate that there were phase separations in the liquid. The composition of

the dendritic phase is similar to that of the composition of the P-L1 phase of the CoCr-
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CuFe alloy, except for Fe there is Ni in solution with Co and Cr. The composition of the
CoCrNi-rich phase is ~ CoCrCug sNi while the interdendritic liquid is ~ 84 at. % Cu. The
equiatomic addition of Ni to the equiatomic CoCrCu remixes the immiscible CoCr-rich and
Cu-rich liquids and leads to the formation of a single phase liquid CoCrCuNi, where uniform
dendritic solidification could take place.

The XRD pattern for this alloy shows (2) sets of FCC peaks, corresponding to the

dendritic and interdendritic phase.

3.5.5 CoCrCuTi

Figure 3.9: As-cast dendritic microstructure of CoCrCuTi.

Like the CoCrCuNi alloy, the addition of Ti to equiatomic CoCrCu to form
equiatomic CoCrCuTi leads to a dendritic microstructure, which is usually an indication of
the alloy solidifying from a single phase liquid as there are no spherical globules or emulsion

like microstructures. It appears that the very small darkest shaded dendrites (D1) in Fig.
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3.9 solidified first from the overall melt, followed peritectically by the large dark gray den-
drites (D2) that surround the tiny black phase. A medium-gray phase (D3) also appears to
peritectically surround the large dark gray D2 phase, followed by the Cu-rich interdendritic
phase labeled ID. The chemical composition of each phase is presented in Table 3.4, in
contrast to the previous alloys, the brightest phase in the backscattered electon image is
due to the higher Z number of Cu, which was segregated to the interdendritic liquid prior
to overall solidification.

The XRD pattern for the CoCrCuTi contained (2) BCC peaks and (1) FCC peak.
The FCC peak is most likely the ID phase which is ~ 93 at. % Cu, while the D2 and D3
phases have a large enough volume fraction within the alloy to be attributable to the re-
maining BCC peaks. The small black Ti-rich D1 phase is too small for the X-ray diffraction

pattern to show any peaks.

3.5.6 CoCrCuV

The CoCrCuV system in Fig. 3.10 displays slightly different solidification mi-
crostructures compared to that of CoCrCu, CoCrCuFe, and CoCrCuMn while still con-
taining primary liquids P-L1 and P-L2, but also containing a Cr/V-rich dendritic structure
labeled D within P-L.1. The dendritic structures were seen mostly between the boundaries
of P-L1 and P-L2, indicating that D solidified before P-LL1. Comparing the microstructures
to those obtained via arc-melting indicate a stable liquid phase separation occuring, indi-
cating the presence of a stable miscibility gap for equiatomic CoCrCuV. EDS maps for the

CoCrCuV alloy are presented in Fig. 3.11 where the Cu segregation can be seen by the
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Figure 3.10: Liquid phase separation of electromagnetically levitated ternary CoCrCuV. P-
L1/L2 and S-L.1/S-1.2 indicate primary and secondary liquids. P-L.1/S-L1 represent Cu-lean

phases while P-L2/S-1.2 are Cu-rich. A floating dendritic phase D is labeled.

color red, while the Cr/V-rich phase D can be seen for the blue Cr and pink V maps. The
difference in brightness for the Co map for the D phase indicates that this phase is depleted
in Co when compared to the P-L1 phase.

The XRD patterns for the CoCrCuV phase show (2) sets of BCC peaks, (1) set of
FCC peaks, and o phase. The Cu-rich P-L2 phase is attributable to the FCC peaks, while
the remaining phases are likely the BCC phases whereas the ¢ phase is likely part of the

P-L1 region.
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Figure 3.11: EDS maps of the CoCrCuV alloy depicted in Fig. 3.10.

3.5.7 CoCrCuFeMn

Equiatomic additions of Fe and Mn to CoCrCu lead to the CoCrCuFeMn shown in
Fig. 3.12. The alloy exhibited LPS emulsion-like structures very similarly to the CoCrCu,
CoCrCuFe, CoCrCuMn, and CoCrCuV systems. The melt separated into Cu-lean (P-L1)
and Cu-rich (P-L2) liquids, having similar LPS to CoCrCu. Like CoCrCuMn, the Cu-rich
region P-L2 also contained about 25 at. % Mn.

The XRD pattern for the CoCrCuFeMn alloy displays (2) sets of FCC peaks (P-

L1/P-L2) and the presence of o phase.
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Figure 3.12: Emulsion-like microstructure showing LPS in CoCrCuFeMn between the P-L1

and P-L2 phases.

3.5.8 CoCrCuFeNNi

Like the CoCrCuNi alloy, equiatomic additions of Fe also lead to typical dendritic
microstructure, as shown in Fig. 3.13. The dendritic phase labeled D is CoCrFeNi-rich,
wheres the ID phase is ~ 84 at. % Cu. This microstructure indicates that the melt was a
single phase liquid, and confirms the observations for this alloy from Ref. [139]. The XRD
pattern for this alloy is presented in Fig. 3.2, and is also similar to that of CoCrCuNi.
There are (2) sets of FCC peaks present, corresponding the the dendritic and interdendritic

phases.
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Figure 3.13: Backscattered electron image of the CoCrCuFeNi alloy displaying typical den-

dritic microstructure. Note that the small black specs are pores from polishing.

3.5.9 CoCrCuFeTi

The CoCrCuFeTi alloy is depicted in Fig. 3.14. The alloy underwent dendritic
solidification towards the bottom of the chill surface (Fig. 3.14a) as well as large globule
like liquid phase separation that occurred near the top of the sample (Fig. 3.14b). A small
dendritic phase labeled D is present in higher resolution in Fig. 3.14c, and is composed of >
50 at. % Ti. The majority dendritic/P-L1 phase is mostly CoCrFeTi whereas the ID/P-L2
regions are ~ 95 at. % Cu.

The XRD pattern for the CoCrCuFeTi (Fig. 3.3) shows both the presence of a
hexagonal crystal structure as well as FCC peaks. The FCC peaks are due to the Cu-rich
phase separated regions, while the hexagonal peaks are due to the P-L1 phase. This can
also be determined via the morphology of the P-L1 dendrites, such that the secondary

dendrite arms are not extending perpendicularly to the primary dendrite arms (which is
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the solidification morphology in cubic systems). Rather at an approximate 35angle from

the primary dendrite arm which is typical of hexagonal dendrite arm spacing.

3.5.10 CoCrCuFeV

The levitated and cast CoCrCuFeV shown in Fig. 3.15, a very clear liquid phase
separation of Cu-lean and Cu-rich liquids with secondary liquid separation as spherical
globules in the other’s matrix was observed. Primary and secondary liquids had the same
atomic concentrations, where the Cu-rich P-L2/S-L2 regions contained ~ 97 at. % Cu.
The observations are also in agreement with the arc-melted samples of CoCrCuFeV from
Ref. [139]. EDS Maps displaying the presence of each of the alloying element in the P-

LX/S-LX phases are presented in Fig. 3.16.
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Figure 3.14: Backscattered electron images of the CoCrCuFeTi alloy. a) Bottom portion
of the sample nearest the chill zone of the arc-melter, b) top layer of the sample exhibiting

LPS, and c) higher resolution image of the small Ti-rich dendritic phase.
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Figure 3.15: Liquid phase separation of electromagnetically levitated ternary CoCrCuFeV.
P-L1/L2 and S-L1/S-L2 indicate primary and secondary liquids. P-L1/S-L1 represent Cu-

lean phases while P-L2/S-L2 are Cu-rich.
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Figure 3.16: Energy dispersive X-ray spectroscopy (EDS) maps of the CoCrCuFeV system.
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3.5.11 CoCrCuMnNi

Figure 3.17: As-cast dendritic microstructure of arc-melted CoCrCuMnNi. Note that the

black spots are pores generated from polishing.

Similarly to the CoCrCuNi and CoCrCuFeNi alloys, the CoCrCuMnNi alloy shown
in Fig. 3.17 displays typical dendritic solidification indicative of the melt being a single
phase liquid. In Table 3.4 we can see that Cu and Mn are present in large quantities
in both phases, however much more present in the ID than in the D phase. Just as the
CoCrCuNi and CoCrCuFeNi alloys, CoCrCuMnNi also solidified with both phases being

FCC, as shown from the two sets of FCC peaks in Fig. 3.2.

3.5.12 CoCrCuMnTi

The equiatomic CoCrCuMnTi alloy solidified with a typical dendritic microstruc-

ture similarly to the other dendritically solidifying MPEAs CoCrCuNi, CoCrCuFeNi, and
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CoCrCuMnNi and is presented in Fig. 3.18. However, the dendritic morphology in this alloy
is non-cubic, which was verified to be a HCP phase from XRD, presented in Fig. 3.2. There
are small floating dark contrast dendrites labeled D1 in Fig. 3.18, and consist of > 50 at.
% Ti. The majority dendritic phase has approximate stoichiometry of CoCrCug1Mng 3Ti,
whereas the single phase ID contains ~ 77 at. % Cu. The small dark dendrites labeled
D3 were too small for accurate compositional analysis within the EDS detector, therefore
> at. % Ti is reported from the measured elements in this phase. Aside from the HCP
peaks present in the XRD pattern of Fig. 3.2, there is also a set of FCC peaks which is

attributable to the Cu-rich ID.
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Figure 3.18: As-cast dendritic microstructure of arc-melted CoCrCuMnTi. a) Dendritic
microstructure with labeled small Ti-rich dendrites (D1), followed by the majority hexagonal
dendrite (D2) and interdendritic region ID b) Large irregular ID region, c¢) Higher resolution

of the small Ti-rich (D1) dendrites.
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3.5.13 CoCrCuMnV

Figure 3.19: Backscattered electron images of the liquid phase separation in CoCrCuMnV.

Figure 3.19 displays the equiatomic CoCrCuMnV alloy solidified with the same
liquid phase separation microstructures to that of CoCrCu, CoCrCuFe, and CoCrCuFeV
where a very distinct boundary can be seen between the two liquid phase separated regions
P-L1 and P-L2,; with secondary LPS regions S-L1 and S-L2 trapped in the other’s matrix.
This is the only MPEA combination exhibiting LPS where the composition of S-L.1 varied
significantly from P-L1, with S-L.1 containing more Cr and less V, which is tabulated in
Table 3.4.

The XRD pattern for the CoCrCuMnV alloy is present in Fig. 3.3, where FCC

and o phase are present.
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3.5.14 CoCrCuNiTi

The CoCrCuNiTi alloy combination displayed both liquid phase separation and
dendritic solidification microstructures. There are a total of (5) solidification microstruc-
tures noticeable from the micrograph depicted in Fig. 3.20a, and are labeled D1, D2, ID1,
ID2, and Cu-LPS in Fig. 3.20b. Similarly to the the other Ti-containing alloys CoCrCuFeTi
and CoCrCuMnTi, small dark floating dendrites with > at. % Ti are present in the mi-
crostructure, which pertain to the D1 label. Then the next phase that appears to solidify
from the melt is D2, with ~ 84 at. % Cr, then an interdendritic phase ID1 which is a
depleted in Cr and rich in Co, Cu, Ni, and Ti, followed what appears to be a peritectic
transformation of ID1 to the remaining interdendritic liquid ID2 which is similar in compo-
sition to ID1, and is tabulated in Table 3.4. Amongst these phases, there are also spherical
Cu-rich globules present in Fig. 3.20, and are labeled Cu-LPS and contain ~ 90 at. % Cu.

The XRD pattern present in Fig. 3.3 only displays the presence of FCC and o
phase, and it is not clear if there are missing peaks from the many phases in this alloy due

to small volume fraction or peak overlap.
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Figure 3.20: Backscattered electron images of the microstructure of CoCrCuNiTi a) macro-

scopic view b) higher resolution with all 5 phases with corresponding labels.
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3.5.15 CoCrCuNiV

The CoCrCuNiV alloy in Fig. 3.21 similarly separated into two distinct liquids
P-L1 and P-L2, which solidified into Cu-lean and Cu-rich phases, respectively. Unlike the
other alloys exhibiting LPS, the boundaries between P-L1 and P-L2 are jagged. The S-L2
globule inside of P-L1 n Fig. 3.21a does not have a spherical shape and is much more jagged
compared to the S-L1 globules in P-L2 in Fig. 3.21b which are much more rounded. The
jagged edges from the P-L1 phase that push into the the P-L2 phase may be due to the
dendritic solidification of the P-L.1 phase. The XRD pattern for this alloy displays a set of

FCC peaks and o phase.
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Figure 3.21: Backscattered electron images of the CoCrCuNiV alloy. P-L1/L2 and S-L1/S-
L2 indicate primary and secondary liquids. P-L1/S-L1 represent Cu-lean phases while

P-L2/S-L2 are Cu-rich.
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3.5.16 CoCrCuTiV

Figure 3.22: Dendritic microstructure of the as-cast CoCrCuTiV alloy.

The microstructure and phase of the CoCrCuTiV alloy is similar to that of the
quaternary CoCrCuTi alloy and is presented in Fig. 3.22. The first phase to solidify is the
small dark phase D1 that is similar to the D1 phase present in the other Ti-containing alloys
in this study (CoCrCuTi - Fig. 3.9, CoCrCuFeTi - Fig. 3.14, CoCrCuMnTi - Fig. 3.18, and
CoCrCuNiTi - Fig. 3.20), followed by the D2 and D3 phase labeled in the micrograph of
Fig. 3.22. It appears that D2 forms peritectically from D1, and D3 forms peritectically from
D2 as indicated by the morphology of these phases. The last phase to solidify is a Cu-rich
interdendritic liquid labeled ID. The XRD pattern for this alloy is also very similar to that
of CoCrCuTi, that is, it displays nearly identical peaks of two BCC and FCC. The FCC
phase is likely the ~ 87 at. % Cu ID phase, therefore leaving the two large volume fraction
Cu-lean phases to be attributable to the remaining BCC peaks. The small Ti-rich phase

did not have enough volume fraction to produce XRD peaks in the diffraction pattern and
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may be overshadowed by the larger FCC and BCC peaks if present above the background

noise of the measurement.

3.6 Discussion

3.6.1 Microstructures and Observations

The structures observed in this investigation display both dendritic solidification
as well as liquid phase separation which leads to the solidification of compositionally differ-
ent regions inside the samples. These structures and their compositions are summarized in
Table 3.4. All of the separated regions in the alloys studied consisted of Cu-lean and Cu-rich
phases. Table 3.4 summarizes the phases that formed for the solidification of the alloys in
this study. The alloys that solidified dendritically include CoCrCuNi, CoCrCuFeNi, CoCr-
CuMnNi, CoCrCuTi, CoCrCuMnTi, and CoCrCuTiV. The remaining 10 alloy combinations
CoCrCu, CoCrCuFe, CoCrCuMn, CoCrCuV, CoCrCuFeMn, CoCrCuFeTi, CoCrCuFeV,
CoCrCuMnV, CoCrCuNiV, CoCrCuNiTi exhibit liquid phase separation, indicative of the
presence of a stable miscibility gap.

Thermodynamic calculations of mixing enthalpy AHpix were carried out on the
experimental phases obtained in this investigation to try and elucidate the effect of chemi-
cally similar alloying elements on single phase formation and liquid phase separation. From
the alloys in this study, those that underwent liquid phase separation split into Cu-rich
and Cu-lean phases. The calculated mixing enthalpy for each of the Cu-lean phases was

lower than the calculated mixing enthalpy for the nominal equiatomic concentrations. All
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Table 3.4: EDS data and semi-quantitative analysis of elemental composition of MPEAs in
this study. D = dendrite, ID = interdendrite, P-LX = Primary liquids, S-LX = Secondary
liquids. Rough values for AHpix (kJ/mol) are recalculated from the experimental atomic
concentrations of the resultant microstructures and are compared to AHom which are the

calculated mixing enthalpies for the nominal equiatomic concentrations.

[ MPEA [ AHpom H Region [ Co [ Cr [ Cu [ Fe [ Mn [ Ni [ Ti [ \Y% “ AH iy ]
CoCrCu 6.3 PL1 | 48.8 | 45.3 5.9 - - - - - -1.9
PL2 2.0 1.2 | 96.8 — - - - — -
CoCrCuFe 6.3 PL1 30.5 28.3 12.4 | 28.8 - - - - 2.3
PL2 1.1 0.7 | 96.9 1.3 - - - — -
CoCrCuMn 3.8 PL1 37.5 | 42.2 4.7 — | 14.6 — — — -1.9
PL2 3.6 1.0 | 68.9 — | 26.5 - - — 3.6
CoCrCuNi 2.4 D | 31.4 | 30.0 14.3 — - | 24.3 - — 0.1
D 4.1 4.0 | 84.1 — — 7.9 — — 3.4
CoCrCuTi -7.6 D1 - - - - - - | >50 - -
D2 | 254 | 455 4.7 — — - 24.4 — -11.5
D3 | 29.8 | 34.4 6.1 — — — 29.7 — -14.1
ID 2.8 1.0 | 93.4 — - - 2.8 — -
CoCrCuV 3.4 D | 259 40 3.6 — - - - | 30.5 -6.1
PL1 | 34.6 | 27.8 7.8 - - - - | 29.8 -5.9
PL2 0.5 1.3 | 98.2 - - - - 0 -
CoCrCuFeMn | 4.2 PL1 25.9 | 27.5 7.1 26.7 12.7 - - — 0.3
PL2 1.8 1.0 | 72.7 0.9 | 23.6 - - - 3.6
CoCrCuFeNi 3.2 D | 20.8 | 21.1 18.5 19.7 -1 19.3 — — 2.8
ID 3.6 2.6 | 84.6 3.3 - 5.9 - — 4.4
CoCrCuFeTi -5.8 D - - - - - - | > 50 - -
PL1 23.2 21.6 3.4 | 24.0 — — 27.9 — -14.3
PL2 0.6 1.4 | 95.1 0.6 - - 2.3 — -
CoCrCuFeV 1.1 PL1 23.8 | 21.3 9.7 — | 22.7 - — | 22.5 -3.0
PL2 0.5 1.1 | 97.6 0.7 - - - 0.1 -
CoCrCuMnNi | 0.6 D | 30.9 | 33.8 6.9 - 9.3 | 19.2 - - -2.6
ID 8.7 6.6 | 42.6 — | 21.6 | 20.5 - — 2.8
CoCrCuMnTi | -6.0 D1 - - - - - - | >50 - -
D2 | 30.1 | 27.6 3.8 - 9.3 - 29.3 - -14.7
1D 2.6 1.7 | 77.6 — 16.0 - 2.1 — 1.9
CoCrCuMnV 0.5 PL1 32.7 | 28.3 4.7 — 1.4 - - | 32.9 -7.1
SL1 | 27.8 | 37.7 8.3 - 1.8 - - | 244 -3.9
PL2 1.0 1.0 | 90.3 — 7.6 - - 0.1 1.9
D | 26.9 | 35.7 4.5 - 1.3 - - | 31.7 -6.0
CoCrCuNiTi -10.9 D1 - - - - - - | >50 - -
D2 8.6 | 83.6 2.1 - - 2.5 3.1 - -2.1
ID1 21.5 7.7 | 24.1 — - | 26.1 20.6 — -12.4
ID2 | 25.5 9.0 | 14.0 - -1 239 27.6 - -18.2
Cu-LPS 2.0 1.9 | 904 - - 3.8 1.9 - 1.0
CoCrCuNiV -2.9 PL1 22.5 25.0 8.4 — - | 18.9 - | 25.2 -7.2
PL2 1.6 2.0 | 88.2 - — 7.9 — 0.2 2.2
CoCrCuTiV -6.9 D1 - - - - - - | >50 - -
D2 9.8 | 394 3.8 - - - 5.4 | 41.5 -4.6
D3 | 28.3 4.1 27.8 — — — 29.9 10.0 -11.8
1D 3.6 0.7 | 86.9 - - - 7.8 1.0 -1.5
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Table 3.5: Summary of phases of the alloys studied.

’ MPEA H Crystal Structure \ VEC ‘
CoCrCu 2FCC + o 8.6
CoCrCukFe 2FCC + o 8.5
CoCrCuMn FCC + o 8.3
CoCrCuNi 2FCC 9.0
CoCrCuTi 2BCC + FCC 7.5
CoCrCuV 2BCC+ FCC + o 7.8
CoCrCuFeMn || 2FCC + o 8.2
CoCrCuFeNi || 2FCC 8.8
CoCrCuFeTi FCC 4+ HCP 7.6
CoCrCuFeV FCC + o 7.8
CoCrCuMnNi || 2FCC 8.6
CoCrCuMnTi || FCC + HCP 7.4
CoCrCuMnV || FCC + ¢ 7.6
CoCrCuNiTi || FCC + ¢ 8.0
CoCrCuNiV FCC + o 8.2
CoCrCuTiV 2BCC + FCC 7.0

of the alloys rejected Cu to an extent, which demonstrates an approximate predictive ca-
pability when comparing the possible mixing enthalpies between the combinations of the
alloying elements for estimating phase separation in Cu-containing MPEAs. As seen from
the dendritic structures of CoCrCulNi, CoCrCuTi, CoCrCuFeNi, and CoCrCuMnNi, CoCr-
CuMnTi, and CoCrCuTiV, this method requires further investigation as it does not make

a distinction between globule-like separation and segregation in the form of interdendrites.

3.6.2 MPEAs Exhbiting Dendritic Solidification

Alloys displaying dendritic solidifcation:

e CoCrCuNlNi

e CoCrCuTi

98



CoCrCuFeNi

CoCrCuMnNi

CoCrCuMnTi

o CoCrCuTiV

It appears that CoCrCuNi serves as a type of foundation group, or base system for
Fe and Mn while CoCrCuTi serves as a base system for for CoCrCuMnTi and CoCrCuTiV.
Calculations of the CoCrNi ternary phase diagram show that in equiatomic concentrations
that there is ternary solid solubility for CoCrNi [98]. With the addition of Cu, dendrites are
observed in Fig. 3.8, leaving the excess Cu to the interdendritic regions. All of the dendritic
phases of the six alloys that did not undergo LPS had lower calculated mixing enthalpies
than the nominal compositions.

Calculated VEC using Eq. 3.2 for all the dendritically solidyfing FCC alloys are
> 8. The diffraction patterns of each dendritically solidifying sample display FCC crystal
structures, which is in agreement with Ref. [163] for alloy combinations with VECs > 8.
The 2 FCC peaks can be identified by the bulk dendrite/interdendrite structures which are
uniform throughout the sample. As there are only 2 visible phases from the SEM images,
it is our observation that the dendritic and interdendritic regions are both FCC. Caution
must be taken when analyzing X-ray diffraction data with MPEAs that contain Cu due
to Cu-rich regions producing FCC diffraction peaks which may be overlooked due to peak
overlap by a majority FCC phase. While similar microstructures are observed in the CoCr-
FeNi [146,147,275], there exists the possibility that the ternary bases CoCrFe and CoCrNi

may also serve as foundation groups for MPEA design due to their low mixing enthalpy.
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The MPEAs CoCrCulNi and CoCrCuMnNi were found to exhibit similar solid solution den-
dritic microstructures to CoCrCuFeNi. Much of the literature in the HEA/MPEA/CCA
community refers to these structures as single phase solid solutions however, it must be
noted that the interdendritic regions are separate phases that also have FCC structure.
As for the Ti-containing CoCrCuTi, CoCrCuMnTi, and CoCrCuMnTi alloys, the
appearance of the HCP phase is quite rare in MPEAs, whereas the BCC phases found in
CoCrCuTi and CoCrCuTiV are also worth noting as BCC or HCP phases encapsulated in

a Cu-rich FCC matrix may have interesting mechanical properties.

3.6.3 MPEAs Exhibiting Liquid Phase Separation

Alloys displaying liquid phase separation:

e CoCrCuFeTi
e CoCrCu

o CoCrCuFeV
e CoCrCuFe
e CoCrCuMn e CoCrCuMnV
e CoCrCuV e CoCrCuNiV
o CoCrCuFeMn e CoCrCuNiTi

The liquid phase separation of CoCrCu in Fig. 3.4 is agreement with the solidifi-
cation of CoCrCu in Ref. [86]. Elemental analysis carried out on the exsolved globules had
the same atomic composition. The macrostructures of CoCrCuFe and CoCrCuFeV display
liquid phase separation which verifies the previous work done on these alloys by Munitz et

al. [139]. The presence of near-equiatomic Co, Cr, and Fe within the Cu-lean P-L1 region
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of CoCrCuFe in Fig. 3.5 a as a stable liquid is similar to the single liquid phase in the
isothermal CoCrFe ternary diagram at 1450 °C for equiatomic concentrations of Co, Cr,
and Fe [90]. The calculated mixing enthalpy of CoCrCuFe is more positive compared to the
resultant P-L1 region CoCrCug sFe as shown in Table 3.4, indicating that the elements in
P-L1 preferentially clustered to each other as opposed to equally mixing with Cu. The Co-
Cr-rich region P-L1 of the CoCrCuMn system is primarily Co-Cr, with atomic percentages
near the eutectic for the binary Co-Cr system (75, ~ 1400°C) [58]. This large difference in
melting temperature results in the Co-Cr-rich P-L1 region solidifying first, with dendrites
being pushed into the Cu-Mn-rich P-L2 region. The Cu-Mn-rich region labeled P-L2 has the
approximate composition of Cu-40 at.%Mn, which is near the congruent freezing point of
the Cu-Mn system. The Cr-V-rich dendrites present in CoCrCuV within the primarily Co-
Cr-V-rich primary liquid P-L1 agrees with the previous experimental determination of phase
equilibria in the Co-Cr-V system in which Cr-V-rich phases form in the near-equiatomic
molar concentrations of the ternary alloy [106].

The calculated mixing enthalpy of the atomic ratios in P-L1 for CoCrCuFeMn yield
a much lower A Hx of 0.3 kJ/mol compared to the nominal value of 4.2 kJ/mol indicating
that not only is the P-L1 preferentially clustered in the alloy, but also positively correlates
with a lower mixing enthalpy compared to its nominal value. The relatively uniform atomic
composition of the elements within the P-L1 regions for CoCrCuFeMn and CoCrCuFeV
may indicate that a single liquid phases could form from CoCrFeMng 5 and CoCrFeV. The
presence of small amounts of Cu in each of the Cu-lean regions may indicate a solubility

limit of Cu for Cu-lean phase separated regions. The mixing enthalpy of CoCrCulNiV P-
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L1 was calculated to be -7.2 kJ/mol compared to the nominal value of -2.9 kJ/mol for
equiatomic CoCrCuNiV indicating the possible presence of a “closed miscibility gap” in
these alloys [276].

Valence electron concentration calculations for comparing the nominal mixtures
to the phase separated regions become difficult when trying to distinguish which phases are
responsible for the observed peaks in the X-ray diffraction patterns. The above alloys sepa-
rated into two primary liquids, Cu-lean and Cu-rich (P-L1 and P-L2). Each of the Cu-lean
separated liquids had a calculated lower AH,,;x than the calculations for their equiatomic
concentrations. This indicates that the approximations for A Hpix using Miedema’s scheme
for sub-regular solutions can at least demonstrate a correlation between a qualitative prob-
ability for single phase liquids and liquid phase separation when comparing the mixing
enthalpies for the possible combinations that can arise from multi-principal element alloys
in the liquid state. Due to the stable liquid phase separation of CoCrCu into Co-Cr-Cuyegy,
and Co-Cr-Cuy;ep, liquids, it is our hypothesis that MPEAs containing CoCrCu form sta-
ble liquid phases based on the miscibility between the other alloying elements and their
interactions with liquid species of Cuyeqy and Cuyien. This may have to do with the system
being more energetically stable when AH;x <0, as elemental combinations with AHix
>0 could require much higher superheated temperatures for the liquids to mix and become

a single-phase liquid that could subsequently separate during cooling.
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3.7 Summary

Out of the MPEA samples studied in this investigation CoCrCulNi, CoCrCuTi,
CoCrCuFeNi, CoCrCuMnNi, CoCrCuMnTi, and CoCrCuTiV solidified dendritically re-
sulting in FCC solid solutions of both the dendritic and interdendritic regions for the Ni
containing alloys, but BCC, HCP, and FCC phases for the Ti-containing alloys. Through
normal solidification processing, CoCrCuNi and CoCrCuMnNi resulted in dendritic FCC
crystal structure with FCC interdendrites, while our study of CoCrCuFeNi is in agreement
with the literature as it also is a dual-phase FCC MPEA. The alloys of CoCrCuTi and
CoCrCuTiV were found to have (2) sets of BCC dendritic phases, with a Cu-rich FCC
interdendritic matrix. CoCrCuMnTi was found to be dual-phase HCP/FCC, while CoCr-
CuFeTi also contained the HCP phase but exhibited severe liquid phase separation. The
remaining samples all underwent a melt separation into Cu-rich and Cu-lean liquids. The
presence of the Cu-lean liquids indicate that although the entire mixture exhibited liquid
phase separation, the separated regions are expected to solidify into solid solutions inde-
pendent of the other. The compositions of the Cu-lean phase separated regions gathered
from the EDS data seem to indicate the potential for single phase solid solutions. Although
the compositions of the Cu-lean phase separated regions are not equiatomic and fall out of
the realm of traditional HEA design, they may qualify as complex concentrated alloys or
multiprincipal element alloys and could yield interesting microstructures and properties.

The calculated A Hyyix for each of the dendritic regions are more negative than the
calculations for their nominal equiatomic concentrations, indicating that the approximation

for A Hpix using Miedema’s scheme for sub-regular solutions displays a correlation between
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negative mixing enthalpy and liquid phase separation in MPEAs. However, we note that
even though the summation of binary alloy mixing enthalpies may have a negative A Hpix,
binaries within the calculation that have a very large positive mixing enthalpy (such as
alloys with Cu) may lead to liquid phase separation of the compositions that has the most
positive mixing enthalpy across the binaries. When comparing the mixing enthalpies of
the possible combinations of mixing enthalpies of all the alloying elements, approximations
can be made as to whether the resulting mixture will contain Cu-rich and Cu-lean phases,
however cannot distinguish if this separation will occur in the interdendritic region or a

completely phase separated globule.
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Chapter 4

In-Situ Imaging of Liquid Phase
Separation in Molten Alloys Using

Cold Neutrons
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4.1 Abstract

Understanding the liquid phases and solidification behaviors of multicomponent
alloy systems becomes difficult as modern engineering alloys grow more complex, especially
with the discovery of high-entropy alloys (HEAs) in 2004. Information about their liquid
state behavior is scarce, and potentially quite complex due to the presence of perhaps five
or more elements in equimolar ratios. These alloys are showing promise as high strength
materials, many composed of solid-solution phases containing equiatomic CoCrCu, which
itself does not form a ternary solid solution. Instead, this compound solidifies into highly
phase separated regions, and the liquid phase separation that occurs in the alloy also leads
to phase separation in systems in which Co, Cr, and Cu are present. The present study
demonstrates that in-situ neutron imaging of the liquid phase separation in CoCrCu can
be observed. The neutron imaging of the solidification process may resolve questions about
phase separation that occurs in these alloys and those that contain Cu. These results show
that neutron imaging can be utilized as a characterization technique for solidification re-
search with the potential for imaging the liquid phases of more complex alloys, such as
the HEAs which have very little published data about their liquid phases. This imaging
technique could potentially allow for observation of immiscible liquid phases becoming mis-
cible at specific temperatures, which cannot be observed with ex-situ analysis of solidified

structures. The following work was published in Ref. [209].
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4.2 Introduction

The continuous search for better engineering alloys has given rise to the superal-
loys, bulk metallic glasses, and more recently, the high-entropy alloys (HEAs), also referred
to as complex concentrated alloys (CCAs), and multiprincipal element alloys (MPEAs).
Introduced in 2004, a “high-entropy” alloy was first considered to be an equiatomic combi-
nation of 3 to 5 elements that form a single-phase solid solution, with a large configurational
entropy of mixing [1-6]. The definition has since been relaxed somewhat, as researchers have
been synthesizing these alloys with many components in non-equiatomic combinations to
form dual-phase materials and intermetallic compounds. Enormous efforts have been made
to understand their potential as engineering materials as many of the 3d transition metal
HEAs/CCAs/MPEAs are comparable to austenitic steels, precipitation hardened steels,
austenitic nickel alloys, and other superalloy classes—many having non-equiatomic 3d tran-
sition metal combinations which can be classified as CCAs [22]. To harness the potential
of these alloys, researchers must reliably understand the thermodynamics and formation
mechanisms of these materials during various processing routes. It is extremely difficult to
visualize the hyperdimensional phase diagrams of multicomponent alloys containing more
than 3 base elements, and efforts have been made to accelerate the discovery of single-phase
HEAs by using computational methods [35,37,169]. These methods are useful for refining
the search for single-phase and dual-phase HEAs, and along with experimental studies of
new HEA systems, the field is moving in the direction of getting a better understanding
of how these alloys form. However, information about HEA behavior in the liquid state is

scarce, specifically pertaining to liquid phase separation.
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In order to investigate the possible liquid phase separation in more complex alloys
such as the HEAs in Reference [22], in-situ studies of liquid phase separation in “medium
entropy” alloy CoCrCu were carried out to verify that the technique can identify distinct
phase-separated liquids, which in turn can be applied to the other CoCrCu-containing
systems. This work would provide a novel characterization technique for investigating the
thermodynamics and phase formation mechanics of new and existing metals used throughout
industry. Liquid phase separation has been recorded in many alloy systems such as Co-
Cu [62,184,187,188,194,195,202], Cu-Fe [83,181,199,201, 204, 263,264], Cu-Nb [184,264],
Co-Cr-Cu [86], and Co-Cu-Fe [110,178,180,184]. More recently, Munitz et al. show that
HEA systems CoCrCuFe, CoCrCuFeNiNb, CoCrCuFeV, CoCrCuFeTi0.5V, CoCrCuFeTiV,
and CrCuFeMnV undergo stable liquid phase separation into Cu-rich and Cu-lean phases
[139]. The previous experiments have not measured real time liquid phase separation, but
rather the resultant microstructures of the Cu-rich and Cu-lean phases. Many of the HEAs
in the literature contain Co, Cr, and Cu and have distinct regions that are rich in Cu,
examples of which being the alloys in Table 4.1. As the field of HEAs continues to grow,
the understanding of phase formation and separation will continue to be problematic as
these alloys phase diagrams will be very complex. Post-mortem analysis can sometimes
lead to difficulty when trying to understand how certain phases form, therefore using cold
neutrons to image a solidification process can potentially lead to better understanding of
the solidification behavior of the alloy in question.

In-situ neutron imaging provides a unique opportunity to image liquid phase sep-

aration in the form of a carefully constructed sequence of neutron radiographs throughout
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Table 4.1: High-entropy alloys studied in the literature that contain equiatomic CoCrCu

with Cu-rich phase separation.

HEA References
CoCrCuFeMn [148]
CoCrCuFeNi [139,150-153]
CoCrCuFeMnNiTiV [161]
CoCrCuFeMoNi [238]
CoCrCuFeNiTi [159]

sample heating and cooling. This technique could be utilized to provide insight into bulk
molten alloy behavior, and can potentially be used for studying solid state phases which
subsequently form and whether macro separation takes place. Real-space imaging with ~
80 pm spatial resolution, sufficient to see globule-like separation in materials such as the
present CoCrCu alloys, (where the phase separation can be on the order of 200 + pm [86]),
is routinely available at several neutron user facilities worldwide. Although the spatial
resolution of neutron imaging instruments will continue to become more precise, other sig-
nificant challenges may arise when combining standard neutron imaging capabilities with
the in situ heating and melting of an alloy as crucible size, furnace distance to the detector,
and dimensions of the detector will influence the amount of sample that can be melted.
The neutron transmission through the elements used in this study (Table 4.2) is
suitable for studying phase separation within mm-size crucibles. The neutron transmission

values are calculated based upon the expression,

I(\) = Ip(A)e #NA@ (4.1)

where I(\) and Ip(\) are the transmitted and incident neutron intensities, respectively, for
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Table 4.2: Table of neutron transmission through the elements, and the CoCr-rich phas,

used in this study.

Composition Density (g/cm®) Transmission Az = 4 mm Transmission Az = 8 mm

Co 8.9 12% 1%
Cr 7.2 7% 59%
Cu 9.0 63% 40%
CoCr 8.0 31% 10%

the wavelength A, and path length Ax, through the attenuating material. The wavelength-

dependent attenuation coefficient p(A) is given by,

pN 4
n(A) = Jtot(A)W (4.2)

where o45¢(A) is the total (absorption plus scattering) neutron cross section of the material,
p is the mass density, N4 is Avogadro’s number, and M is the molar mass [277].

The neutron wavelengths for the present study were in the ”cold” range, with a
distribution peaking at about 2.6 A. Thus, for the purpose of estimating transmission and
contrast among the elements, a fixed value of A = 2.6 Awas used in the equation above.
The densities p and molar masses M, of the room-temperature metals were used in the
calculations.

Indications of liquid phase separation can be deduced by the difference in contrast
of the regions inside the melt. Due to the elements in Table 4.2 having different neutron
transmission percentages, it is predicted that the different phases can be distinguished
from the other, as the CoCrCu melt separates into Cu-rich and Cu-lean liquids. Liu et al.

provided an experimental determination and thermodynamic calculation for the CoCrCu
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system where a stable liquid phase miscibility gap of Cu-rich and Cu-lean liquids should exist

at 1500 °C, especially in near-equiatomic concentrations of each element in the melt [86].

4.3 Materials and Methods

4.3.1 Sample Preparation and Microstructural Characterization

Identical samples of CoCrCu were prepared with elemental purity of Co > 99.9%,
Cr > 99.99%, and Cu > 99.9%. Each sample weighing approximately 1.5 g and was arc-
melted three times (flipped twice) on a water-cooled Cu hearth in a Ti-gettered argon atmo-
sphere. Sample dimensions were semi-spherical buttons (Fig. 4.1) and were approximately
6 mm in diameter and 3 — 4 mm tall. For microstructural characterization, an arc-melted
button of CoCrCu was electromagnetically levitated and remelted to temperatures within
the liquid miscibility gap (1130-1630 °C). After visual confirmation that the system was
molten, the sample was cast onto a flat Cu surface from ~ 1500 °C. Sample melting was
also confirmed due to the flat (coin-like) shape of the splat sample not retaining any of the
spherical shape of an arc-melted button. Temperature of the alloy system was recorded with
a Metis M3 2-color pyrometer with temperature range of (500 to 1800 °C). The flat cast
sample was cut vertically in half using a diamond wafering blade and subsequently mounted
face down in BPA epoxy resin. The mounted sample was then abraded using SiC paper up
to 1200 grit, and polished using 1 pm, 0.3 gm and 0.05 um AlyO3 powder. Backscattered
electron images and energy dispersive X-ray spectroscopy (EDS) of the mounted sample

were obtained with a NovaNanoSEM 450 scanning electron microscope.

111



(a)

Figure 4.1: Images of the experimental setup at the CG-1D beamline at the High-Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory. (a) sample of CoCrCu, AloO3
crucible, lid, and Nb mounting adaptor placed near a ruler for scale. (b) The crucible-
mounted to the sample stick. (c) The high-vacuum Institut Laue-Langevin (ILL) furnace

placed between the detector and incident neutron beam slits.

4.3.2 Neutron Imaging

The CG-1D Neutron Imaging Instrument at Oak Ridge National Laboratory uses
a polychromatic ”cold” neutron beam, obtained by passing the beam through a liquid
hydrogen cold source, giving a wavelength range of 0.8 < A <6 A, peaking at 2.6 A. As the
neutron beam enters the CG-1D instrument, it passes through one of four user-selectable
circular apertures with diameters, D = 3.3, 4.1, 8.2, 11, or 16 mm. This set of apertures
allows users to make the trade off between higher neutron flux (larger D), or greater spatial
resolution (greater L/D ratio, where L = 6.59 m is the distance between the aperture and
detector). The intermediate aperture size of 8.2 mm was chosen for the present furnace work,

where the large sample-to-detector distance (~ 20 cm) caused significant image blurring
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Figure 4.2: ILL Niobium Foil Vacuum Furnace. Temperature range of 30-1500 °C (A)
Interface connection M8 x 1.25 (male) (B) Bore size diameter = 50 mm (C) Distance
interface to beam center = 31.75 mm (D) Beamcenter to sample space bottom= 11.862
cm(E) Distance stick flange to beamcenter = 41.275 cm. Image of ILL furnace “HOT-A”

courtesy of Oak RidgeNational Laboratory Sample Environment Group.
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with large apertures. The present detector assembly is capable of 80 pm spatial resolution.
The working resolution, however, changes depending upon the experimental configuration.
Under the present experimental setup, the working resolution was ~ 200 pm, because
the sample-to-detector distance is relatively large (~ 20 cm) when using the furnace. This
resolution degradation was mitigated by choosing a relatively small aperture (8.2 mm). The
scintillators are routinely changed among different thicknesses (25, 50, and 100 gm). The 50
pm thickness was used for the present work. The detector field-of-view (FOV) is a 75 mm
square region on the scintillator screen. The working FOV of the sample slightly decreases
from 75 mm with sample-to-detector distance, according to a 2-degree beam divergence.
Neutron radiographs were acquired using a SLiF /ZnS scintillator viewed by a CCD
detector with 20, 40, and 55 s, exposure times for the various heating curves described below.
The heterogeneous alloy of CoCrCu was inserted into the furnace (Fig. 4.2) for heating. The
image acquisition was set to acquire 5 images every 50 °C from 900 — 1500 °C with a 1
°C tolerance and ramp rate of 17 °C/min. Each image was acquired for 40 s, and the
images were only captured once 1 °C tolerance had been reached for each temperature. At
the maximum temperature of 1500 °C, 10 images were taken before the temperature script
entered the cooling. Ten dark field and ten open beam images were acquired under the
same conditions for image normalization. Computed tomography (CT) scans were carried
out at room temperature of the samples inside the crucible on a rotating stage from 0 to
183° in steps of 0.20° at a rate of 1 image/step and an exposure time of 55 s per image.
This in situ heating process was refined with two samples of CoCrCu stacked inside

the small style alumina crucible in Fig. 4.1a so that the flow of liquids toward the crucible
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bottom could be observed. The stacked sample system is what is discussed throughout
the rest of the text. The image acquisition for the stacked CoCrCu system was refined
to produce a more movie-like series of radiographs, and therefore set to acquire 10 images
every 25 °C from 900 — 1500 °C with a 5 °C tolerance and ramp rate of 17 °C/min. Each
image was acquired for 20 s in order to maintain good resolution while maintaining the
same time (200 s) at each temperature before the continuing in the heating curve. This
allowed for more images to be captured at each temperature of the heating curve (Fig. 4.3)
while maintaining enough resolution to distinguish between the separated liquid phases.
At the maximum temperature of 1500 °C, 20 images were taken before the script entered
the cooling portion of the curve. This temperature of the system can be seen in Fig. 4.3.
After the sample cooled, computed tomography (CT) scans were again carried out at room
temperature of the solid in the crucible on a rotating stage from 0 to 183° in steps of 0.20°
at a rate of 1 image/step and an exposure time of 55 s per image (~ 14 h scan). The images
were then normalized in the standard fashion, by subtracting the the dark field from the

raw images, and dividing by (open beam-dark field) radiographs.

4.4 Results

4.4.1 Microstructural Characterization Using Electron Microscopy

The ex situ microstructural characterization of the levitated sample revealed Cu-
rich and Cu-lean phases, as seen in Figure 4a by the different colored grayscale regions. The

amount of electrons that are scattered back to the detector is proportional to the atomic
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Figure 4.3: Temperature vs. time of the stacked CoCrCu system heating from 900 to 1500

°C and back to 900 °C in 25 °C increments.
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number of the material (brighter regions higher Z), therefore, the brighter region at the
top is a Cu-rich phase (2.8% Co, 1.2% Cr, and 96.0% Cu), while the bottom region is
Cu-lean, containing > 90% CoCr (45.6% Co, 46.6% Cr, and 7.8% Cu), confirmed by energy
dispersive X-ray spectroscopy (EDS). The bottom dark-gray region of the micrograph in
Fig. 4.4a displays a CoCr-rich phase that appears to solidify first, with small dendrites seen
protruding into the lighter Cu-rich region. According to the isothermal phase diagram in
Ref. [86], the CoCr-rich liquid solidifies first resulting in the eutectic (Cr) + (aCo) phases
near equiatomic concentrations. Fig. 4.4b displays an optical micrograph of an arc-melted
button of CoCrCu. This button was cross-sectioned vertically, and the two distinct phases
can be seen, represented by the different colored regions. The Cu-phase retains its distinct
orange color and can be seen in along the edges of Fig. 4.4b.

Maps of atomic composition were collected for the distinct regions, revealing the
large phase separation between the Cu-rich and CoCr-rich liquids, and can be seen in Fig.
4.5. The globule-like separation is indicative of liquid phase separation, as seen in the
previous work on these and similar alloys with stable liquid miscibility gaps [86,139]. In
energy dispersive X-ray mapping, each element emits a characteristic X-ray upon electrons
returning to the ground state, therefore this technique allows for analysis of specific atomic
concentrations of specific areas within a sample. This can be seen in Fig. 4.5a-b, where
the cobalt and chromium maps correspond to the CoCr-rich region, while the separated
spheres to the left are mostly copper (Fig. 4.5¢). The total elemental map is present in Fig.
4.5d, displaying an equal mixed presence of Co and Cr, while the red Cu sphere is its own

separated phase.
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‘Cu-rich

CoCr-rich

Figure 4.4: (a) Backscattered electron image of CoCrCu displaying 2 distinct phases: Cu-
rich (top), CoCr-rich (bottom). Note, tiny black spots are pores generated from the initial
grinding/polishing process. (b) Optical micrograph of the bottom-half cross-section of an

arc-melted CoCrCu button.
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Figure 4.5: Energy dispersive X-ray spectroscopy (EDS) maps of the phase separated regions
of the electromagnetically levitated and cast CoCrCu alloy. The colored regions correspond
to the atomic composition present in the material: (a) Cobalt only (b) Chromium only (c)

Copper only (d) Map of all elements in the system.
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4.4.2 Neutron Imaging

For the initial imaging, a solitary CoCrCu was placed inside of the furnace and
heated to 1500 °C and cooled according to the step function described for this system in the
methods section. Additional experiments were conducted with two samples stacked inside
the crucible (Fig. 4.6) so that a more drastic flow can be observed. The CoCrCu sample
itself does not form a solid solution with the alloying elements Co, Cr, and Cu, in contrast to
some HEAs containing these elements [2]. The arc-melted CoCrCu buttons have a random
distribution of Cu-rich globules that solidify alongside of the CoCr-rich species. Due to this
alloy’s nature for phase separation, it was the ideal candidate for neutron imaging as the
Cu-rich species has a higher neutron transmission than the CoCr-rich liquid. As can be seen
in Fig. 4.6, the distribution of the Cu-rich species inside of the sample button is identified
as the lighter region of the spherical shapes, as Cu allows for more transmission of neutrons
compared to much darker CoCr-rich regions (Fig. 4.6).

The stacked CoCrCu samples in Fig. 4.7 show two heterogeneous buttons of
CoCrCu placed inside of the alumina crucible and radiographed from 900 to 1500 °C (and
eventually back to 900 °C). The brighter Cu-rich regions in the 2 buttons are the first to
melt and travel downward due to gravity until the CoCr-rich dark region melts and collapses
into a single liquid held together by surface tension. The remaining Cu-rich (lighter phase)
inside of the CoCr-rich liquid can be seen travelling out towards the top of the system,
possibly as a pocket trapped by the surrounding CoCr-rich solid/liquid. Once the system
was allowed to reach equilibrium, this lighter region disappears and could have made its

way to the bottom of the crucible either along the sides or through the CoCr-rich liquid
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due to the different liquid densities. As the system reaches overall solidification, a void
grows from the bottom left of the crucible. This void expands as Cu-rich liquid contracts
until a low enough temperature is ultimately reached, allowing for the solidification of the
Cu-rich phase (Fig. 4.8). As heating proceeds to overall sample melting in Fig. 4.7, the
lighter-appearing Cu-rich region flows from the sides of the buttons to the bottom of the
crucible. The two liquids remain separated in the molten state until solidification of the
higher melting point species. The first to solidify is the CoCr-rich region as it cools from
1500 °C and contracts next to the Cu-rich liquid (Fig. 4.8) in between 1400 and 1350 °C,
as inferred by the CoCr binary phase diagram and the isothermal sections of the CoCrCu
ternary diagrams [86]. As the environment is cooled down to 900 °C the Cu-rich liquid
solidifies between 1100 and 1075 °C and we are left with the two distinctly separated re-
gions in Fig. 4.8. Overall, two types of phase separations have been directly observed using
neutron imaging. At the highest temperatures, above the liquidus, Cu-rich and Cu-lean

liquids co-exist.

4.5 Disucssion

4.5.1 Microstructure

The microstructure and macrosegregation of CoCrCu from Fig. 4.4 displays the
Cu-rich and Cu-lean phases described previously by [86]. During the initial arc-melting,
the alloy either formed a single phase liquid and underwent decomposition into two distinct

liquids, or there existed a stable liquid phase separation overall throughout the melt. There
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Figure 4.6: Room temperature radiograph of two heterogeneous arc-melted CoCrCu samples
stacked inside a small crucible. The lighter regions are the Cu-rich phase (> 95%) and are
segregated to the surface of the buttons as well as randomly distributed globules inside the

bulk. The darker regions are Co-Cr-rich and make up the rest of the arc-melted button.
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Figure 4.7: Melting and liquid phase separation of stacked CoCrCu samples. (a) During
initial heating, the two as-cast buttons are intact. (b) The Cu-rich phase melts first between
1075 and 1100 °C, and (c) pools at the bottom of the crucible. (d) The Cu-lean phase fully

melts upon heating to 1500 °C. Full video available in original publication.

1350 °C 1300 °C 1250 °C "~ 1200°C

1150 °C 1100 °C © 1050°C " 1000°C

Figure 4.8: Cooling, macroscopic void formation, and solidification.
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is currently no literature for this ternary system regarding the miscibility gap past 1627 °C
detailing the presence of a single phase liquid, however with higher temperatures it may be
possible to image approximately where this demixing occurs with cold neutrons. Further
experimentation is needed to understand the thermodynamics of the CoCrCu system. The
two liquids appear to remain immiscible throughout melting and solidify independently of
the other, indicating the presence of a stable miscibility gap and is agreement with the

miscibility gap studies of Liu et al. [86].

4.5.2 Neutron Imaging

In Fig. 4.7, as temperature increases, the entire system becomes molten and reaches
a thermodynamic equilibrium with a stable liquid phase miscibility gap containing Cu-rich
and Cu-lean liquids. The difference in brightness between the two liquids is consistent with
the expected phase separation, the brighter being the Cu-rich liquid (see Table 4.2,where
the neutron transmission through Cu is about twice that of CoCr mixture). The phase
separation is also consistent with the relative volumes, inferred from the bright versus dark
image areas, such that the Cu-rich region accounts for one third of the volume determined by
analyzing the areas from the CT scans with image processing software. The phase diagram
suggests that the solidification of the CoCr-liquid will have a very small solubility with Cu,
and vice-versa [86]. As the concentrations of the elements in the system are in equal parts,
it is easy to see the separated Cu-liquid correspond to its approximate volume fraction of
1/3rd, which was verified with image analysis software (ImageJ v. 1.50b, National Institutes
of Health (NIH), Bethesda, MA, USA).A final confirmation was made by visual inspection

of the sample as they are copper-rich on the surface, retaining the color of pure copper, as
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seen in Fig. 4.1a. As shown in Table 4.2, the Cu-rich and CoCr-rich species have enough
contrast to be able to determine the phases based on volume fraction.

The neutron radiography experiments conducted on the stacked CoCrCu button
display an optimized number of radiographs and temperature steps to capture a representa-
tive melt-solidification process. Fig. 4.7 displays specific radiographs taken from the overall
collection of images which forms a movie of 500 images, which can be found at Ref. [209].
The movie of the melting and solidification process is formatted to play at 10 frames per
second (fps), such that each second displays a 25 °C step. The Cu that surrounded the
surface of the button melts first and flows to the bottom of the crucible. The Co-Cr rich
center collapses and forms a spherical shape in Fig. 4.7c, likely due to surface tension of the
liquid. As the temperature was increased to 1500 °C, both liquid phases were present within
the miscibility gap of the system and the temperature was held for 200 s until entering the
cooling portion of the temperature curve.

At 1350 °C, a void began to grow into the molten pool of Cu-rich liquid at the
bottom of the crucible which can be observed in Fig. 4.8. The void continued to grow as the
Cu-rich liquid solidified between 1050 and 1000 °C. The radiograph of the solidified system
at room temperature and photograph of the void can be seen in Fig. 4.9. The reconstructed
computed tomography is present in Fig. 4.10, where the Cu-rich phase is represented by

the green while the CoCr-rich phase is atop in red.
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Figure 4.9: (a) Room temperature radiograph of CoCrCu after the melt cycle. The darkest
region atop is the Co-Cr-rich phase, while the lighter region to the bottom right was the
formation of a void. The lighter gray region toward the bottom right is the Cu-rich phase.
(b) Photograph of the sample after removal from the crucible, displaying the void that

formed during solidification
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Figure 4.10: Reconstructed computed tomography of the CoCrCu system with void present

in the bottom left, and CoCr-rich (red) globules dispersed throughout Cu-rich (green) phase.
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4.6 Summary

With the growing number of complex alloy systems being studied, understanding
their liquid behavior becomes crucial when designing materials for applications across in-
dustries. During casting processes, it is very hard to distinguish liquid phase separation, as
most metals are not transparent. By utilizing cold neutron imaging, liquid phase separation
of the CoCrCu system was able to be observed, demonstrating that this technique can be
applied to other metal systems provided that the neutron transmission of the alloying ele-
ments are dissimilar enough to see a contrast between the multiple phases. This technique
has the potential to be improved for future work, for example, by utilizing a smaller furnace
with better transparency for neutrons such that the sample is closer to the detector with
better resolution. This technique also provides a way to potentially image casting processes
by constructing crucibles that simulate various cast shapes. After solidification has finished,
the use of computed tomography (CT) can be applied with the cold neutrons and a rotating
sample stage to look for impurities or voids within the cast. This method can be applied to
study fundamental liquid state behavior in complex alloy systems, such as the high-entropy
alloys. By using neutron imaging of the liquid phase, it can provide invaluable information
about the alloy system as well as other systems that contain miscibility gaps and is not

solely specific to liquid metals.
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Chapter 5

In-Situ Imaging of Molten
High-Entropy Alloys Using Cold

Neutrons

Real-time neutron imaging was utilized to produce a movie-like series of radio-
graphs for in-situ observation of the remixing of liquid state immiscibility that occurs in
equiatomic CoCrCu with the addition of Ni. A previous neutron imaging study demon-
strated that liquid state immiscibility can be observed in-situ for the equiatomic CoCrCu
alloy. In this follow-up study, equiatomic buttons of CoCrCu were placed alongside small
Ni buttons inside an alumina crucible in a high-temperature vacuum furnace. The mass
of the Ni buttons was specifically selected such that when melted in the same crucible as
the CoCrCu buttons, the overall composition would become equiatomic CoCrCuNi. Neu-

tron imaging was simultaneously carried out to capture 10 radiographs in 20 °C steps from
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1000 °C to 1500 °C and back down to 1000 °C. This, in turn, produced a movie-like series
of radiographs that allow for the observation of the buttons melting, the transition from
immiscible to miscible as Ni is alloyed into the CoCrCu system, and solidification. This
novel imaging process showed the phase-separated liquids remixing into a single-phase lig-
uid when Ni dissolves into the melt, which makes this technique crucial for understanding
the liquid state behavior of these complex alloy systems. As metals are not transparent to
X-ray imaging techniques at this scale, neutron imaging of melting and solidification allows
for the observation of liquid state phase changes in real time. Thermodynamic calculations
of the isopleth for CoCrCuNi, were carried out to compare the observed results to the pre-
dictions resulting from the current Thermo-Calc TCHEA3 thermodynamic database. The
calculations show a very good agreement with the experimental results, as the calculations
indicate that the CoCrCuNi, alloy solidifies from a single-phase liquid when x > 0.275,
which is close to the nominal concentration of the CoCrCuNi alloy (x = 0.25). The neutron
imaging shows that the solidification of CoCrCuNi results from a single-phase liquid. This
is evident as no changes in the neutron attenuation were observed during the solidification

of the CoCrCuNi alloy. The following work was published in Ref. [278].

5.1 Introduction

The equiatomic CoCrCuFeNi has been extensively studied since its discovery by
Yeh et al. in 2004 due to it dendritically solidifying into primary face-centered cubic (FCC)
dendrites with FCC interdendrites [3]. These studies include magnetization [159], com-

pressive strength [159, 238], calculation of phase diagrams (CALPHAD) [138], recrystal-
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lization [150], thermodynamic properties [279], cold rolling [150,280], and rapid solidifica-
tion [151].

Liquid phase separation (LPS) in CoCrCuFeNi has also been observed during
supercooling [151,152,239,242], or by varying concentrations of Fe/Ni [139, 140, 153]. LPS
resulting from additions of Mo [238] and Sn [242] has also been investigated.

The components present in CoCrCuFeNi have been shown to phase separate
when present in ternary or quaternary combinations. For example, the equiatomic ternary
CoCrCu has been shown to phase separate in the liquid [55,86], indicating the existence of a
stable miscibility gap. Equiatomic additions of Ni to CoCrCu have been shown to eliminate
LPS and lead to typical dendritic solidification in the CoCrCuNi alloy [140]. In contrast,
additions of Fe to CoCrCu have led to stable LPS which is characterized by macroscopic
globule-like phase separations present in the microstructure [139,140]. This would lead one
to believe that the Ni addition in the CoCrCuFeNi alloy is what stabilizes the solution into a
single-phase liquid as CoCrCu [140] and CoCrCuFe [139,140] exhibit stable LPS. However,
LPS has also been observed in induction-melted CoCrCuFe,Ni when x = 0.5 [153] but not
when x = 0 (CoCrCuNi, arc-melted) [140] or x = 1 (CoCrCuFeNi, arc-melted) [3]. When
Ni is varied, in the case of arc-melted CoCrCuFeNig 5, stable LPS is also observed [153]. It
is not immediately clear whether the LPS observed in these alloys is a result of processing
parameters or from elemental concentration.

In an effort to elucidate the liquid state behavior of high-entropy and related alloys,
the present authors utilized the CG-1D Neutron Imaging Instrument at the High-Flux

Isotope Reactor (HFIR) at Oak Ridge National Laboratory to image the melt separation
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process in-situ [209]. The technique utilizes a high-temperature furnace between a neutron
beam and a detector, and was successfully implemented for the in-situ imaging of the liquid
phase separation that occurs in equiatomic CoCrCu [209] as this compound has been shown
to exhibit a stable liquid phase separation into CoCr-rich and Cu-rich liquids [86,140]. The
experiment consisted of arc-melted CoCrCu buttons placed in a small alumina crucible
inside a high-temperature vacuum furnace, which were then heated to 1500 °C, and slowly
cooled back to room temperature with simultaneous neutron imaging being carried out
in 25 °C steps. The technique requires that the neutron transmission percentage between
the alloying elements is different enough such that a contrast between the phases can be
seen during imaging. The experiment demonstrated that while at high temperatures, the
melt separation can be observed in-situ as the CoCr-rich and Cu-rich layers separated and
stacked similarly to the classic observations of oil and water [209].

The aim of this follow-up investigation was to apply the techniques for in-situ
neutron imaging of melting and solidification to the CoCrCu alloy with buttons of Ni placed
alongside the CoCrCu buttons in the crucible, so as to image in-situ mixing of the added
Ni to the previously immiscible CoCr-rich and Cu-rich liquid phases. The slow cooling rate
paired with neutron imaging of the solidification process will help elucidate the equilibrium
solidification behavior of this alloy, as well as image the remixing of the immiscible CoCr-
rich and Cu-rich liquids. As neutrons can penetrate through metals, this technique provides

a novel solution for observing the liquid state behavior of HEAs.
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5.2 Experimental

5.2.1 Sample Preparation and Furnace Setup

Two buttons of CoCrCu were prepared such that their atomic concentrations would
remain equiatomic upon the melting of the two Ni buttons added into the crucible to form
equiatomic CoCrCuNi (the CoCrCu + Ni buttons were doubled to increase the volume of
material inside the crucible). The samples were prepared from elemental purities of Co >
99.9%, Cr > 99.99%, Cu > 99.9%, and Ni > 99.99%. The CoCrCu buttons were arc-melted
two times (flipped once) on a water-cooled Cu hearth in a Ti-gettered argon atmosphere.
CoCrCu button dimensions were ~ 8 mm while the elemental Ni was remelted from chunk

form into a smaller spherical shape of ~ 5 mm, presented in Figure 5.1.

A ‘I \ 1

P ——

Figure 5.1: Photograph of the arc-melted CoCrCu buttons next to the remelted Ni buttons

prior to the neutron imaging and melting.

The two CoCrCu and two Ni buttons weighing 1.14 g, 1.12 g and 0.38 g, 0.38
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g, respectively, were stacked in a small alumina crucible of dimensions 27 mm height, 8
mm inner diameter, and 12 mm outer diameter. The crucible was then closed with a lid
of 13 mm in diameter with a height of 3 mm (no vacuum seal). The crucible was then
placed inside a top-loading “ILL-type” vacuum furnace customized at Oak Ridge National
Laboratory (referred to as the HOT-A furnace), which was then placed between the neutron
source and the detector (Figure 5.2). A more detailed description of the high-temperature
furnace is presented in Figure 5.3. The buttons were heated up to the maximum operating
temperature of the furnace (1500 °C) which was continuously pumped during heating to

maintain a vacuum of &~ 1 x 10~% mbar.

5.2.2 Neutron Imaging

The calculations for the transmission of neutrons through the elements/phases in
these alloys are presented in Table 5.1, where Ax is the path length through the attenuating

material. The neutron transmission values are calculated from,
I(\) = Io(A)e #NA= (5.1)

where I(\) and Ip(\) are the transmitted and incident neutron intensities, respectively, for
wavelength A. A more comprehensive description of the attenuation percentage calculation
can be found in Ref. [277].

The CG-1D Neutron Imaging Instrument uses a polychromatic neutron beam,
which is referred to as “cold” neutrons. The beam passes through a liquid hydrogen cold

source which results in a wavelength range of 0.8 < A\ < 6 A, which peaks at 2.6 A. This
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Neutron Beam

Figure 5.2: Diagram of the experimental setup at the CG-1D beamline at the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory. The image depicts the high-
vacuum Institut Laue-Langevin (ILL) HOT-A furnace placed between the detector and the
incident neutron beam slits. (A) Interface connection M8 x 1.25 (male), (B) Bore size
diameter = 50 mm, (C) Distance interface to beam center = 31.75 mm, (D) Beam center
to sample space bottom = 11.862 cm, E) Distance stick flange to beam center = 41.275
cm. Image of ILL furnace ‘HOT-A’ courtesy of Oak Ridge National Laboratory Sample

Environment Group.

wavelength range gives sufficient transmission and contrast for imaging the present elements
(Table 5.1, calculated assuming a peak wavelength of A = 2.6 A). Neutron radiographs were
acquired using a ®LiF/ZnS$ scintillator viewed by an ANDOR DW936 CCD detector. The
detector field of view was a 75 mm square region on the 100 pm thick scintillator screen.
The distance from the aperture to the detector, L, was 6.49 m, while the aperture diameter,

D, was 11 mm. Therefore, the L/D ratio for this experiment was 599.1. Sample distance
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Figure 5.3: Top loading neutron furnace layout and description of furnace elements.

Table 5.1: Table of neutron transmission through the CoCr, Cu, Ni, and CoCrCuNi phases.

Composition Density (g/cm®) Az (mm) Transmission

CoCr 8.01 8 10%
Cu 8.96 8 40%
Ni 8.91 5 34%
CoCrCuNi 8.47 8 16%

to scintillator was approximately 13 cm, resulting in a working spatial resolution on the
order of ~ 200 um. The image acquisition was set to acquire 10 radiographs with an
acquisition time of 10 s/radiograph (with a 4 second delay between radiographs) every 20
°C from 1000 °C — 1500 °C — 1000 °C with a 5 °C tolerance and ramp rate of 20 °C/min.
The acquisition of images in these steps allows for a movie-like series of radiographs to
display melting events in-situ [209]. The maximum temperature of 1500 °C was held for an
additional 150 radiographs, so there would be sufficient time for mixing before entering the

cooling portion of the image acquisition program.
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After the heating/cooling cycle, the solidified CoCrCuNi alloy + crucible was
removed from the furnace and placed on a rotating stage for additional radiographs such
that computed tomography (CT) could be carried out on the solidified alloy. The CT scan
was performed at room temperature on the rotating stage from 0 to 360° in steps of 0.20° at

a rate of 1 image/step and an exposure time of 20 s per image.

5.3 Results

The radiograph in Figure 5.4 displays a negative image of the two CoCrCu buttons
stacked with two spherical pieces of Ni placed on top of the two CoCrCu buttons. The two
Ni buttons sat in the same path as the neutron beam, therefore there is a slight overlap
between the two buttons which causes a slight increase in contrast. The CoCrCu buttons
at the bottom of Figure 5.4 are heterogeneous from the arc-melting process, as indicated by
brightness fluctuations in the bottom two buttons in Figure 5.4. The lighter region pertains
to the CoCr-rich solid phase while the darker sides and portions of the inner regions are Cu-
rich. This miscibility gap in CoCrCu [86] leads to macroscopic-phase segregation of CoCr-
rich and Cu-rich phases during solidification. The differences in phase are distinguishable
from the other in Figure 5.4 due to differences in brightness based on the attenuation of
neutrons through each phase in the CoCrCu buttons [209]. The alumina crucible as well
as the niobium sample stick are also visible in Figure 5.4 however do not interfere with the
neutron transmission through the buttons.

Heating of the samples began from room temperature up to 1000 °C without any

radiographs being taken. Once 1000 °C was reached, the programmed image acquisition
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Figure 5.4: Radiograph of the four buttons stacked inside an alumina crucible such that
the heterogeneous CoCrCu are placed on the bottom while the spheres of Ni are placed at
the top (the Ni buttons are oriented in the direction of the beam such that they overlap).
The darker regions present randomly in the bottom two buttons are the Cu-rich phase that

separated in the liquid during arc-melting of the CoCrCu buttons.

process was carried out as described in the experimental details. The heating and cooling
cycle is presented in Figure 5.5 with labels corresponding to the onset of melting at approx-
imately 1100 °C, complete dissolution at ~ 1420 °C, followed by solidification at ~ 1320 °C.
The onset of melting and subsequent thermal contraction due to solidification are indicated
by the change in shape of the buttons/melt, and is presented in Figure 5.6, which is labeled
with red arrows to indicate the changes that occurred in the samples during measurement.
For the onset of melting, the red arrow in Figure 5.6 points from the very first slight changes
in shape at a 1100 °C radiograph to a radiograph taken at 1120 °C where a red circle out-

lines the Cu-rich phase on the surface of the CoCrCu buttons that begins to fully melt and
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spread outwards. As the melting point of pure Cu is 1085 °C, the visual onset of Cu melting
at 1100 °C furnace temperature suggests that, during heating, the furnace thermocouple is
about 15 °C higher than the sample during heating. If a similar trend holds during cooling,
the sample will be approximately 15 °C hotter than the furnace. As such, the accuracy of

the temperature measurements is within +15 °C.

1500

Solidification ~ 1320°C
1300

Onset of melting ~ 1100 °C

1100

900

Temperature (°C)

700

500

25 75 125 175 225 275
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Figure 5.5: Temperature vs. time of the CoCrCu + Ni samples heated and imaged from

1000 °C to 1500 °C and back down to 1000 °C.

Radiographs taken at different temperatures during the heating process are pre-
sented in Figure 5.7. The buttons are in the solid state at 1000 °C, while the subsequent
radiographs show different stages of melting as well as the final temperature of 1500 °C
which was held for approximately 35 min to ensure sufficient mixing had taken place. Full
dissolution of the phases occurred at 1420 °C which is noticeable due to the uniform contrast

of the molten pool in the crucible at 1420 °C when compared to the darker (Cu-rich) phases
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Heating — Onset of Melting

Cooling — Solidification

Figure 5.6: Top: Onset of melting as depicted via the dark phase spreading downwards
outlined by a red circle. Bottom: Solidification as indicated by thermal contraction inside

the dotted red line.

that are present throughout the CoCrCu buttons at the lower temperatures during heating.
A full movie-like sequence of the radiographs (recorded in 10 fps — 20 °C steps/s) can be
found in the Supplemental.

After the heating and cooling neutron imaging cycle finished, the samples were
taken out of the furnace and radiographed on a 360° rotating stage for CT neutron imaging.
The reconstructed CT image of the solidified CoCrCuNi alloy solid is presented in Figure

5.8. The surface roughness is likely due to thermal contraction paired with the alloy being
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1000°C
:

1340°C

Figure 5.7: Radiographs taken at increasing temperatures of the CoCrCu + Ni buttons
inside the alumina crucible in the HOT-A vacuum furnace. A full movie-like sequence of

radiographs can be found in the original publication of this work.

in contact with the alumina crucible walls. The overall contrast of the sample is uniform
throughout as opposed to the initial presence of the different contrast phases (CoCr-rich

and Cu-rich) that are present in Figure 5.4.

5.4 Discussion

The CoCrCuNi alloy has been previously shown to solidify into a uniform dendritic
microstructure from arc-melting [140], which is indicative that the microstructure evolved
from a single-phase liquid as opposed to the large-scale macroscopic-phase separation that
has been observed in similar alloys of CoCrCu [86] and CoCrCuFe [139]. However, there

are no reported slow cooling solidification studies on the CoCrCuNi alloy. Previous neutron
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Figure 5.8: (a) Reconstructed computed tomography (CT) of the solidified heterogenous

CoCrCu alloy, (b) Reconstructed CT of the solidified CoCrCuNi alloy.

imaging of the CoCrCu by the present authors resulted in neutron radiographs of the
CoCrCu displaying the buttons melting and separating based on density [209]. The stacking
of the liquid immiscible phases of CoCr-rich liquid and Cu-rich liquid was characterized by
their differences in neutron attenuation. The same experiment was essentially repeated for
this work with the equiatomic addition of Ni buttons such that the equiatomic CoCrCu
becomes equiatomic CoCrCulNi once melting and dissolution has occurred. This allows for
a more equilibrium solidification due to the slow cooling, as well as an opportunity to image
the remixing of the immiscible CoCr-rich and Cu-rich liquid phases.

Figure 5.7 displays how the multiple attenuated phases dissolve into one phase,
indicating that the previously immiscible CoCr-rich and Cu-rich phases in the CoCrCu alloy
became miscible when equiatomic portions of Ni are added to the system. Although pure Ni
has a melting point of 1455 °C, the molten Cu present on the surface of the heterogeneous

CoCrCu buttons leads to the dissolving of the Ni buttons, which becomes more visible
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in Figure 5.7 at 1260 °C. The CT images were processed using ImageJ software, and are
presented in Figure 5.8. The CT of the alloys was reconstructed from the radiographs
of the immiscible solid CoCrCu alloy (recreated from Ref. [209] with permission from the
authors), and the solid CoCrCuNi HEA that was radiographed on a rotating stage for this
study, which corresponds to the solid phase presented in the bottom right of Figure 5.6.
The crucible was removed from the image after applying color thresholds to reveal the solid
CoCrCuNi piece. The CT images represent the final solid forms of the alloys after the
in-situ neutron imaging, having been removed from the furnace and imaged while still in
the crucible.

Inspection through the cross-sections of the CoCrCuNi revealed no additional
phases, indicating that the CoCrCuNi alloy had solidified from a single-phase liquid with no
macroscopic-phase separations. This is in contrast to the large phase separation in CoCrCu
visible in Figure 5.8a. For the CoCrCu alloy, the purple coloring indicates the CoCr-rich
phase while the green coloring represents the Cu-rich phase. The same look-up tables
(LUT) were applied in Figure 5.8b for the CoCrCuNi alloy, where no macroscopic liquid
phase separation can be seen. The results indicate that Ni acts as a solubility pathway for
the Cu-rich liquid phase to enter the solution with the overall melt.

Thermodynamic calculations for the CoCrCuNi alloy system were performed using
Thermo-Calc software using the TCHEA3 thermodynamic database to generate an isopleth
of CoCrCuNi, such that the left hand side of the diagram (0 at. % Ni) represents equiatomic
CoCrCu while the right hand side of the phase diagram would represent pure Ni. The

calculated isopleth present in Figure 5.9 displays the CoCrCuNi, system from x = 0 to
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0.50 where equiatomic CoCrCuNi corresponds to 25 at. % Ni (0.25 mole fraction) which
is indicated by a dotted line in Figure 5.9. The calculation of the isopleth for this system
shows agreement with previous calculations [86] and experiment [209] for the left hand side
of the isopleth (CoCrCu), as there is indeed a significant liquid state miscibility gap for
the CoCrCu alloy. The calculations also show that there exists a single-phase liquid region
above the miscibility gap until approximately 27.5 at. % Ni, which at percentages greater
than this would result in a single phase in the molten state with no liquid phase separation
at all.
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Figure 5.9: Calculated isopleth of the CoCrCuNi, system using Thermo-Calc software.
Legend descriptions: SIGMA ORD = ordered o phase, FCCy12 DISORD = disordered

FCC phases, BCCps DISORD = disordered BCC phases.

The current experiment reached temperatures of 1500 °C and stayed at this tem-
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perature to ensure good mixing between the phases. Slow cooling from 1500 °C to room
temperature did not yield any changes in neutron attenuation of the CoCrCuNi liquid,
which indicates that there was no observable macroscopic liquid phase separation during
solidification of the CoCrCuNi alloy. The CT images presented in Figure 5.8 compare the
equiatomic CoCrCu (Figure 5.8a) with the equiatomic CoCrCuNi (Figure 5.8b), and cor-
respond to the left hand side of the isopleth in Figure 5.9 (0 at. % Ni) and the dotted line
representing equiatomic CoCrCuNi (25 at. % Ni), respectively. The CT of CoCrCuNi in
Figure 5.8b shows no macroscopic liquid phase separation, therefore the thermodynamic
calculations show good agreement with the experiment, as the miscibility gap line in the
calculated phase diagram in Figure 5.9 ends at 27.5 at. % Ni, and is very close to the

experimental concentrations used in this study of 25 at. % Ni.

5.5 Summary

The field of high-entropy alloys continues to grow every year, and with this growth
comes an enormous amount of never before seen alloy systems with unknown liquid state
behavior. As previously shown, neutron imaging can be a very useful technique to elucidate
the liquid state behavior of molten alloy systems. With the application of this technique to
high-entropy alloys, in-situ imaging of liquid state miscibility has been observed for the first
time with the equiatomic additions of Ni to the immiscible CoCrCu system. The current
results show the following:

Neutron imaging can be utilized to image liquid state behavior in high-entropy

alloys. Imaging was carried out on equiatomic CoCrCu buttons with equiatomic additions
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of Ni such that when melting occurred between the alloying elements, full miscibility was
achieved.

In-situ neutron imaging was successfully utilized to image in-situ alloying of Ni
into an immiscible CoCrCu system. The synthesis of the CoCrCuNi alloy inside the high-
temperature furnace was fully imaged via a movie-like sequence of carefully timed radio-
graphs to display the melting/alloying process.

Previous neutron imaging experiments of CoCrCu show the liquid phase separation
that occurs between CoCr and Cu. The added Ni in this system acts as a solubility pathway
for Cu to enter the solution with the rest of the alloying elements.

In-situ neutron imaging of solidification can provide a novel solution to probe
the liquid phases of calculated isopleths and provide valuable insight into the liquid state

behavior of HEAs.
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Chapter 6

Processing Pathway Effects in
CoCrCulNi + X (Fe, Mn)

High-Entropy Alloys
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6.1 Abstract

A parallel study of mechanical alloying and solidification was carried out on FCC
high-entropy alloys (HEAs) CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi to investigate the
effects of each processing methods on the resulting microstructure, crystal structure, and
microhardness. Elemental powders were mechanically alloyed followed by spark plasma
sintering (SPS) at 800 °C and 900 °C to achieve densified discs, while arc-melting was
carried out from bulk pieces of the elemental metals followed by furnace annealing at 800
°C and 900 °C for 5 hours. Both processing routes resulted in a primary FCC phase with
secondary Cu-rich FCC segregation as interdendrites for the solidified alloys and particle
boundaries for the SPS alloys, with the exception of a small amount of o phase present in the
SPS processed alloys. The solidification of the CoCrCulNi, CoCrCuFeNi, and CoCrCuMnNi
HEASs resulted in typical dendritic microstructure, followed by the precipitation of a small
Cr-rich phase in the CoCrCuMnNi alloy after annealing. The grain size of the mechanically
alloyed powder was approximately 20 nm from Scherrers equation and the SPS processed
HEAs consisted of a Cu-rich phase in the particle boundaries, forming cobblestone-like
microstructure. The microhardness was examined in the as-cast, annealed, and SPS states.
It was found that the SPS processed samples had an increased microhardness by a factor

of 2.5. The following work was published in Ref. [281].

6.2 Introduction

The dominating synthesis route throughout the literature for the high-entropy al-

loys involves liquid-phase methods (predominantly arc-melting), however recent studies have
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explored powder metallurgy approaches, particularly focused on the CoCrFeNi [282,283] and
AlCoCrFeNi [284-286] HEAs. A recent study of the Al,CoCrFeNi system comparing the
phase composition of the arc-melted alloys vs. sintering of compacted powder indicated the
formation of the same phases even though they were microstructurally different (dendritic
vs particles/grains) [286].

One of the original HEA papers by Yeh et al. [3] dealt with the primary FCC
phase CoCrCuFeNi alloy. Throughout the years, there have been many investigations into
the CoCrCuFeNi alloy to understand its tendency for stable FCC phase formation. Such
experiments include investigating the mechanical properties [159], recrystallization [150],
rapid solidification [151], cold rolling [150, 280], sputter depositing of thin films [287], and
liquid phase separation [139,152,153,239]. In order to further investigate phase formation in
this alloy, phase predictions for CoCrCuFeNi using CALPHAD produced calculations lead-
ing to two FCC phases (CoFeNi-rich and Cu-rich) and two BCC phases (Co-Fe-rich and
Cr-rich) [138], which differed from the dual phase FCC solid solution dendritic microstruc-
tures from the original solidification studies by Yeh et al. [3]. CALPHAD calculations in
Ref. [138] also predicted solid solution phases in two similar alloys, CoCrCuNi (2 FCC +
BCC) and CoCrCuMnNi (2FCC + BCC + HCP). However, upon mechanically alloying
the CoCrCuNi alloy X-ray diffraction (XRD) analysis on CoCrCuNi, one FCC phase was
observed [138]. Mechanical alloying studies of CoCrCuFeNi resulted in a nanostructured
alloy, with primarily FCC phase with small amounts of BCC, followed by o phase after
spark plasma sintering (SPS) [266]. In a follow-up study, these authors mechanically al-

loyed CoCrCuNi and CoCrCuFeNi for 15 h, which resulted in a single FCC phase with small
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amounts of BCC. Upon annealing at 1000 °C, the alloys resulted in FCC and o phase [142].
Similarly, in a solidification study by the present group, alloys of CoCrCulNi, CoCrCuFeNi,
and CoCrCuMnNi were prepared via arc-melting which resulted in the as-cast alloys having
a two-phase microstructure: FCC dendrites and FCC interdendritic regions [140].

As the field of high-entropy alloys continues to grow, it is crucial to understand the
role of processing in these new alloy systems. This work seeks to explore the differences in
phase evolution in the processing of the CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi HEAs
via mechanical alloying and spark plasma sintering compared to solidification and annealing.
As much of the HEAs found in the literature are synthesized via arc-melting, and since arc-
melting is not an equilibrium solidification route, the importance of studying the effects of
heat treatment can help elucidate any equilibrium phases that may become present from the
heat treatment process. Spark plasma sintering has been shown to increase the hardness
in HEAs due to the nanocrystallinity obtained from mechanical alloying [142, 266, 288].
Comparing the phases obtained from heat treatment and SPS at the same temperatures is

important for understanding the phases that are formed in HEAs.

6.3 Experimental Procedure

6.3.1 Solidification and Annealing

Equiatomic alloys of CoCrCulNi, CoCrCuFeNi and CoCrCuMnNi were prepared
from elemental metallic pieces of purities Co > 99.9%, Cr > 99.99% , Cu > 99.9%, Fe
> 99.97%, Mn > 99.7%, and Ni > 99.99% purchased from Alfa Aesar (Ward Hill, Mas-

sachusetts). The elemental manganese was pickled prior to alloying using concentrated
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Figure 6.1: Image of a 10 mm HEA disc after spark plasma sintering (top) and a vertically

cross sectioned arc-melted button (bottom).

HNOj3 in order to remove surface oxidation, rinsed with water, and stored in acetone until
alloying. Samples were weighed to 1.5 g and arc-melted 4 times (flipped three times) on a
water-cooled Cu hearth in a Ti-gettered argon atmosphere. The as-cast alloys were then
annealed at 800 °C and 900 °C in a tube furnace for 5 h, followed by furnace cooling to

room temperature.

6.3.2 Mechanical Alloying and Sintering

Powders of elemental purities Co > 99.9%, Cr > 99.8% , Cu > 99.9%, Fe > 99.8%,
Mn > 99.9%, and Ni > 99.9% purchased from Atlantic Equipment Engineers (AEE)

(Bergenfield, New Jersey) were mechanically alloyed to synthesize the equiatomic CoCr-
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CuNi, CoCrCuFeNi, and CoCrCuMnNi alloys using a SPEX 8000D shaker mill using a
hardened 440C stainless steel grinding vial set. The powders were milled with a ball to
powder weight ratio of 5:1 using 1/4” stainless steel balls for 20 h. No process control
agent was used as cold welding was not an issue with the CoCrCuFeNi and CoCrCuMnNi
powders. However, for the CoCrCuNi powder, 1 wt. % stearic acid was used due to the
higher fraction of Cu present in the powder. No contamination from the milling media was
observed for the CoCrCuMnNi powder, and less than 3 at. % Fe contamination was found
in the CoCrCulNi powder. Characterization of Fe contamination from the milling media
cannot be determined in the CoCrCuFeNi alloy due to the nominal presence of Fe in the
alloy. The milled powder was densified at 75 MPa and sintered with a 200 °C/min heating
up to 600 °C followed by a 75 °C/min heating rate to a final temperature of 800 °C or 900
°C for five minutes using a Dr. Sinter LAB Jr. SPS to produce nominal 10 mm diameter by

1 mm thick discs (Fig. 6.1) for each sample.

6.3.3 Characterization

The arc-melted samples were cross-sectioned perpendicular to the chill surface and
mounted in Conducto-mount Conductive Mounting Powder and abraded using SiC paper
down to 5 pm followed by final polishing of 1, 0.3, and 0.05 pm with AloO3 powder. The
densified discs were polished along the face of the disc. Vickers microhardness tests were
carried out on the polished surface of the samples using a Phase II Micro Vickers Hardness
Tester (Model no. 900-931) at loads of 1 kg for 15 s. The average value of 10 indentations
were used to describe the microhardness for each sample except in the case of CoCrCuFeNi

annealed at 900 °C, where the average of 5 indentations was used due to sample size.
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X-ray diffraction patterns were taken of the powder and flat polished samples using
a PANalytical Empyrean Series 2 diffractometer with Cu K, radiation. The X-ray data was
acquired from 20° to 80 ° 20 with a step size of 0.02° and step time of 40 s/step. The milled
powders were also analyzed from 40° to 80° 26 with a step size 0.02° and step time of
80s/step for higher resolution. Backscattered electron images (BEIs) and energy-dispersive
X-ray spectroscopy (EDS) data were obtained from the alloys with an FEI NovaNanoSEM

450 scanning electron microscope.

6.4 Results & Discussion

6.4.1 Arc-melted and Annealed Samples

The arc-melting and solidification of the CoCrCuNi, CoCrCuFeNi, and CoCr-
CuMnNi alloys led to dendritic microstructures with Cu-rich interdendritic regions as dis-
cussed below. Energy-dispersive X-ray spectroscopy data for each of the as-cast samples
can be found in Table 6.1. The phase fraction (%) of the dendritic phases of the CoCrCuNi,
CoCrCuFeNi, and CoCrCuMnNi alloys were analyzed from the backscattered electron im-
ages of the microstructures using ImageJ. The dendritic phase consisted of approximately
85 %, 90 %, and 65 % of the CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi alloys respectively

while the remaining amount of phase fraction is the interdendritic region.

CoCrCulNi

The as-cast CoCrCuNi solidified into CoCrNi-rich dendrites, rejecting the liquid

rich in Cu to the interdenritic regions. The dendrites directionally solidified upwards from
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the Cu-chill plate of the arc-melting furnace. The same sample was then annealed at
800 °C and 900 °C and returned to room temperature via furnace cooling. The overall
morphology of the dendritic microstructure did not change after annealing, and is present
as the dark grey dendritic and light grey interdendritic regions of Fig. 6.2a—c. The X-ray
diffraction pattern for the CoCrCuNi alloy was indexed as dual FCC peaks and shown in
Fig. 6.3, representing the crystal structures for the dendrite and interdendrite phases. The
annealing of the CoCrCuNi sample lead to increased intensity for the 200 peak labeled in
Fig. 6.3. This intensity of the 200 peak is most likely due to the way the sample was cut
perpendicularly to the chill surface, perpendicular to the directionally solidified dendrite.
Counter to the CALPHAD predictions given in Ref. [138], no BCC x-ray peaks were found
in the diffraction pattern of the CoCrCuNi alloy.

The two FCC phases from the solidification of the alloy that are present are from
the CoCrNi-rich and Cu-rich phases. Energy-dispersive X-ray spectroscopy (EDS) of these
regions indicated an approximate stoichiometry of CoCrCug sNi for the dendrites and ~ 85

% Cu (15 at. % balance) for the interdendritic phase, shown in Table 6.1.

CoCrCuFeNNi

The dendrites directionally solidified upwards from the Cu-chill plate of the arc-
melting furnace shown in Fig. 6.2d. The as-cast dendritic duplex microstructures for the
CoCrCuFeNi alloy shows agreement with the solidification microstructures observed in the
literature [139,140]. Annealing the alloys at 800 °C did not have an impact on the mi-

crostructure, as shown in Fig. 6.2e. Annealing of the sample at 900 °C also resulted in
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Figure 6.2: Backscattered electron images (BEIs) of the solidification processed HEAs a)
CoCrCuNi as-cast, b) CoCrCuNi 800 °C anneal, ¢) CoCrCuNi 900 °C anneal, d) CoCr-
CuFeNi as-cast, €) CoCrCuFeNi 800 °C anneal, f) CoCrCuFeNi 900 °C anneal, g) CoCr-

CuMnNi as-cast, h) CoCrCuMnNi 800 °C anneal, i) CoCrCuMnNi 900 °C anneal.
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Figure 6.3: X-ray diffraction patterns of the CoCrCulNi, CoCrCuFeNi, and CoCrCuMnNi

alloys in the as-cast condition and after annealing at 800 °C and 900 °C.
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Table 6.1: Semi-quantitative analysis (at. %) for the energy-dispersive X-ray spectroscopy
(EDS) data and corresponding microstructures of the as-cast CoCrCuNi, CoCrCuFeNi, and

CoCrCuMnNi alloys. *Precipitates after 800 °C anneal.

Alloy Region Co Cr Cu Fe Mn Ni
CoCrCuNlNi Nominal 25 25 25 — — 25
Dendrite 31.4 30.0 14.3 - - 243
Interdendrite 4.1 4.0 &84.1 - - 7.9
CoCrCuFeNi  Nominal 20 20 20 20 - 20
Dendrite 23.1 214 13.6 22.0 - 19.8
Interdendrite 4.2 3.9 80.6 4.1 - 7.2
CoCrCuMnNi Nominal 20 20 20 - 20 20
Dendrite 29.8 31.7 8.6 - 11.2 18.7
Interdendrite 8.2 7.2 434 - 23.0 18.3
Precipitates® 24.1 38.2 14.8 - 131 99

no significant morphology changes or homogenization. As with the CoCrCuNi alloy, the
intensity of the 200 reflection which was greater than the 111 reflection in the as-cast state
in the XRD patterns also increased with annealing as labeled in Fig. 6.3. Similar to the so-
lidification of the CoCrCuNi, the dendrites have approximately half the amount of Cu than
the nominal equiatomic percentages present in the liquid (CoCrCuFeNi, 20 at. % each).
The Cu-rich interdendrite is also similar to the interdendrite in CoCrCuNi, (~ 80 at. %
Cu, 20 at. % balance). It appears that adding Fe to CoCrCuNi has no major effect on the

microstructure or resultant FCC phases.

CoCrCuMnNi

The CoCrCuMnNi alloy solidified into very jagged dendritic microstructure with
CoCrMnNi-rich dendrites and very large CuMnNi-rich interdendrites as shown in Fig. 6.2g.

Annealing to 800 °C resulted in Cr-rich precipitates in the interdendritic regions in random
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parts of the alloy, which can be seen as small darker grey regions around the dendrite
periphery in Figs. 6.2h—i. Annealing to 900 °C led to rounding of the jagged dendrite arms
visible in Fig. 6.2i, while still containing the Cr-rich precipitates, the composition of which is
found in Table 6.1. The CoCrCuMnNi alloy also displayed two sets of FCC peaks similar to
CoCrCuNi and CoCrCuFeNi in Fig. 6.3. The same intensity of the 200 reflection is present
as the sample cross section was perpendicular to the directionally solidified dendrites in
the same fashion as the CoCrCuNi and CoCrCuFeNi alloys. There is a much wider spacing
between the peaks for the dendritic and interdendritic regions, as opposed to the CoCrCulNi
and CoCrCuFeNi alloys. This is likely due to the interdendritic regions being rich in Mn and
less Cu when compared to the CoCrCuNi and CoCrCuFeNi alloys, which have interdendritic
Cu content > 80 at. %. This leads to the dual FCC peaks being much more distinct, and
are closer to published diffraction data of the CuMn binary alloy [289]. The interdendritic
stoichiometry of ~ CuasMnNi resulting in FCC phase supports the CALPHAD predictions

for FCC phase in these percentages [132].

6.4.2 Mechanical Alloying and Spark Plasma Sintering

Mechanical alloying of the CoCrCuNi, CoCrCuFeNi, and CoCrCuMnNi HEAs

from elemental powders resulted in broad single FCC phase diffraction patterns for all

three of the alloys, as presented in Fig. 6.4. Using the Scherrer equation, 7 = ﬁ[c(o )5‘9 (with
K = 1) on the diffraction pattern in Fig. 6.4, approximate grain sizes for the HEA powders
were determined to be around 18 nm, 16 nm, and 20 nm for CoCrCulNi, CoCrCuFeNi, and
CoCrCuMnNi respectively. Archimedes’ method was carried out using propylene glycol (p

= 1.04 g/cm?) to determine the density of the SPS samples compared to the theoretical
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density from the rule of mixtures (based on volume fraction), and are presented in Table

6.2. All three alloys resulted in > 94 % relative density compared to the theoretical value.

Milled Powder (20 h)

CoCrCuFeNi -

oy

CoCrCuMnNi g A S pacrmiogs
CoCrCuNi M -

Intensity (au)

=
>

40 45 50 55 60 65 70 75 80
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Figure 6.4: X-ray diffraction patterns of the CoCrCulNi, CoCrCuFeNi, and CoCrCuMnNi

powders displaying FCC phase after ball milling for 20 h.

Table 6.2: Relative densities for the CoCrCuNi, CoCrCuFeNi and CoCrCuMnNi alloys

after SPS using Archimedes’ Method compared to the theoretical density using the rule of

mixtures.
HEA p (rule of mixtures) 800 °C 900 °C
CoCrCuNi 8.47 g/cm? 7.96 g/cm® — 94.0 % 8.16 g/cm® — 96.3 %
CoCrCuFeNi 8.35 g/cm3 7.84 g/em® — 93.9 % 7.95 g/ecm® — 95.3 %
CoCrCuMnNi 8.25 g/cm3 7.86 g/cm® — 95.3 % 7.81 g/cm® — 94.7 %
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CoCrCulNi

Spark plasma sintering of the CoCrCulNi powder lead to the microstructures
present in Fig. 6.5a-b. The particles ( &~ 20 — 100 um) can be seen packed together as
the darker contrast regions in Fig. 6.5a—b, surrounded by a very bright high Z-contrast
phase along the boundaries of each particle. The EDS measurements for each of these re-
gions yielded similar atomic percentages compared to solidified counterpart alloys, and are
presented in Table 6.3. For example, the particle cores in Fig. 6.5a—b are near-equiatomic
while darker particle edges are depleted in Cu and the interparticle regions (boundaries) are
close to the atomic concentration of the interdendrite regions of this same alloy processed
via arc-melting (= 84 at. % Cu). The tabulated comparison between atomic percentages in
each region can be found in Table 6.3. Sintering at 900 °C lead to a similar microstructures
(Fig. 6.5b) to the microstructure of the 800 °C sintering (Fig. 6.5a). The Cu-rich boundary
region can be seen in all of the spacing between the dark particles in a sort of cobblestone-like
microstructure. The darker particle edges are randomly dispersed throughout the particles
in Fig. 6.5a—b. This phase was revealed to be depleted in Cu while the adjacent particle
boundary/interparticle regions are rich in Cu. The X-ray diffraction pattern of the CoCr-
CuNi alloy is presented in Fig. 6.6 along with the other two MA + SPS processed alloys.
The X-ray diffraction pattern was indexed as two sets of FCC phases, as similar to the
solidified CoCrCuNi alloy. There is a small peak present in the 800 °C pattern before the
primary 111 FCC reflection, which is most likely the o phase, which was observed for the
CoCrCuFeNi alloy after SPS at 900 °C [266] and annealing at 1000 °C [142]. Recent studies

have shown the appearance Cra3Cg phases in SPS of similar alloys of AlCoCrFe [288], how-
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ever more advanced techniques such as transmission electron microscopy and atom probe
tomography are required to accurately determine the C content that may be present as
contamination in these alloys in order to accurately determine the nature of the small XRD

peaks present in Fig. 6.6, and is outside the scope of this work.

CoCrCuFeNNi

The 800 °C and 900 °C SPS of the CoCrCuFeNi HEA produced the same cob-
blestone like microstructure to the CoCrCuli alloy, and is presented in Fig. 6.5¢—d. Like
the CoCrCuNi alloy, the dark contrast particles are near-equiatomic while the boundaries
contained ~ 85 % Cu, with the remaining elements being Co, Cr, Fe, and Ni, shown in
Table 6.3. Unlike the dendrites in Fig. 6.2d—f, the main particle has double the at.% of Cu
when compared to the primary dendrite of the solidified counterpart (Table 6.3). The same
darker particle edge phase is also present in the CoCrCuFeNi alloy, and is also depleted in
Cu and is present randomly throughout the edges of the majority particle phase of the SPS
samples. The X-ray diffraction pattern for the alloy present in Fig. 6.6 also indicated two
sets of FCC peaks like its solidified counterpart, however with the presence of an extra peak
before the primary FCC 111 reflection, which was previously found to be ¢ phase for the
SPS processing of this alloy at 900 °C in Ref. [266]. The darker Cu-depleted regions may be
the small amount o phase that are present in the XRD patterns however, more extensive
research involving transmission electron microscopy is needed to accurately determine the

crystal structure of this phase.
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Figure 6.5: Backscattered electron images (BEIs) of the mechanically alloyed-SPS HEAs a)
CoCrCuNi 800 °C, b) CoCrCuNi 900 °C ¢) CoCrCuFeN 800 °C, d) CoCrCuFeNi 900 °C, e)

CoCrCuMnNi 800 °C, f) CoCrCuMnNi 900 °C.
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Figure 6.6: X-ray diffraction patterns of the CoCrCulNi, CoCrCuFeNi, and CoCrCuMnNi

alloys after ball milling for 20h and subsequent SPS 800 °C and 900 °C.
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CoCrCuMnNi

The SPS of the CoCrCuMnNi powder at 800 °C lead to the cobblestone-like mi-
crostructure as seen in CoCrCuNi and CoCrCuFeNi. However the particles are packed
much closer together than the other two alloys. The main particle phase core appears to
be mostly homogeneous, with a composition near nominal equiatomic concentration of the
elements while also containing a Cu-depleted particle edge (Table 6.3). In this respect, the
particles are distinctively different than the dendritic counterpart primary phase, as there
is a significant decrease in Co, Cr, with an increase in Cu and Mn, somewhat resembling
a near-equiatomic composition. The interparticle regions, however, are close to the atomic
concentrations of the interdendrite regions of the solidified alloy counterpart. The X-ray
diffraction pattern for the 800 °C SPS processed alloy shows a number of peaks between
the FCC 111 and 200 reflections. These peaks may also be the o phase observed for CoCr-
CuFeNi in Ref. [266], as no other intense peaks appear to be present at the higher scattering
angles. However, this would need to be confirmed via TEM and is outside the scope of the
present investigation. Sintering at 900 °C resulted in only two sets of FCC peaks, nearly

identical to the solidified CoCrCuMnNi diffraction pattern in Fig. 6.3.

6.4.3 Microhardness

Vickers microhardness for all three HEAs was carried out on the as-cast, annealed,
and SPS processed samples and are presented in Table 6.4. Minor differences (within the
same order-of-magnitude) in the microhardness values were observed between the as-cast

and solidified+annealed materials. When annealed to 800 °C, the microhardness decreased
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Table 6.3: Comparison of the semi-quantitative analysis (at. %) from EDS obtained from
the solidified and SPS microstructures. Dendrite and Interdendrite refer to the solidification
microstructures in Fig. 6.2 while Particle Core, Particle Edge, and Boundary refer to the

SPS processed microstructures in Fig. 6.5.

HEA Solidification SPS SPS || Solidification SPS
CoCrCuNi Dendrite | Part. Core | Part. Edge || Interdendrite | Boundary
Co 31.4 23.2 33.0 4.1 4.1

Cr 30.0 23.6 31.1 4.0 2.0

Cu 14.3 26.9 7.59 84.1 84.2

Ni 24.3 22.3 28.3 7.9 9.8
CoCrCuFeNi Dendrite | Part. Core | Part. Edge || Interdendrite | Boundary
Co 23.1 17.0 22.3 4.2 3.0

Cr 21.4 22.1 28.1 3.9 2.2

Cu 13.6 26.0 6.84 80.6 86.2

Fe 22.0 17.4 21.2 4.1 2.4

Ni 19.8 17.5 21.5 7.2 6.2
CoCrCuMnNi Dendrite | Part. Core | Part. Edge || Interdendrite | Boundary
Co 29.8 18.6 24.1 8.2 6.4

Cr 31.7 19.6 24.0 7.2 3.3

Cu 8.6 24.7 15.7 43.4 46.9

Mn 11.2 18.6 18.0 23.0 23.3

Ni 18.7 18.4 18.2 18.3 20.2
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from 1.76 + 0.04 GPa to 1.65 £+ 0.04 GPa in the CoCrCuNi alloy, and from 1.56 4+ 0.05
GPa to 1.43 4+ 0.03 GPa in the CoCrCuFeNi alloy. Is is believed that this decrease could
be due to the annealing temperatures causing recovery and residual thermal stress relief.
Similar observations were made in annealing studies, where the microhardness decreased
in the CoCrCuFeNi [150,280]. In contrast with the previous alloys the microhardness of
CoCrCuMnNi alloy increased slightly from 2.11 + 0.07 GPa to 2.26 4+ 0.07 GPa after the
800 °C anneal and back to 2.09 + 0.06 GPa post 900 °C anneal. Again, the decrease in
microhardness is likely attributed to residual thermal stress relief during annealing.

The microhardness for the SPS processed HEAs yielded approximately double and
in some cases by 2.5 times the microhardness of their as-cast and annealed counterparts.
This increase in hardness can be attributed to Hall-Petch strengthening, as the aforemen-
tioned approximate grain size from Scherrer analysis of the milled powder were on the order
of ~ 20 nm. Further measurements using transmission electron microscopy will be carried
out to validate the grain size range predicted by Scherrer’s analyses in the HEAs processed
by SPS. Hardness differences could also be due to micro scale morphology differences (such

as dendrite arm spacing) and impurity pickup during mechanical alloying.

6.5 Summary

The resulting microstructures, crystal structures, and microhardness of CoCrCuNi,
CoCrCuFeNi, and CoCrCuMnNi High-entropy alloys (HEAs) were investigated via solid-
ification processing and subsequent annealing and mechanical alloying followed by spark

plasma sintering. It was found that all processing routes resulted in a primary FCC phase,
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Table 6.4: Vickers microhardness (GPa) for the CoCrCuNi, CoCrCuFeNi and CoCrCuMnNi
samples in the as-cast and post-annealed/post SPS temperatures. Values for microhardness

were averaged over 10 indentations. MA + SPS = Mechanically alloyed + spark plasma

sintering.
Arc-melted As-cast 800 °C 900 °C
CoCrCuNi 1.76 £ 0.04 1.77 £0.03 1.65 4 0.04
CoCrCuFeNi  1.56 £ 0.05 1.47 +0.04 1.44 + 0.03
CoCrCuMnNi 2.11 + 0.07 2.26 &+ 0.07 2.09 £ 0.06
MA + SPS - 800 °C 900 °C
CoCrCuNi - 4.42 + 0.17 4.47 £ 0.22
CoCrCuFeNi - 4.22 £ 0.16 4.22 £ 0.12
CoCrCuMnNi - 5.12 &£ 0.06 3.66 £ 0.04

while secondary FCC phases were found in the interdendrite regions of the solidified samples
and at the particle boundaries of the SPS samples. Small amounts of o phase were observed
in the SPS processed alloys, but not in the cast counterparts. All three alloys solidified with
dendritic microstructures that did not undergo any significant changes after annealing, with
the exception of the CoCrCuMnNi alloy which had Cr-rich precipitates after annealing. The
mechanically alloyed powder of all three alloys resulted in single FCC peaks and approxi-
mate grain sizes of 20 nm deduced from Scherrer’s equation. When comparing the observed
phases to the published CALPHAD predictions for these alloys, it can be difficult to confi-
dently and comprehensively explain discrepancies between thermodynamic calculation and
observed results. This is due to the many variables that dictate phase formation in these
alloys.

Spark plasma sintering on all three samples resulted in a cobblestone-like mi-

crostructure with a Cu-rich phase in the particle boundaries. The microhardness for the
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SPS alloys increased by a factor of ~ 2.5 when compared to their solidified counterparts.
The processing of these alloys via SPS compared to solidification resulted in similar FCC
phases and Cu-rich segregation, while doubling the microhardness when compared to the

microhardness of the solidification processed HEAs.
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Chapter 7

Duplex Phase Hexagonal-Cubic
Multiprincipal Element Alloys with

High Hardness
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7.1 Abstract

We report on the influence of Mn additions on the microstructure and properties
of (CoCrCuTi)Mn, high-entropy alloys containing 5, 10, 15, and 20% Mn prepared by arc-
melting. It was observed that the alloys containing less than 10 at. % Mn contained BCC
dendrites and a Cu-rich face centered cubic (FCC) interdendritic matrix. In contrast, alloys
containing Mn > 10 at. %, consisted of a hexagonal dendritic Laves phase (C14, hexago-
nal, P63/mmc) with a Cu-rich FCC interdendritic matrix. The particular combination of
Co99Cr18CugoMni6Tiag was also found to consists of Laves C14 phase hexagonal dendrites
in a Cu-rich FCC interdendritic matrix with very small dispersed Ti-rich dendrites when
compared to the non-uniform microstructures of the (CoCrCuTi)Mn, with nominal Mn
additions. The hexagonal dendritic phase of the composition Cog2CrigCuggMnigTiss has
very high Vickers mircohardness of 996.6 HV 0.01 while the Cu-rich interdendritic matrix
has hardness of 457.3 HV 0.01 and overall hardness of both regions equaling 480.0 HV
1. The overall Rockwell hardness was found to be 43 HRC. The Co99CrigCuggMnigTioy
composition was found to have high compressive strength of 1430 MPa and low wear rate
of 2.64 x 107° mm3/m-N. Selected area electron diffraction of this alloy revealed the den-
dritic phase to be the hexagonal intermetallic Laves(2H)-MgZng, corresponding to space
group P63/mmc with lattice parameters approximated to be a = 4.8 Aand ¢ =754
based on fitting the d-spacing of the indexed patterns to previously published data on the
CroTi intermetallic phase. Due to the high alternating hardness of the hexagonal dendritic
microstructure and Cu-rich matrix of these alloys, they may be potential candidates for

fracture resistant and wear-based applications due to their low density and high hardness.
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Isopleths of the CoCrCuMnTi system were generated using the ThermoCalc software with

TCHEA3 database and were used to help elucidate phase formation in these alloys.

7.2 Introduction

The search for single-phase solid solutions with exceptional mechanical properties
has driven research in the field of multicomponent alloys over the past 15 years. The
majority of the 3d transition metal HEAs in the literature typically consist of body centered
cubic (BCC) and face centered cubic (FCC) crystallographic systems as well as B2 phase, o
phase, and other intermetallics [1-6,22]. Many of these alloy systems exhibit high strength
[30,245,290], wear resistance [4,291-293], and corrosion resistance [294,295], which make
these multiprincipal element alloys potential candidates for engineering applications.

There is only a small fraction of hexagonal HEAs/MPEAs/CCAs compared to
those with FCC and BCC crystal structure. The first attempt to create hexagonal HEAs
stemmed from using elements containing stable room temperature hexagonal close packed
(HCP) crystal structures, which ultimately led to the amorphization of the entire mixture
for the BeCoMgTi and BeCoMgTiZn systems [296]. Shortly after, Li et al. synthesized
AlCuMgMnZn which was found to be mainly composed of HCP and Al-Mn quasicrystal
phases [297]. Using a CALPHAD approach, Gao et al. in 2013 predicted that CoOsReRu
HEA would have HCP crystal structure [298], which was later experimentally verified by
Gao in 2016 [299]. One of the first experimental observations of hexagonal crystal structure
in an HEAs was found by Takeuchi et al. in 2014 with the arc-melting of heavy lanthanide

HEAs DyGdLuTbY and DyGdLuTbTm [300]. This study demonstrated that simple solid
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solutions in HEAs could exist in hexagonal closed packed structure. Later than year, Youssef
et al. observed HCP crystal structure in a light metal HEA, which was observed when the
as-milled FCC crystal structure of AlLiMgy5ScTi; 5 was converted to HCP after annealing
at 500 for 1 hour [301]. Since these discoveries, the amount of HEAs/MPEAs/CCAs that
either have a majority hexagonal closed packed (HCP) or ordered hexagonal intermetallic
phase are still very few, which are presented in Table 7.1. From the alloys shown in the
table, only recently was the HCP phase seen in a purely 3d transition metal HEA with
high pressure processing of the Cantor alloy, CoCrFeMnNi at 54 GPa where it was observed
that the HCP phase was partially retained after depressurization [302]. Table 7.1 provides a
summary of many hexagonal HEAs/MPEAs that contain precious metals [298,299,303] and
rare-earth metals [300,301,304-308], which can be very costly for manufacturing purposes.
As for 3d transition metal HEAs, there are yet to be any other hexagonal systems observed
in the literature other than the high pressure processed Cantor alloy [302].

Recent work by the present group demonstrated a the presence of a large im-
miscibility in quaternary and quinary 3d transition metal MPEAs when the alloy contains
equiatomic CoCrCu [140]. It was found that due to large stable liquid miscibility gap in
equiatomic CoCrCu [86], specific alloying elements (Fe, Mn, Ni, V) would either shift the
overall composition towards a single-phase liquid or liquid phase separation [209]. This
liquid state immiscibility was then observed in-situ by the present authors using neutron
imaging of the melting and remixing of phases when equiatomic CoCrCu is alloyed with
Ni to make equiatomic CoCrCuNi [278]. Three MPEAs CoCrCuNi, CoCrCuFeNi, and

CoCrCuMnNi from the previous study solidified with uniform dendritic microstructures,
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Table 7.1: Multiprinicipal element alloys/high-entropy alloys containing hexagonal crystal
structures. MA = Mechanical alloying, EML = Electromagnetic levitation, AM = Arc-
melting, MS = Melt spinning. ! = Atomic percentages: Irp.19O0sg.22Reg.21Rhg.20Rug.19. TD

= Thermal decomposition of single-source precursors

Composition Structure Processing Ref.
AICINDTIV Laves (C14) AM [309]
AICINDTiVZr  Laves (C14) AM 309]
AlCuMgMnZn HCP IM [297]
AlLiMgg5ScTi; 5 HCP MA + 26°¢ 301]
CoCrFeMnNi  HCP AM + 54.1 GPa  [302]
CoFeReRu HCP AM 299]
CoOsReRu HCP CALPHAD [298]
CrNiTiVZr Laves (C14) MS [310]
DyGdHoTbY Mg-type EML [304]
DyGdHoTbY P63/mmc EML [307]
DyGdHoLuTb P63 /mmc EML [308]
DyGdLuThY HCP AM [300]
DyGdLuThTm  HCP AM [300]
GdHoLaTbY HCP AM [306]
HfLaScTiYZr ~ HCP AM [305]
IrOsReRhRu! HCP TD [303]

173



indicating that the alloy most likely solidified from a single phase liquid as opposed to
undergoing solidification after liquid phase separation. The dendritically solidifying CoCr-
CuNi, CoCrCuFeNi, and CoCrCuMnNi MPEAs contained duplex FCC microstructures,
consisting of an FCC Cu-depleted dendritic phase and an FCC Cu-rich interdendritic ma-
trix [140]. As for hexagonal crystal structure in these 3d transition metal systems, several
studies indicate that CoCrMn is a hexagonal close packed system when Mn > 4% [311,312].
Phase equilibrium studies [313] of the ternary CoCrTi system [102] indicate that both cubic
(C15) and hexagonal (C36) Laves phases could exist, which extend from the Co-Ti binary
side from CoyTi to the Cr-Ti binary side to CreTi with full solubility of Co and Cr through
the isothermal section of the form (Co,Cr)2Ti when Ti remains ~ 33 at. % [313].

In view of the above discussion, the objective of this work is to understand the
microstructure, mechanical properties, and wear properties of CoCrCu-based alloys that
contain Mn and Ti, as well as to establish the effects these alloying elements have on

hexagonal crystal structure formation.

7.3 Experimental Procedure

In the present investigation, alloys combinations of Co, Cr, Cu, Mn, and Ti con-
sisting of CoCrCuTi (0 at. % Mn), (CoCrCuTi)gsMns (5 at. % Mn), (CoCrCuTi)goMnig
(10 at. % Mn), (CoCrCuTi)gsMnjs (15 at. % Mn), CoCrCuMnTi (20 at. % Mn), and
Co095Cr18CugyMny6Tiss were prepared from raw elements of purities Co > 99.9%, Cr >
99.99% , Cu > 99.9% , Mn > 99.7%, and Ti > 99.7% purchased from Alfa Aesar (Ward

Hill, Massachusetts). Samples were weighed to 1.5 g and arc-melted 4 times (flipped three
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times) on a water-cooled Cu hearth in a Ti-gettered argon atmosphere. The elemental man-
ganese was pickled prior to alloying using concentrated HNOg3 in order to remove surface
oxidation, rinsed with water, and stored in acetone until alloying. The arc-melted sam-
ples were vertically cross-sectioned and mounted in Conducto-mount Conductive Mounting
Powder and abraded using SiC paper down to 5 pm and polished in steps of 1 um, 0.3 pm,
and 0.05 pym with AloO3 powder and colloidal silica.

Vickers microhardness tests were carried out on the polished surface of the alloy
samples using a Phase II Micro Vickers Hardness Tester (Model no. 900-931) at loads of 10
g for the dendrite/interdendrite regions, as it was observed that the indentations were small
enough to fit inside dendrite and interdendrite region without touching the boundary of the
other. However, 1 kg loads for 15 s were used across both regions and the average value
of 10 indentations were used to describe the microhardness for each region. In addition
to Vickers hardness, Rockwell hardness (HRC) tests were taken of a larger piece of the
Co22Cr18CugoMnyTigg alloy with a load of 150 kg using a Phase 2 Rockwell tester (Model
no. 900-331D), for which the values were averaged over 5 indentations. Archimedes method
was carried out using propylene glycol (p = 1.04 g/cm?) to determine the density of the
Co22Cr18CugoMnyTiay alloy to be 7.05 g/cm?3.

X-ray diffraction patterns (XRD) were taken of the flat polished samples using a
PANalytical Empyrean Series 2 diffractometer with Cu K, radiation. The X-ray data for
Co95Cr18CuggMniTiag was acquired from 20° to 100° with a step size of 0.02° and step time
of 100s/step while the remaining alloys had a step time of 40s/step. Backscattered electron

images (BEIs) and energy-dispersive X-ray spectroscopy (EDS) data were obtained with an
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FEI NovaNanoSEM 450 scanning electron microscope. Transmission electron microscopy
(TEM) samples were prepared with an FEI Quanta 3D 2009 SEM/FIB from the polished
arc-melted buttons. TEM was performed on the samples with FEI TEM Tecnail2 and FEI
STEM Titan Themis 300 operated at 300 keV equipped with a high-angle annular dark-field
(HAADF) detector.

Compression specimens were cut from arc-melted buttons into 4 mm wide by 6 mm
height pieces, where the long dimension of the compression sample is perpendicular to the
bottom of the as-cast button. The alloy was then compressed using a strain rate of 5 x 1073
mm/s. Dry reciprocating sliding wear tests were conducted using a NANOVEA Mechanical
Tester in relative humidity of 46 % and room temperature of 21.5 . The parameters of the
scratch test involved an applied load of 5 N using a 3 mm tungsten carbide ball, scratch
length of 5 mm perpendicular to dendritic growth direction of the arc-melted sample, scratch
speed of 200 mm/min, for 1000 cycles (full length of scratch and back, 5mm + 5mm). A
diagram of the scratch tester is present in Fig. 7.1.

Equilibrium phase diagrams and Scheil solidification diagrams for the alloy system
were calculated using the CALPHAD approach utilizing ThermoCalc software. The ther-
modynamic database used, high entropy alloy v3 (TCHEA3), is the newest iteration of a
specialized database developed for complex compositions with multiple principal elements.
It is important to note this database includes select elements from the periodic table for
which the database as assessed particular binary and ternary systems that are used to ex-
trapolate thermodynamic calculations of higher order systems. According to ThermoCalc,

for the CoCrCuMnTi alloy system all possible binaries are critically assessed but out of the
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Figure 7.1: Diagram of scratch testing setup for the obtaining wear rate of the alloy against

a WC ball.

ten ternary subsystems, only CoCrCu, CoCrTi, and CoCuMn are critically assessed and
CoCuTi tentatively assessed; leaving the other six ternary subsystems unassessed in the

current iteration of the database.

7.4 Results & Discussion

X-ray diffraction patterns of the as-cast alloys are presented in Fig. 7.2. The as-
cast CoCrCuTi and (CoCrCuTi)gsMns contain two sets of BCC peaks and a set of FCC
peaks. At Mn concentrations > 10 at. %, the BCC phase disappears and is replaced by non-
trivial peaks present in the diffraction pattern along with the FCC phase, which appears
to be slightly shifted from the addition of Mn. The non-trivial peaks were indexed as
Laves(C14/2H)-MgZny structure type (space group 194, P63/mmc), corresponding to the

CroTi diffraction pattern form [314].
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Figure 7.2: X-ray diffraction pattern of CoCrCuTi, (CoCrCuTi)gsMns, (CoCrCuTi)goMnig,

(CoCrCuTi)gsMni5, and CoCrCuMnTi with corresponding peak labels.

Fig. 7.3 displays the diffraction pattern for the CogoCrigCusgMngTie4 alloy, how-
ever now with an additional peak present at approximately 29.5 26 labeled as ‘*’. This
peak is not present in any of the diffraction patterns for the Laves C14 or Laves C15 CroTi
diffraction patterns [314]. This peak may be attributable to this phase, however more work
is needed to understand if this peak belongs to a different phase and is outside of the scope

of the present investigation.

7.4.1 Scanning Electron Microscopy

Varying Concentrations of Mn

The solidification of the CoCrCuTi sample resulted in microstructures consisting
of two CoCrTi-rich dendritic regions and a Cu-rich interdendrite matrix which are shown

by arrows in the backscattered electron image (BEI) in Fig. 7.4a. As the volume fraction of
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Figure 7.3: X-ray diffraction pattern of Co25CrigCusgMni6Tio4 displaying both Laves C14

and FCC peaks.

the two darkest phases are the majority of the sample, they are the phases responsible for
the two sets of BCC peaks present in the XRD pattern in Fig. 7.2. The darkest contrast
dendrites labeled Dpccy are the first to solidify, which is inferred from the dendrite arms
being encapsulated in the larger, lighter contrast dendrites labeled Dgccs. The Dpoce
dendrites appear to form perictectically from the Dgcci + remaining liquid, that is, once
the peritectic phase completely surrounds the pro-peritectic phase, the liquid transforms to
Dgcc2. The Dy dendrites contain significantly more Cr than the Dgccg dendrites, while
the interdendrite regions contain mostly Cu (93 at. %). Therefore, the ID is attributed to
the FCC peaks present in the CoCrCuTi diffraction pattern in Fig. 7.2 and is labeled as
such in Fig. 7.4 as IDpcc. The tabulated energy dispersive X-ray spectroscopy (EDS) data

for each of the alloys in this study is presented in Table 7.2.
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The addition of 5 at. % Mn to equiatomic CoCrCuTi to form (CoCrCuTi)gsMns
resulted in the microstructure in Fig. 7.4b. The microstructure is similar to the CoCrCuTi
alloy, however now present is a randomly dispersed Cr-rich dendrite (~ 83 at. % Cr), and
is indicated in Fig. 7.4b by a white arrow and label D¢,. The concentration of 10 at. % Mn
to CoCrCuTi at 90% of the alloy, led to very clear hexagonal dendritic morphology of the
CoCrTi-rich dendrites, which is indicated by the angled direction of the secondary dendrite
arms as opposed to the perpendicular secondary dendrite arms found in the solidification
of cubic systems. Like the previous compositions, the interdendritic region is also Cu-rich
at 76.2 at. % Cu, similar to the previous alloys however with much more dispersed D¢,
throughout the material (Fig. 7.4c). From the XRD pattern in Fig. 7.2, the hexagonal
Laves phase appears in place of the BCC phases when Mn is > 10 at. %, and we attribute
this phase to the majority dendritic phase present in Fig. 7.4c and is labeled Dr ayes-

The nature of hexagonal dendritic growth which results in secondary dendrite arms
that are not perpendicular to the primary arms. Inn cubic dendritic growth, the secondary
and tertiary dendrite arms grow at 90 ngles from the primary dendrite arm. The overall
volume fraction of D¢y was too small to contribute peaks in the XRD pattern. Increasing
the concentration of Mn to 15 at. % led to very similar microstructures (Fig. 7.4d) that were
observed in Fig. 7.4c, however now with the presence of additional cubical dendrites that are
rich in Ti (~ 49 at. % Ti). These Ti-rich dendrites are labeled as Dt; and appear randomly
throughout the microstructure. When equiatomic concentrations of each alloying element
are added to form CoCrCuMnTi (20 at. % each), the system led to the microstructure in

Fig. 7.4e, where the majority dendritic phase consisted of Dryves, While the D¢, dendrites
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are dispersed randomly throughout the microstructure. The interdendritic phase, IDgcc

contained 77.6 at. % Cu and 20.4 at. % Mn.

COQQ Crlg CUQOMII16Ti24

In an effort to reduce the D¢, and Dpy phases, such that the alloy only would
only consist of the Draves and IDpcc phases, the CogoCrigCuggMnigTios was designed by
measuring the atomic concentrations of bulk regions in the microstructure that had little to
no D¢y or Dpy. This new composition is present in Fig. 7.4f and in lower magnification in Fig.
7.5 to illustrate the macrostructure. The composition led to very similar microstructures
and phases to the previous combinations, however without the presence of the large D¢y
phase and contained a much smaller volume fraction of the Dp; dendrites. The small black
Dr; dendrites are present throughout and appear to be first in the solidification process.
The next to solidify is the CoCrTi-rich Laves phase dendrite which is the majority phase
of the material. Image analysis of Fig. 7.5 using ImageJ to process the intensities of the
contrasts between the phases results in the majority dendrite phase being approximately
85% of the alloy for the cross-section in Fig. 7.5. Solidification is completed upon freezing

of the Cu-rich interdendritic liquid (70 at. % Cu).

7.4.2 Transmission Electron Microscopy

Fig. 7.6 displays a Z-contrast high-angle annular dark field (HAADF') image of the
hexagonal dendrite Dy aves and FCC interdendrite region IDpcc. Elemental mapping of the

regions in Fig. 7.6 are consistent with the EDS data in Table 7.2.
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Figure 7.4: Backscattered electron images (BEISs) of alloys a) equiatomic CoCrCuTi (0 at. %
Mn), b) (CoCrCuTi)gsMn; c¢) (CoCrCuTi)goMnig d) (CoCrCuTi)gsMn;s e) CoCrCuMnTi,
and the refined composition f) Coz2Cr1gCugoMny6Tizg . D = dendrite, DC = dendrite core,

DE = dendrite edge, ID = interdendrite
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Table 7.2: Semi-quantitative analysis for the energy-dispersive X-ray spectroscopy

(EDS) data and corresponding crystal structures for the (CoCrCuTi)Mn, alloys and

Co022Cr18CuggMni6Tisg in at. %.

Alloy Region Co Cr Cu Mn Tie
CoCrCuTi Nominal (at. %) 25.00 25.00 25.00 — 25.00
Nominal (wt. %) 26.50 23.39  28.58 - 21.53
Dgcct 25.4 45.5 4.7 - 24.4
Dpcas 298 344 6.1 - 29.7
IDroc 2.8 1.0 934 - 2.8
(CoCrCuTi)gsMns Nominal (at. %) 23.75 23.75 23.75 5.00 23.75
Nominal (wt. %) 25.20 22.23 27.17 4.94 20.46
Deoct 294 31.0 71 15 28.0
Dicce 40.2 6.9  10.3 2.5 40.2
Doy 6.9  83.1 1.1 2.9 6.0
IDrcc 3.5 3.0 793 108 3.4
(CoCrCuTi)goMnig Nominal (at. %) 2250 2250 22.50 10.00 22.50
Nominal (wt. %) 23.89 21.07 25.75 9.89 19.40
Dtaves 31.3 27.2 4.3 6.7 30.6
Dcy 5.7 83.7 0.1 4.8 5.2
IDroc 4.4 41 762 108 4.6
(CoCrCuTi)ssMn1s Nominal (at. %)  21.25 21.25 21.25 15.00  21.25
Nominal (wt. %) 22.57 19.91 24.34 14.85 18.33
Dioves 282 284 33 110 29.0
Do 0.1 649 5.1 9.9 10.0
Dy 23.9 17.7 3.2 6.5 48.7
IDpcc 7.3 1.9 60.7 23.7 6.4
CoCrCuMnTi Nominal (at. %) 20.00 20.00 20.00 20.00 20.00
Nominal (wt. %) 21.25 18.75  22.92 19.81 17.26
Dloves 272 271 72 104 28.1
Dcr 6.5 78.5 1.2 8.1 5.8
Dy - - - - > 50
IDpcc 0.8 0.7 77.6 20.4 0.7
Co22Cr18Cuz2oMnieTizg  Nominal (at. %) 22,50 17.70 19.90 15.80 24.00
Nominal (wt. %) 23.99 16.67 22.89 15.67 20.78 —
Droves 266 27.6 33 128 29.9
Dy 23.2 164 34 6.7 50.5
IDrcc 38 29 700 191 4.3

183



Figure 7.5: Backscattered electron image of Co99CrigCusgMny6Tio4 displaying the overall
macrostructure of the system. The darker regions are the dendrites while the lighter regions

are the Cu-rich interdendrite.

Analysis of the selected area electron diffraction (SAED) patterns in Fig. 7.6 of
the Co99CrigCugyMni6Tiag alloy revealed the crystal structure of the majority dendrite
phase to be consistent with the Laves C14 crystal structure studied in Ref. [314]. The
diffraction pattern in Fig. 7.6b is of the [0001] zone axis and displays perfect hexagonal
symmetry such that the angle between the diffraction spots are 60° while Figs. 7.6¢c-d display
zone axes [1012] and [2112] respectively. The d-spacing of the directions in the SAED
patterns are consistent with a structure form of CroTi with Laves(2H)-MgZny structure
type, corresponding to space group P63/mmc (194) [314]. The lattice parameters of the
system are estimated to be a ~ 4.8 A and ¢ ~ 7.5 A with ¢/a ratio ~ 1.56, based on
fitting the d-spacing of the indexed patterns to the published data in Ref. [314]. The angles

between the zone axes are presented below:
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Z([1000], [1012]) = 29.0°

Z([1000], [1123]) = 32.6°

£([1123],[1216]) = 50.3°

£([1216], [1211]) = 14.9°

Z([1211],[2112]) = 43.9°

IDece

B =[1012] S im

HAADF

Figure 7.6: a) High-angle annular dark field image (HAADF) of dendrite/interdendrite
regions of CogoCrigCuggMnisTigy. Selected area diffraction (SAED) patterns corresponding

to b) [0001] ¢) [1012], and d) [2112] zone axes.
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As the main dendrites have an approximate composition of Cog7CrogCuzMny3Tis,
the structure form of CraTi may actually be of the form (Co,Cr,Cu,Mn),Ti, which is similar
to the predicted solubility of Co and Cr in the ternary CoCrTi, where the Laves phases
extend in solubility from CosTi to CraTi in the form of (Co,Cr),Ti as predicted by Zhou et
al. [313]. In this case, the Cu and Mn could be randomly substituting positions of the Co
and Cr due to their similar atomic size. However, more extensive TEM studies are needed to
determine their specific positions and is beyond the scope of this current investigation. The
crystal system for the small D; dendrites dispersed throughout the sample were analyzed
in the same fashion and found to be of CsCl-type structure corresponding to space group

Pm3m (221) [315].

7.4.3 Thermodynamic Calculations

The calculated isopleth for CoCrCuMn,Ti is presented in Fig. 7.7. There are
significant differences when comparing this equilibrium calculation to the XRD patterns and
SEM-EDS analysis of the select CoCrCuMn,Ti alloys reported above. The most prominent
feature of the isopleth is an apparent liquid phase separation across the entire compositional
range from equiatomic CoCrCuTi to equiatomic CoCrCuMnTi. This prediction is not
supported by the current experimental observations of any of the CoCrCuMn,Ti alloys
which did not exhibit any microstructural signs of liquid phase separation. Across the
composition at the liquidus temperature the solid phase predicted is a (Co-Cr),Ti type
cubic C15 laves phase while a (Co-Cr-Mn),Ti hexagonal C14 laves has increasing stability
as Mn is increased. At intermediate temperatures between the liquidus and solidus, there is

a Cr-rich BCC predicted and finally at the solidus a copper rich FCC phase resulting from
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the liquid phase separation. At lower temperatures the laves phases are not predicted to
be stable and decompose into a Cr-rich BCC phase and a CoTi type ordered B2. As Mn is

increased, CALPHAD predicts it will segregate to both Cr-rich BCC and Cu-rich FCC.
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Figure 7.7: Calculated isopleth for the CoCrCuMn,Ti alloy system up to 20 at. % Mn

A step diagram for the Co25CrigCusgMnigTiey alloy is presented in Fig. 7.8, where
the mole fraction of individual phases is a function of temperature. The red and orange
lines present in Fig. 7.8 represent the liquid phases predicted in the alloy. At approximately
1400 , the first solid phase predicted is the (CoCrMn)sTi type Laves Cl4 phase which is
also accompanied by an increase in the CuMn-rich liquid phase (solute rejection to the
interdendritic liquid). Again there is a liquid phase separation present in the step diagram
that is not in agreement with the experimental results as the microstructure showed no signs
of spherical phase separations in the microstructure [55]. At roughly 850 , the Cu rich liquid

solidifies into an FCC phase while a Cr-rich BCC is predicted as a small mol fraction of
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the system. Eventually the Laves C14 phase is predicted to decompose sharply and convert
to ordered CoTi type B2 phase and a Cr-rich disordered BCC phase. Two intermetallic
phases CrzMns and Co19Cus;Tiss are predicted at the lower temperature range of the plot
which are most likely inaccessible in experiment due to limited diffusion kinetics at those
temperatures. Comparing the high temperature solid equilibrium phases predicted to the

XRD and EDS of Co25CrigCusgMnigTiss there is reasonable agreement with the major

phases.
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Figure 7.8: Calculated equilibrium step diagram for the Co92CrigCusgMnigTiayg alloy pre-

senting the relative amounts of each equilibrium phase as a function of temperature.

7.4.4 Mechanical & Wear Properties

The microhardness of the Co9CrigCusgMnigTiog composition was averaged over

10 indentations across the length of the sample for each of the regions examined and are
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summarized in Table 7.3. The majority phase dendrite Dr ,ves was found to be 996.6 + 57.2
HV 0.01 while the interdendritic region IDrcc has microhardness of 457.3 + 87.0 HV 0.01.
Indentations over bulk regions yielded an average microhardness of 480 & 21.4 HV 1. The
dendritic morphology of this material results in an alternating ~ 2:1 hardness between the
two majority phases, where the D ,yes dendrite is twice as hard as the IDpcc interdendrite.
Rockwell hardness tests were also carried out over average regions of a bulk sample which

resulted in a hardness of 43 + 2.0 HRC averaged over 5 indentations.

Table 7.3: Hardness corresponding to each phase in CooCrigCugoMnygTiog. Hardness of
the bulk areas were under a 1 kg load, while the Drayes and IDpcc were measured with
a 10 g load. *Rockwell indentations for the bulk were taken across average areas of the
large sample, and smaller features were not measured due to their relative size to the HRC
indenter. Therefore, HRC listed above for the D and ID regions are converted from Vickers

to Rockwell using the measured HV 0.01 values.

Region Vickers Rockwell
Bulk 480.2 £ 21.4 HV 1 43 £+ 2.0 HRC
Dipaves 996.6 = 57.2 HV 0.01 (68 HRC)*
IDpcc 457.3 £ 87.0 HV 0.01 (46 HRC)*

The compressive strength for the CogoCrigCuggMnigTiss alloy was measured to
be 1430 MPa followed by fracture with no appreciable plastic deformation, and is presented
in Fig. 7.9.

The main mode of wear for the test in this study was determined to be abrasive

wear with large amounts of fragmentation, the wear tracks of which are presented in Fig.
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Figure 7.9: Compressive stress-strain curve for the CogeCrigCuogMnygTiay alloy.

7.10. The wear track on the Co2CrigCuggMniTisy alloy from the 3 mm WC ball is very
jagged, likely resulting from the brittleness of the material, previously indicated from the
lack of plastic deformation during compression testing. Large amounts of cracking can be
seen in several locations at the very end of the wear track in Fig. 7.10a, where there are
visible dark cracks, as well as the middle of the wear track in Fig. 7.10b. The wear track
also appears to be uneven in the normal direction, which may also be a result of brittleness

of the sample. The wear rate was calculated using the Archard equation (Eq. 7.1) [316],

Vi mm?3
&:S-N<m-N) (7.1)

where « is the wear coefficient, V,, is the volume loss, S is the sliding distance, and N is the
normal load. The wear rate for this material was calculated to be 2.64 x 1075 mm3/m-N
which is comparable to wear rate in MPEA /HEA systems Al 2Tig.75CoCrFeNi [317] (worn
against WC) and Aly ¢CoCrFeNi [293] (worn against steel) and an order of magnitude lower

than the CoCrFeMnNi and Al CoCrFeNi HEAs [318] (worn against Si3Ny4). The alternat-
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Figure 7.10: Backscattered electron images of the a) edge of the wear track, b) middle of

the wear track, c) opposite edge of the wear track, d) magnification of the cracking at the

opposite edge of the wear track.
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ing 2:1 hardness of the dendritic hexagonal Laves phase and the Cu-rich FCC interdenritic
may have potential for wear and fracture-resistant applications, as the Cu-rich matrix may
have the potential to blunt crack propagation. However, this is not readily apparent from

the micrographs in Fig. 7.10 and is outside of the scope of this present investigation.

7.5 Summary

Below, the findings of the investigation into the CoCrCuMnTi alloy system are

summarized:

e Alloys of CoCrCuTi, (CoCrCuTi)gsMns, (CoCrCuTi)goMnig, (CoCrCuTi)gsMnys,
and CoCrCuMnTi were investigated to understand the critical Mn concentration for

the formation of Laves C14 phase in these systems.

e The results indicate for the first time that MPEAs consisting of purely 3d transition
metals can solidify with a majority hexagonal phase from arc-melting when Mn is

higher than 10 at. %.

e The results show reasonable agreement with the ThermoCalc predictions of the phases
in these alloys, however several factors may be responsible for the discrepancy between
the CALPHAD predictions and experimental observations, two of which being: (1) out
of the ten ternary subsystems of CoCrCuMnTi, only CoCrCu, CoCrTi, and CoCuMn
are critically assessed and CoCuTi tentatively assessed; leaving the other six ternary
subsystems unassessed in the current iteration of the database which may lead to

incorrect predictions and (2) due to the fast-cooling rates of the arc-melting process
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some of the low temperature phases may not have had time to form.

The alloy composition of CogoCrigCusgMnigTisy was designed by using EDS analysis
to determine atomic concentrations in areas of the CoCrCuMnTi alloy that only con-
tained the dendritic Laves phase and FCC interdendritic phase. This alloy was found

to have considerable dendritic hardness.

For the Cos2Cr1gCuggMni6Tis4 alloy there exists a ~ 2:1 Vickers hardness between the
Laves phase dendrites (996 HV 0.01) and FCC interdendrites (457 HV 0.01) while the
overall Vickers hardness of the material is 480 HV 1, which may have the potential for
fracture and wear-resistant applications as the Cu-rich FCC phase could be potentially

more ductile than the hexagonal intermetallic primary phase.

The extremely hard Laves phase dendrites in contrast to the Cu-rich FCC interden-
dritic matrix may fall under the classification of a type of metal matrix composite.
The Co2oCri1gCusgMnigTiag alloy Rockwell hardness of 43 HRC and relatively high
compressive strength of 1430 MPa with moderate density of 7.05 g/cm?® could po-
tentially be harnessed for wear based applications, as the relatively small in-air wear
rate of 2.64 x 107° mm?/m-N could be improved with tailoring of the interdendritic

regions of the material to be larger or smaller depending on the application.
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Chapter 8

Solidification Processing and
Cooling Rate Effects on Hexagonal

Multiprincipal Element Alloys
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8.1 Abstract

The solidification microstructures of the hexagonal CogsCrigCusgMnigTiey HEA
were studied via electromagnetic levitation processing (EML) to elucidate the solidifica-
tion microstructures and phase formation in this alloy. Differential scanning calorimetry
(DSC) of a small piece of the alloy displayed three distinct peaks at 905 °C, 1205 °C, and
1295 °C which were used to determine processing temperatures. Multiple duplicates of the
Co99Cr1§CugoMni6Tiayg alloys were synthesized using arc-melting to produce spherical 1.5
g buttons, which were then processed via EML. The samples were remelted and solidified
in the following (4) conditions: (1) Solidification via drop casting directly from superheated
temperatures, (2) interrupting slow solidification in the magnetic field via drop casting, (3)
interrupting slow re-melting in the magnetic field via drop casting, and (4) solidified slowly
in the magnetic field. Scanning electron microscopy (SEM), X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), and atom probe tomography (APT) were carried out
for microstructural characterization. When solidified with a slow cooling rate, these alloys
tend to form CoTi-rich dispersed dendrites that appear in random locations of the alloy.
It was found that high cooling rates of led to the suppression of the randomly dispersed

CoTi-rich dendrites.

8.2 Introduction

The majority of the high-entropy alloys [1-6] in the literature tend to form cubic
phases, while the hexagonal phase has only been observed in a handful of HEA systems,

such as those primarily containing Lanthanide elements [300,304,306] and platinum group
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elements [299, 303, 305], which tend to be costly in their manufacturing. These hexagonal
HEAs form either disordered HCP or ordered Laves phases, although alloys composed of
a majority hexagonal phase tend to be brittle which limits their applications as structural
materials. The first observation of a hexagonal phase in a 3d transition metal HEA was
by Tracy et al., during high pressure processing of the Cantor alloy, CoCrFeMnNi when
pressurized up to 54.1 GPa [302]. Although a portion of the hexagonal phase partially
reverted to FCC after depressurization in the Cantor alloy, the authors suggested that
the high pressure processing can potentially lead to overcoming the strength vs. ductility
trade-off by tailoring the amount of HCP in the FCC CoCrFeMnNi alloy [302].

A previous study of HEAs by the present group demonstrated the formation of a
primary hexagonal Laves (C14) dendritic phase with Cu-rich FCC interdendritic regions in
the as-cast CoCrCuMnTi multiprincipal element alloys (MPEAs), referred to by the authors
as Chromantium. In addition, a particular combination of the elements in Chromantium
with atomic concentrations of CooCrigCuggMnigTisy displayed the most uniform dendritic
microstructure, with as-cast hardness of 43 HRC/480 HV 1, with very high Vickers mi-
crohardness of the dendritic phase of ~ 1000 HV 0.01. The scope of the present work
is to further investigate the effects of levitation processing on the microstructure of the

Co99Cr18CugoMni6Tigy alloy to better understand its novel crystal structure and morphol-

ogy.
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8.3 Methods

8.3.1 Arc-melting and Electromagnetic Levitation Processing

Alloys consisting of Co25CrigCusgMnigTiss were prepared from raw elements of
purities Co > 99.9%, Cr > 99.99% , Cu > 99.9% , Mn > 99.7%, and Ti > 99.7% purchased
from Alfa Aesar (Ward Hill, Massachusetts). Samples were weighed to 1.5 g and arc-melted
3 times (flipped two times) on a water-cooled Cu hearth in a Ti-gettered argon atmosphere.
The elemental manganese was pickled prior to alloying using concentrated HNOs in order
to remove oxides, rinsed with water, and stored in acetone until alloying. The arc-melted
samples were electromagnetically levitated by the use of induction coils for electromagnetic

levitation (EML) processing of 1.5 g alloy buttons (Fig. 8.1), as described in Ref. [319].

Figure 8.1: Electromagnetic levitation apparatus setup with a glowing hot metal enclosed

within a quartz tube, suspended in a magnetic field.
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Heating and cooling of the alloys were controlled via flow of He inside the quartz
tube, due to the thermal conductivity of He allowing for fast conduction of heat during
the induction melting process. The samples were levitated using a 20 kW, 300 kHz - 8
MHz high frequency generator, melted in an Ar/He environment inside of a quartz tube,
and cast onto a Cu chill. The thermal history of the alloys was recorded with a Metis
M3 2-color pyrometer with temperature range of 500 - 1800 °C, shown in Fig. 8.2. The
alloys were solidified (4) different ways using the EML apparatus after a series of melting
and solidification cycles: (1) Cast from a completely molten state at ~ 1750 °C onto a
Cu chill, (2) Cast during solidification (fast quenching by interrupting slow solidification,
during cooling) at ~ 1250 °C onto a Cu chill, (3) cast during melting (fast quenching by
interrupting slow re-melting, during heating) at ~ 1225 °C onto a Cu chill, and (4) solidified
in the magnetic field while levitated and dropped out of the magnetic field as a solid at ~

1080 °C.

8.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) of the arc-melted Co2Cr13CugoMnyTisg
was carried out using a NETZSCH 404F3 DSC. Small chunks were broken off a larger piece
of the alloy button and placed into 85 pL, alumina DSC pans for the analysis. The DSC
scans were made from room temperature to 1400 °C at a heating rate of 10 °C/min. The
measurement was repeated three times. As there were no peaks observed under 900 °C, the

heating curve displayed in Fig. 8.3 is representative of all the DSC measurements.
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Figure 8.2: Thermal history and pictures of the Co9CrigCuggMnigTiss samples after EML
processing. Note, the jagged portion of the curves in the Quenched From Liquid and
Dropped During Solidification cases were from the sample moving in and out of view of the

pyrometer in the magnetic field and not from the sample itself.

8.3.3 Microstructural Characterization
Scanning Electron Microscopy and X-ray Diffraction

For microstructural analysis, the EML processed samples were cross-sectioned par-
allel to the dendritic growth direction which was normal to the cooling substrate (with the
exception of the sample solidified in the magnetic field, as there were no preferred growth
directions). The solidified samples were mounted in Conducto-mount Conductive Mounting

Powder and abraded using SiC paper down to 5 p and polished with 1 pm AloO3 powder.
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The final polishing was done using 0.05 pm colloidal silica. Backscattered electron images
(BEIs) and energy-dispersive X-ray spectroscopy (EDS) data were obtained from the pol-
ished samples with an FEI NovaNanoSEM 450 scanning electron microscope. As the sample
that was solidified during levitation was suitable in size for X-ray diffraction (XRD), diffrac-
tion patterns were taken of the flat polished sample using a PANalytical Empyrean Series
2 diffractometer with Cu K, radiation. The X-ray data for the alloy was acquired from 40°

to 80° with a step size of 0.02° at 100s/step.

Scanning Transmission Electron Microscopy

Interface coherence were characterized using FEI Titan 300 transmission electron
microscopy (TEM) at 300 kV accelerating voltage. STEM samples were taken from the
cross section and prepared via an FEI quanta dual beam focused ion beam (FIB) using the

lift out method. Oxide growths were also characterized with this method.

Atom Probe Tomography

High resolution chemical characterization was done by atom probe tomography
(APT). APT needles were also prepared via FIB lift out and polishing with Ga ions. The
ion beam thinning was carried out in multiple steps, beginning with 30 kV ions and ending
with 5 kV ions to reduce surface damage caused by higher energy ions [320]. The final
needle tip diameter of the atom probe specimen was 50-80 nm. The APT experiments were
carried out in voltage evaporation mode with 25 % pulse fraction and 200 kHz frequency at
sample temperature 40 K and evaporation rate of 0.5 % using LEAP 400XHR local electrode

atom probe system from CAMECA Instruments Inc. Reconstruction of the APT data was
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performed using IVAS software and the needle specimen’s tip profile and shank angle were

determined using a high magnification SEM image taken after final ion polishing.

8.4 Results

8.4.1 Differential Scanning Calorimetry
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Figure 8.3: The 3rd differential scanning calorimetry measurement displaying three peaks

during the heating cycle.

A representative differential scanning calorimetry (DSC) heating curve for a small
19.5 mg piece of Co95CrigCusgMnigTiey is shown in Fig. 8.3. There are three peaks present
at 905 °C, 1205 °C, and 1295 °C. There were no peaks present in the heating curve below
the first peak at 905 °C. As presented later, the interdendritic regions of this alloy are
predominantly CuMn-rich, therefore the first peak at 905 °C is most likely the onset of

melting of the interdendritic phase. The largest peak is at 1205 °C, and is the onset of
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melting of the majority dendritic (Laves C14) phase, followed by a rather small peak at
1295 °C, which will be addressed during discussion of the microstructure and solidification
process. Visual inspection of the alumina DSC crucibles after the measurement displayed

that the sample had fully melted from the initial chunk.

8.4.2 Electromagnetic Levitation Processing

The calibration of 2-color pyrometers is dependent upon the emissivity slope cor-
rection factor for each material under study. As there is no emissivity data for the Chro-
mantium alloys, obtaining the melting range temperatures from the DSC curve in Fig.
8.3 allowed for the calibration of the Metis M3 2-color pyrometer via melting a duplicate
Co99Cr18CuggMni6Tiaq button and adjusting the emissivity slope such that the accurate
temperatures could be achieved. Once the system was calibrated to read the accurate tem-
peratures, duplicate samples were electromagnetically levitated, melted, and solidified in
(4) ways, presented in Fig. 8.2: (1) Quenched from a superheated state at around 1750 °C,
referred to as Quenched From Liquid, (2) Casting the alloy during solidification (solid +
liquid, mushy zone) at around 1250 °C referred to as Dropped During Solidification, (3)
Casting the sample during re-melting at around 1225 °C referred to as Dropped During
Re-melting, and (4) Solidification in the magnetic field, referred to as Solidified In Field.
The arc-melted buttons were solidified and remelted a minimum of three times during elec-
tromagnetic levitation prior to solidification in the aforementioned fashions. The thermal
histories of the samples present in Fig. 8.2 display the shape of the cast alloys related to
their thermal history. The picture of the splat in the Quenched From Liquid curve demon-

strates that the liquid solidified upon impact with the Cu chill plate, while the Solidified
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In Field thermal history displays a picture of a spherical like piece, demonstrating that the
alloy was a solid prior to dropping it out of the magnetic field, confirmed with pyrometry
of temperatures below the melting point obtained from DSC. The picture of the Dropped
During Solidification sample shows semi-solid shape, such that the alloy had a partial spher-
ical shape and a partial splat shape, which is in agreement with the casting condition of
being dropped during solidification from the thermal history of the sample. The alloy that
was Dropped During Re-melting also displays the same semi-solid shape as the Dropped
During Solidification sample, however, the spherical shape is a remnant of the previous
solidification cycle while the splat-like pieces were the portion of the sample that began to
melt. During EML, only the 1205 °C onset of melting was observed, with the exception of
a small shoulder appearing in the Dropped During Solidification curve at around 1300 °C.
This may be the 3rd peak in the DSC curve, however, it is not immediately clear if the

curve shoulder was caused via fluctuations in the sample position during EML processing.

8.4.3 Microstructure

Quenched From The Liquid State

The Quenched From Liquid sample was cast onto the Cu chill from a completely
molten state, as presented in Fig. 8.2. The splat was cross-sectioned perpendicular to the
splat (parallel to dendritic growth) and a flat polished side was used for microstructural
analysis, presented in Fig. 8.4. The backscattered electron image (BEI) in Fig. 8.4a dis-
plays a large bulk region of the sample where the splat initially made contact with the Cu

chill. The dendritic growth direction is indicated by the arrow in Fig. 8.4a, and very small

203



\

chill zone . &

Figure 8.4: Backscattered electron images (BEISs) of a vertical cross section of the alloy after
being dropped from a completely molten state around 1750 °C. a) Macroscopic view of the
cast bottom to the middle of the sample, b) Higher magnification of the chill-zone (cast
bottom), ¢) dendritic growth morphology towards the middle of the sample in between the

chill and the surface of the solid, and d) dendritic morphology near the surface of the solid.

204



Table 8.1: Semi-quantitative analysis (at. % ) for the energy-dispersive X-ray spectroscopy
(EDS) data normalized for the elements in Co2CrigCugoMni6Tias. Average atomic per-

centages for each region are presented.

Region Co Cr Cu Mn Ti
Nominal (at. %) 22.50 17.70 19.90 15.80 24.00
Hexagonal Dendrite 29.47 27.21  2.98 10.49 29.84
Interdendrite 3.93 122 73.86 16.98 4.02
Darker Dendrite 25.00 17.48 2.32  5.57 49.62
Black Dendrites 10.58 7.86 2.83 831 70.42

dendrites can be seen near the labeled chill zone. The dendrite arm spacing significantly
changed at approximately 200 um above the chill zone, indicating a change in cooling rate.
The micrograph in Fig. 8.4b displays a higher resolution image of the dendrites near the
chill zone, with secondary dendrite arm spacing (S-DAS) of approximately 0.5 um. The
center of the splat is presented in Fig. 8.4c, where the hexagonal dendritic shapes are present
near the center of the micrograph, which is indicative of hexagonal dendritic morphology.
The S-DAS of these dendrites range from 1 — 5 um, with an average width of 3.3 pm.
Towards the top of the sample (Fig. 8.4d), the S-DAS become much larger, ranging up to 7
pm. Also present near the top of the solid are small faceted black dendrites, labeled such,
with an atomic concentration of ~ 70 at. % Ti measured from EDS. These small black
dendrites were only near the top of the sample where solidification was not as rapid. The
average atomic composition of the dendritic/interdendritic phases are presented in Table
8.1, where the dendrites are primarily CoCrTi-rich, with approximately 11 at. % Mn. The
interdendritic phase consists of ~ 74 % Cu and 17 % Mn, with a small amount of Co, Cr,

and Ti.
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Dropped During Solidification

The BEIs of the Dropped During Solidification sample are presented in Fig. 8.5.
This sample was dropped by interrupting the full solidification process and quenching during
visible thermal arrest of the pyrometer temperature readings, indicated in the thermal his-
tory curve in Fig. 8.2. The micrographs display intermixed large and small dendrites, labeled
Zones 1 and 2, respectively, with similar atomic compositions to the dendrite/interdendritic
phases in the Quenched From Liquid case. The S-DAS in Zone 1 vary from 2 pym to 7
pum (Table 8.3), indicating that that the larger dendrites in Fig. 8.5a were allowed more
time for solidification, while the smaller dendrites in Zone 2 most likely grew upon impact
with the Cu chill. Fig. 8.5b displays a region of the majority hexagonal dendrites and the
surrounding Cu-rich matrix. A darker dendritic phase is present in various portions of the
sample near the larger coarse dendrites, and is labeled in Fig. 8.5b. Elemental analysis
using EDS reveals the darker dendrite to be approximately 50 at. % Ti, 25 at. % Co with
smaller concentrations of the remaining components. The morphology of the dendrite im-
plies that it floated freely throughout the single phase liquid, as it is not constrained by
any of the majority dendritic growth. There is also indication of the darker dendritic phase
solidification taking place first, as the tip of the darker dendrite can be seen as a starting
point for the nucleation of the majority medium-gray hexagonal dendritic phase, and is
labeled in Fig. 8.5b. The darker dendrite arm can be seen as the starting point for the
medium-gray (majority phase) dendrites in Fig. 8.5b, as they grow radially away from the
tip of the darker dendrite. As this sample was cast during an interrupted slow solidification

at around 1250 °C, it appears that this darker dendrite phase was already solidified when
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Figure 8.5: Backscattered electron images (BEIs) of a vertical cross section of the alloy after

being dropped during solidfiication at around 1250 °C.
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dropped out of the magnetic field. The DSC curve present in Fig. 8.3 displays a peak at
1295 °C, therefore, this may be attributable to melting/solidification point of this darker
dendritic phase and will be discussed later. Transmission electron microscopy (TEM) of
the Dropped During Solidification sample is presented in Fig. 8.7 with all three phases from
Zone 1 are presented in higher resolution.

EDS maps (Fig. 8.6) were taken of an average bulk region without the presence
of the darker dendrites to illustrate the composition differences between the dendrite and
interdendritic phases. The maps for Co and Ti are slightly more rich than the map of
Cr, which indicates they are also more present in the interdendritic region than Cr, which
was confirmed via the EDS analysis of each phase in Table 8.1. The EDS map of only Cu
contributions shows little presence in the majority dendrite phase, which is in agreement
with the alloys presented in the previous chapter, where there was approximately 3 at. %
Cu in each dendrite.

Atom probe tomography (APT) was carried out on the Darker Dendrite phase of
the Dropped During Solidification sample to determine an accurate chemical composition of
this phase. The results of the APT measurements are presented in Fig. 8.8, which includes
elemental mapping of the APT tip, a 1D composition profile of the APT tip, and the mass
spectrum for all of the elements in the chemical analysis. The highest concentration of ions
from the APT measurements are from Ti, followed by Co, Cr, and O, the values of which

are presented in Table 8.2.
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Figure 8.6: Energy dispersive X-ray spectroscopy (EDS) maps of the dendrite/interdendrite
region in the alloy dropped during solidification. Colored EDS maps correspond to a) Co,
b) Cr, ¢) Ti, and d) Cu. Manganese map not shown as it is distributed evenly amongst the

two phases.
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Figure 8.7: TEM image of all three phases from Zone 1.
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Figure 8.8: Atom probe tomography (APT) data from the Darker Dendrite phase consisting
of a 1D composition profile of the atom probe tip, elemental mapping of the atom probe

tip, and the mass spectrum from the APT measurements.
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Table 8.2: Chemical analysis of the APT tip of the Darker Dendrite phase.

Element Ions At. %
Ti 1423799 43.15
Co 710754  21.54
Cr 568037 17.21
O 304621 9.23
Cu 115223 3.49
Mn 104987 3.18
N 55061 1.67
C 17428 0.53

Solidified In The Magnetic Field

The sample that was slowly solidified while levitating in the magnetic field (Solid-
ified In Field) was found to have the largest S-DAS (~ 17 pum, measured from the dendrite
arms in Fig. 8.9¢), indicative of a slower solidification process, displayed in Fig. 8.9. The
darker faceted dendrites that were observed in the Dropped During Solidification casting
are also present in this microstructure, labeled as such in Fig. 8.9. The dendrites appear to
have no preferred growth direction, as the alloy was solidified while in electromagnetic levi-
tation. The darker faceted dendrites were floating freely in the liquid, frozen in the present
microstructure, unperturbed by the growth of the majority phase dendrites. The major-
ity phase dendrites were previously found to be of hexagonal Laves C14 phase (P63/mmc)
crystal structure, while the interdendritic matrix was found to be FCC. These results were
validated with additional XRD, presented in Fig. 8.10. The presence of the darker faceted
dendrites with sharp edges indicate that they were first solidify, as they were free to grow

into the melt.
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Figure 8.9: BEIs of a cross section of CogoCrigCuggMnigTies after being dropped from
levitation from a solid state around 1080 °C. a) Coarse broken hexagonal phase dendrites
with smaller floating darker dendrites b) higher magnification of darker dendrite c¢) low

magnification of a large hexagonal phase dendrite displaying secondary arms.
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Figure 8.10: X-ray diffraction patterns of a cross section of CogoCrigCugoMnigTisy after
being dropped from levitation from a solid state around 1080 °C. X-ray diffraction from

40° to 80° 26.
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Figure 8.11: a) Scanning transmission electron microscopy (STEM) images of the Solidi-
fied in Field Laves dendritic and Cu-rich interdendritic phase, b) higher resolution STEM

illustrating boundary incoherence between the two phases.

Scanning transmission electron microscopy (STEM) of the Solidified in Field sam-
ple is presented in Fig. 8.11, where a cross section of the Laves C14 dendritic phase (D)
and the Cu-rich interdendritic phase (ID) are presented in Fig. 8.11a. Higher resolution
STEM in Fig. 8.11b indicates what appears to be boundary incoherence between the Laves

dendritic phase and the interdendritic phase.

Dropped During Melting

The microstructure of the sample, Dropped During Re-melting, is present in Fig.
8.12. The microstructure is mixed between the melted portion of the sample that solidified

during drop casting from a semi-solid state and the leftover microstructure from the previous
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Figure 8.12: Backscattered electron images (BEIs) of a vertical cross section of the alloy

after being dropped during melting at around 1225 °C.
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solidification cycle. During re-melting, the structure goes through coarsening of the solid in
the solid + liquid range. Nevertheless, the large dendrites in Zone 1 have similar morphology
to those in the Solidified in Field process (Table 8.3) and were remnants of the previous
solidification microstructure. The smaller sharper dendrites aimed upward from the chill
zone were from the molten portion of the semi-solid coming into contact with the Cu chill
during casting. The secondary dendrite arm spacing near the chill in this sample were
similar in length to the dendrites formed from the cast sample that was dropped from the
completely molten state (Table 8.3). The darker faceted dendrite present in Fig. 8.12b is not
as sharp and defined as the darker dendrites present in the Dropped During Solidification
(Fig. 8.5b) and Solidified In Field (Fig. 8.9b) solidification processes. The rounding of the
edges indicate that this phase became mushy during melting, but did not fully dissolve in
the surrounding liquid. The S-DAS of the majority medium gray phase (Laves C14 phase) is
very small (~ 1.5 ym), and surrounds the darker faceted dendrite. The hexagonal dendrites
also display an upward growth direction, which indicates that this region was fully molten

except for the darker dendrite.

8.5 Discussion

8.5.1 Solidification Microstructures

The DSC curve in Fig. 8.3 displays three sets of peaks; 905 °C, 1205 °C, and
1295 °C. Based on volume fraction of the first two peaks of 905 °C and 1205 °C, these are
the melting events for the interdendritic (FCC) and majority dendrite phases (P63/mmc).

The last peak at 1295 °C is smaller than the first two, and based on the solidification
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microstructures presented for each of the solidification processes, this peak is attributable
to the small faceted darker dendritic phases. The darker dendrites are only present in regions
with slow cooling in all the samples, such as near the top of the Quenched From Liquid
case (Fig. 8.4d), the marked Zone 1 in the Dropped During Solidification (Fig. 8.5b), and
everywhere throughout the Solidified in Field sample (Fig. 8.9). However, the darker faceted
dendrite is present in Zone 2 of the Dropped During Melted case. As temperatures during
remelting of this sample did not surpass 1295 °C, it is possible that this phase remained
mostly solid, floating in the newly melted liquid prior to being dropped out of the magnetic
field and cast onto the Cu chill. This can be seen by comparing the microstructure of the
darker dendrite in the Solidified in Field sample, present in Fig. 8.9b to the microstructure
of the Dropped During Re-melting sample in Fig. 8.12b. The Solidified in Field sample was
allowed to solidify in the magnetic field with a cooling rate of ~ 1 K/s. The same cooling
rate was applied during the previous solidification cycle in the Dropped During Re-melting
case, as shown in Fig. 8.2. Therefore, the same microstructure would have been present in
the Dropped During Re-melting case had it been dropped out of the magnetic field prior
to re-melting. However, the Dropped During Re-melting sample was allowed to partially
melt, and was quenched onto the flat Cu chill before reaching full melting, as shown by the
semi-solid shape in Fig. 8.2. The last phase to melt in this case would have been the darker
faceted dendrites, however due to quenching taking place before temperatures of 1295 °C
were reached, the liquid surrounding these floating dendrites solidified relatively rapidly,
trapping this phase in a frozen region of fast cooling (Zone 2). The small dendrites in Zone

2 of Fig. 8.12 have S-DAS comparable to the Quenched From Liquid case, as presented in
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Table 8.3. Due to the very high oxygen content in this phase (9.23 at. % O measured with
APT), it may have formed from either residual oxygen present in the melting environment
as Ti has a very high affinity for oxidation at high temperatures, or from any surface oxides

that were initially present on the Ti or Mn prior to alloying.

Dendrite Arm Spacing and Cooling Rates

The cooling rate of an alloy as temperatures lead toward solidification affects the
dendrite arm spacing (DAS). Various solidification processes such as arc-melting can have
cooling rates up to 100 K/s, whereas EML processing and casting onto a Cu chill can have
cooling rates ~ 1000 K/s [188]. Measuring the DAS can provide insight into the cooling

rate of an alloy, as DAS can be described as function of cooling rate, as shown in Eq. 8.1.

DAS = ke™™" (8.1)

where DAS is in units of pum, € is the cooling rate in K/s, k is a constant for a given alloy,
and n is generally 1/2 for primary DAS and ranges from 1/3 to 1/2 for secondary DAS [321].
By measuring the secondary dendrite arm spacing (S-DAS) from Fig. 8.9¢, the cooling rate
¢ from the thermal history of the samples solidified in the magnetic field, such as the case
of the Solidified In Field sample in Fig. 8.2, and using n = 1/2, we can approximate k for
the alloys in this study (k = 16.01).

The secondary DAS was measured for the four solidification processes, and using k
obtained from Eq. 8.1, the approximate cooling rates, €, were calculated for the solidification

microstructures of the EML processed samples presented in Table 8.3.
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Table 8.3: Seconday dendrite arm spacing (DAS) and approximate cooling rates (¢) of each
region in Co9sCrigCusgMnigTiag from each EML processing route. QFL = Quenched from
liquid, SIF = Solidified in field, DDS = Dropped during solidification, DDM = Dropped

during melting.

Processing Region DAS (pm) ¢ (K/s) Black/Dark Dendrites
QFL Near Chill 0.5 103 Not Present
Middle 3.3 25 Not Present
Top 6.9 ) Present
SIF Average 16.7 1 Present
DDS Coarse Dendrites 7.1 5 Present
Small Dendrites 1.8 75 Not Present
DDM Coarse Dendrites 17.1 1 Present
Small Dendrites 1.4 130 Not Present

Examining the microstructure of the sample Quenched From Liquid, present in Fig.
8.4, there are three areas (chill zone, middle, and top) with different dendritic morphologies
and S-DAS. By measuring the S-DAS of the three regions, approximations for cooling rate
of each region were made using Eq. 8.1. Fig. 8.13 display S-DAS as a function of cooling
rate (¢) and distance from the chill zone, and cooling rate (£) as a function of distance from
the chill zone. As the liquid coming into contact with the Cu chill zone experiences local
supercooling and is the first area to solidify, the cooling rates are very high which leads
to rapid heterogeneous nucleation of a thin layer of randomly oriented grains [322]. The
cooling rate of the liquid coming into contact with the chill for the Quenched From Liquid
sample was calculated to be on the order of 103 K/s, which is in agreement with the cooling
rates described in Ref. [188]. The cooling rate slowed down further away from the chill,
which also leads to coarsening of the dendrites and increased DAS and S-DAS. The top of

the sample displays the largest S-DAS, indicative of a slow cooling rate.
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Near the top of the sample, the small black Ti-rich dendrites are present (Fig.
8.4b), whereas they are missing in the areas with relatively fast cooling (chill zone, middle
in Fig. 8.4a. This is also the case in Zone 2 of the Dropped During Solidification sample,
where the slow cooling rate of ~ 1 K/s was interrupted via quenching onto a Cu-chill.
The areas of slow cooling (Zone 1) show presence of the darker faceted dendrites, which
are morphologically and chemically similar to the smaller black faceted dendrites present
near the top of the Quenched From Liquid sample, the differences in formation of however,
require further investigation. All of the fast cooled regions in the samples lack the presence
of the darker and small black faceted dendrites, therefore it appears that fast quenching
suppresses the appearance of this phase, noted by the lack thereof in Fig. 8.4a—c and Zone
2 in Fig. 8.5a. In short, it appears that the floating darker dendrite and small black
dendrite phases are skipped when solidification is fast, and is presented pictorially in Fig.
8.14. Further computational methods are recommended to more accurately understand the

thermodynamics of the solidification process in these alloys.

8.5.2 Thermodynamic Interpretation

Calculations for enthalpy of mixing Hiix of the resulting phases were carried out
using each solidified phases’ elemental atomic percentages obtained from EDS. The calcu-
lated mixing enthalpy of the phases were obtained from the binary interactions between
liquid metal elements as described in the sub-regular solution modification of Miedema’s
method in Takeuchi et al., where these values were initially calculated for metallic glass

formability [167]. The calculated mixing enthalpies for the alloys in this study were obtained
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Figure 8.13: Graphs of S-DAS as a function of cooling rate € and distance from chill, and

cooling rate € as a function of distance from chill for the Quenched From Liquid sample.
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Table 8.4: Enthalpy of mixing H ¢

mix (kJ/mol) calculated using the atomic percentages

obtained via EDS of the dendritic phases found in CogCrigCuggMnigTiog.

Phase H flix
Liquid -8.0
Laves Dendrite -15.6
Darker Dendrite -19.0

Small Black Dendrite -12.8

from Eq. 8.2, where ng,cj = 4€Q);;c;c; for the ith and jth elements at Ag5Bg.5 concentrations

from the tables for €2;; in Ref. [167].

n
Hy= Y HY, (8.2)
i=1,i#]
Atomic percentages for the calculation of Hflix of the solidified phases were ob-
tained from the post-mortem microstructural analysis EDS data for each phase. For the

overall Hrdr)lix calculation of the liquid, the authors assume the liquid is single phase. The

calculated values for Hiix

are presented in Table 8.4.

Although these calculations are rough approximations for mixing enthalpy, mi-
crostructural analysis of the solidification process indicates that the darker dendrites solid-
ified first, followed by the majority phase hexagonal Laves dendrite and lastly the leftover
Cu-rich liquid to the interdendritic regions. It is not immediately clear if the small faceted
black dendrites are broken off pieces of the darker faceted dendrites, and further investiga-
tion is needed to understand the formation of this small amount of phase. The approximate

values for H;flix show that the darker dendrites are slightly more attractive and likely to

form than the Laves phase dendrites, which results in the hexagonal dendrites growing from
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Figure 8.14: Diagram of the solidification process in this study of the Cog9Cri1gCuggMnigTizg

MPEA.

the remaining liquid after the Darker Dendrite forms. It appears that the floating darker
dendrite and small black dendrite phases are skipped when solidification is fast, and is pre-
sented pictorially in Fig. 8.14. Further computational methods are recommended to more

accurately understand the thermodynamics of the solidification process in these alloys.

8.6 Summary

The solidification microstructures of the Laves/FCC phase Co2Cr18CugoMnyTiog
MPEA were studied via electromagnetic levitation processing (EML). Differential scanning
calorimetry (DSC) of a small chunk of the alloy displayed three distinct peaks at 905 °C,
1205 °C, and 1295 °C which were used to calibrate a 2-color pyrometer for temperature

measurement for EML processing and casting. Duplicate alloys of CooCrigCusgMnigTiog
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were arc-melted to achieve 1.5 g buttons for EML processing. The buttons were electromag-
netically levitated and melted, and were either dropped from the completely molten state,
dropped during solidification, dropped during re-melting, or solidified in the magnetic field

and dropped from the solid state. The results of which are summarized below:

e It was found that when the alloy was allowed to solidify in the magnetic field, small
CoTi-rich dendrites formed freely in the melt prior to the majority hexagonal Laves
dendritic phase, while solidification is finished upon freezing of the interdendritic
regions. When correlating the dendritic morphology and temperature of casting with
the DSC curve, it is our observation that the small CoTi-rich phase is DSC peak

observed at 1295 °C.

e X-ray diffraction of the alloy that was solidified in the magnetic field is in agreement

with the diffraction data in the previous chapter for the hexagonal and FCC phases.

e Secondary dendrite arm spacing (S-DAS) was measured for each of the solidified
samples, and cooling rates were approximated for each of the regions in the alloy.
The regions with faster cooling rates and small S-DAS lacked any floating CoTi-rich
(darker) dendrites, therefore fast cooling appears to suppress this phase when the

liquid is cooled at a rate of Z, 10% K/s.

Overall, when processed via electromagnetic levitation, the predominant dendritic
phase of the material remains to be the hexagonal Laves C14 phase, which is novel among
the high-entropy alloys. The interdendritic phase is an FCC CuMn-rich matrix, which may
result in this material having desirable toughness, as the as-cast hardness from arc-melting

these materials were previously found to have high hardness.
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Chapter 9

Conclusions
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A summary of each chapter is presented below, as well as general conclusions
reached about each section with relation the overall hypothesis regarding liquid state mixing
in these alloys. These summaries are intended to recap each of the chapters such that they

can summarize the main findings and contributions of this work.

9.1 Chapters 1 & 2: Summary of Literature Review and

Experimental Techniques

The field of high-entropy, complex concentrated, and multiprincipal element alloys
is very young, and with every year, more research groups are adopting high-entropy alloy
research in the quest for new and exciting materials. Strictly defining nomenclature for
these alloys can be restrictive and might hinder progress towards more exploratory alloy
combinations and compositions. The potential for these materials have not fully been
realized, simply due to the billions of potential combinations of alloys that can arise from
mixing elements in non-equiatomic proportions.

The empirical approaches for the predictions of stable single phases are honest
attempts to understand the phase formation in these complex alloy systems. However,
the ability to make successful predictions has always been a challenge for the materials
scientist, and I believe more collaborative work between computational and experimental
groups may provide a path forward for further understanding of these systems as the current
methodologies can only provide rough approximations for phase prediction in the HEAs.

Liquid phase separation in metallic systems has been extensively studied since the

20th century, and LPS in alloys can be interpreted via positive mixing enthalpy interac-
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tions between the alloying elements. However these are thermodynamic interpretations of
liquid-liquid phase separations in metallic systems. In order to understand the atomistic
causes of liquid phase separation in alloys, there may be potential for an answer via a more
chemistry related approach via the study of molecular dynamics and orbital theory. Recent
calculations for the enthalpy of alloy formation in alloys and intermetallic compounds are
shown to be related to polar bonding and charge transfer between the metallic alloying el-
ements [323]. In Ref. [323], Liu states that “Alloys can be significantly polar, with internal
and surface dipoles comparable to organic compounds and minerals.” [323].

Many of the alloys in the literature have been prepared via solidification based
methods such as arc-melting, induction melting, and levitation melting. The same metallur-
gical techniques used for conventional alloys can be applied for the synthesis and processing
of high-entropy alloys, which is why there is such a vast amount of research conducted on
these materials. Powder metallurgical processing can also be used to make HEAs, as shown
in this work, the processing of HEA powder can lead to the same crystallographic phases
and increased hardness when compared to identical compositions made via solidification

based methods.

9.2 Chapter 3: Solidification Microstructures and Calculated

Mixing Enthalpies in CoCrCu Containing Alloys

Of the 16 alloy combinations of the CoCrCu + X system, X being the remain-
ing combinations of the 3d transition metals up to quinary alloy combinations, CoCrCuli,

CoCrCuTi, CoCrCuFeNi, CoCrCuMnNi, CoCrCuMnTi, and CoCrCuTiV solidified den-
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dritically resulting in FCC solid solutions of both the dendritic and interdendritic regions
for the Ni containing alloys and BCC, HCP, and FCC phases for the Ti-containing alloys.
The alloys of CoCrCuTi and CoCrCuTiV were found to have (2) sets of BCC dendritic
phases, with a Cu-rich FCC interdendritic matrix. CoCrCuMnTi was found to be duplex
HCP/FCC, while CoCrCuFeTi also contained the HCP phase but exhibited severe liquid
phase separation. The remaining samples all underwent a melt separation into Cu-rich and
Cu-lean liquids.

The results show that the enthalpy of mixing, A Hy,; for each of the dendritic re-
gions are more negative than the calculations for their nominal equiatomic concentrations,
indicating that the approximation for AHpn, using Miedema’s scheme for sub-regular so-
lutions displays a correlation between negative mixing enthalpy and single phase liquid
formation in these alloys. However, it should be noted that even though the summation of
binary alloy mixing enthalpies may have a negative AHyyix, binaries within the calculation
that have a very large positive mixing enthalpy (such as alloys with Cu) may lead to segre-
gation of the alloy that has the highest mixing enthalpy across the binaries to liquid phase
separated regions. When comparing the mixing enthalpies of the possible combinations of
mixing enthalpies of all the alloying elements, approximations can be made as to whether
the resulting mixture will contain Cu-rich and Cu-lean phases, however cannot distinguish
if this separation will occur in the interdendritic region or a completely phase separated
globule.

The results indicate that positive mixing enthalpy contributions in the 3d transi-

tion metal quaternary and quinary HEAs are mostly due to the influence of Cu in the melt.
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From this work, it is clear that since Cu leads to liquid phase separation in these alloys,
that the much more negative enthalpy contributions from the other alloying elements bring
the overall mixing enthalpy down and allow for Cu liquid solubility, such as the cases for

the 6 dendritically solidifying HEAs in this study.

9.3 Chapters 4 & 5: In-Situ Imaging of Molten Alloys Using

Cold Neutrons

By utilizing neutron imaging, liquid phase separation of the CoCrCu system was
observed. The CoCrCu system has been shown to have a stable miscibility gap at tem-
peratures up to 1500 . This technique can be applied to other alloy systems provided that
the neutron transmission of the alloying elements are dissimilar enough to see a contrast
between the multiple phases.

With the application of this technique to high-entropy alloys, in-situ imaging of
liquid state remixing has been observed for the first time with the equiatomic additions of
Ni to the immiscible CoCrCu system. After solidification had finished, there were no indi-
cations from the CT scans that Cu had segregated anywhere in the melt. When comparing
the results to the CALPHAD prediction for the liquid state behavior in CoCrCuNi, we see
that the results are in reasonable agreement with the prediction for a single phase liquid in
this system.

This technique also provides a way to potentially image casting processes by con-
structing crucibles that simulate various cast shapes. After solidification has finished, the

use of computed tomography (CT) can be applied with the cold neutrons and a rotating
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sample stage to look for impurities or voids within the cast. This method can be applied to
study fundamental liquid state behavior in complex alloy systems, such as the high-entropy
alloys. By using neutron imaging of the liquid phase, it can provide invaluable information
about the alloy system as well as other systems that contain miscibility gaps and is not

solely specific to liquid metals.

9.4 Chapter 6: Processing Pathway Effects in CoCrCulNi +

X (Fe, Mn) High-Entropy Alloys

The resulting microstructures, crystal structures, and microhardness of CoCrCuNj,
CoCrCuFeNi, and CoCrCuMnNi High-entropy alloys (HEAs) were investigated via solid-
ification processing and subsequent annealing and mechanical alloying followed by spark
plasma sintering. It was found that all processing routes resulted in a primary FCC phase,
while secondary FCC phases were found in the interdendrite regions of the solidified samples
and at the particle boundaries of the SPS samples. Small amounts of o phase were observed
in the SPS processed alloys, but not in the cast counterparts. All three alloys solidified with
dendritic microstructures that did not undergo any significant changes after annealing, with
the exception of the CoCrCuMnNi alloy which had Cr-rich precipitates after annealing. The
mechanically alloyed powder of all three alloys resulted in single FCC peaks and approxi-
mate grain sizes of 20 nm deduced from Scherrer’s equation. When comparing the observed
phases to the published CALPHAD predictions for these alloys, it can be difficult to confi-
dently and comprehensively explain discrepancies between thermodynamic calculation and

observed results. This is due to the many variables that dictate phase formation.
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Spark plasma sintering on all three samples resulted in a cobblestone-like mi-
crostructure with a Cu-rich phase in the particle boundaries. The microhardness for the
SPS alloys increased by a factor of ~ 2.5 when compared to their solidified counterparts.
The processing of these alloys via SPS compared to solidification resulted in similar FCC
phases and Cu-rich segregation, while doubling the microhardness when compared to the
microhardness of the solidification processed HEAs.

These results show that significant differences in mechanical properties, microstruc-
ture, and crystallographic phase can be achieved by varying the processing route for these
alloys. The results also show that nanocrystalline HEAs are possible via the use of spark-

plasma sintering techniques.

9.5 Chapters 7 & 8: Hexagonal-Cubic Multiprincipal Ele-

ment Alloys with High Hardness

Intermetallic-alloy 3d transition metal MPEAs with considerable dendritic hard-

ness were prepared via arc-melting. Alloys of:

CoCrCuTi

(CoCrCuTi)gsMns

(COCrCuTi)goMnlo

(COCTCuTi)85 Mn15

CoCrCuMnTi
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were investigated to understand the critical Mn concentration for the formation of Laves
C14 phase in these alloys. The results indicate for the first time that MPEAs consisting of
purely 3d transition metals can solidify with a majority hexagonal phase from arc-melting.
Atomic percentages of > 10% Mn when added to CoCrCuTi leads to Laves phase dendrites
with small amounts of Ti-rich dendrites and a Cu-rich interdendritic region.

Using EDS analysis of the most uniform regions in the equiatomic CoCrCuMnTi
composition, the alloy composition of CogoCrigCusgMnigTiss was found to have the most
reproducible uniform as-cast dendritic microstructure with a uniform Cu-rich interdendritic
matrix. There exists a ~ 2:1 Vickers hardness between the Laves phase dendrites (996
HV 0.01) and FCC interdendrites (457 HV 0.01) while the overall Vickers hardness of
the material is 480 HV 1, which may have the potential for fracture and wear-resistant
applications as the Cu-rich FCC phase could be potentially more ductile than the hexagonal
intermetallic primary phase. The extremely hard Laves phase dendrites in contrast to the
Cu-rich FCC interdendritic matrix may fall under the classification of a type of metal
matrix composite. The Co9oCrigCuggMnigTies alloy Rockwell hardness of 43 HRC and
relatively high compressive strength of 1430 MPa with moderate density of 7.05 g/cm?
could potentially be harnessed for wear based applications, as the relatively small in-air
wear rate of 2.64 x 1075 mm?/m-N could be improved with tailoring of the interdendritic
regions of the material to be larger or smaller depending on the application.

The solidification microstructures of the Laves/FCC phase Co22CrigCugoMnjsTiag

MPEA were then studied via electromagnetic levitation processing (EML). Differential scan-
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ning calorimetry (DSC) of a small chunk of the alloy displayed three distinct peaks at 905
°C, 1205 °C, and 1295 °C which were used to determine EML processing and casting tem-
peratures. The alloy was electromagnetically levitated and melted, and were either dropped
from the completely molten state, dropped during solidification, dropped during re-melting,
or solidified in the magnetic field and dropped from the solid state. It was found that when
the alloy was allowed to solidify in the magnetic field, small CoTi-rich dendrites formed
freely in the melt prior to the majority hexagonal Laves dendritic phase, while solidification
is finished upon freezing of the interdendritic regions. The morphology of the CoTi-rich
dendrites imply they were first to solidify, and when correlating the dendritic morphology
and temperature of casting with the DSC curve, it is our conclusion that this phase is
responsible for the DSC peak observed at 1295 °C.

Secondary dendrite arm spacing (S-DAS) was measured for each of the solidified
samples, and cooling rates were approximated for each of the regions in the alloy. The
regions with faster cooling rates and small S-DAS lacked any floating CoTi-rich (darker)
dendrites, therefore fast cooling appears to suppress this phase when the liquid is cooled at a
rate of ~ 103 K/s. Overall, when processed via electromagnetic levitation, the predominant
dendritic phase of the material remains to be the hexagonal Laves C14 phase, which is rare
among the high-entropy alloys. The interdendritic phase is an FCC CuMn-rich matrix,
which may result in this material having desirable toughness, as the as-cast hardness from

arc-melting these materials were previously found to have high hardness.
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