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ABSTRACT

SYNTHESIS AND DEVELOPMENT OF REFRACTORY HIGH ENTROPY
ALLOYS

AYRENK, Ayberk
M.Sc., Micro and Nanotechnology
Supervisor: Assist. Prof. Dr. ilkay Kalay

SEPTEMBER 2020, 85 pages

High entropy alloys (HEAs) serve as a new metallic alloy system for high-temperature
applications in aerospace, nuclear, and chemical process industries due to their
attractive properties. This thesis focuses on the synthesis and development of
refractory HEAs, and the investigation of their phase stability, the evolution of
microstructure, high-temperature behavior, mechanical properties of nonequiatomic
Al-Co-Cr-Fe-(Ni-Nb-Ti), and equiatomic AI-Hf-Mo-Nb-Ta-Ti-V alloy systems under
as-cast and isothermally annealed conditions. The alloys were predetermined based on
the calculated thermodynamic data. The alloys were then were produced by vacuum
arc melter using high purity elements. The high entropy alloy systems were
investigated using X-ray diffraction (XRD), in-situ X-ray diffraction (XRD), optic
microscope (OM), scanning electron microscope (SEM), hardness, compression, and

tension tests.

The analysis reveals the dependency of mechanical properties and phase formation on
Nb and Ti concentration of the Al-Co-Cr-Fe-(Ni-Nb-Ti) alloy systems. The Vickers
microhardness tests reveal an increase in hardness with the addition of Nb and Ti. The

ductile type of fracture was seen for as-cast AlgCo30CrisFeoNiziNbs and
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AlgCo30Cr18Fe9Nizi Tis alloys. The highest toughness value, highest ultimate tensile
strength of 844 MPa and highest compressive fracture strain of 29.76% were observed
for AlgCo30CrisFeoNizTis alloy, which has tetrataenite FeNi intermetallic phase

distributed in the dendritic matrix.

The Al-Hf-Mo-Nb-Ta-Ti-V alloy systems with B2/BCC dual-phase structure indicate
good phase stability upon heating. The structure analysis reveals that these systems

can be good candidates for refractory HEAs for high-temperature applications.

Keywords: High Entropy Alloy, Refractory, Heat Treatment, Mechanical Properties.
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REFRAKTER YUKSEK ENTROPILi ALASIMLARIN SENTEZI VE
GELISTIRILMESI

AYRENK, Ayberk
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dr. Ogr. Uyesi Ilkay Kalay

EYLUL 2020, 85 sayfa

Yiiksek entropili alagimlar (YEA’lar), uzay ve havacilik, niikleer ve kimyasal proses
endiistrilerinde yiiksek sicaklikli uygulamalarda, ilgi ceken 6zelliklerinden 6tiirti yeni
metalik alagim sistemleri olarak gérev gérmektedir. Bu tez, refrakter yiiksek entropili
alagimlarin sentezi ve gelistirilmesine, esatomik olmayan Al-Co-Cr-Fe-(Ni-Nb-Ti) ve
esatomik Al-Hf-Mo-Nb-Ta-Ti-V alagim sistemlerinin dokiim ve izotermal tavlama
kosullar1 altindaki faz kararliliklari, mikroyap1 degisimleri, yiiksek sicakliklardaki
davranislart ve mekanik o6zelliklerinin incelenmesine odaklanmaktadir. Alasimlar
onceden hesaplanan termodinamik verilere gore belirlendi. Alasimlar yiliksek saflikta
elementler kullanilarak vakumlu ark eritici ile iiretildi. Yiiksek entropili alagim
sistemleri X-1511 kirinimi (XRD), yerinde X-151n1 kirinimi, optic mikroskop, gecisli

electron mikroskobu, sertlik, basma ve ¢ekme testleri ile incelenmistir.

Analizler, Al-Co-Cr-Fe-(Ni-Nb-Ti) alasim sistemlerinde Nb ve Ti elementleri
konstanrasyonlarina bagli faz olusumlarmi ve mekanik 6zellik degisimlerini ortaya
koymustur. Vickers mikrosertlik testleri, Nb ve Ti eklemesiyle alasimlarin
sertliklerinde artis gostermektedir. Basma testlerinde dokiim AlsCo30CrisFeoNiz 1 Nba

ve AlgCo30CrisFeoNizTis alasimlar siinek tipi kirilma tipi gostermistir. Cekme
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testlerinde en yiiksek tokluk degeri, dendrit matrisinde tetrataenite FeNi fazinin
dagilim gosterdigi dokiim AlgCosz0CrigFeoNisz Tis alasimi icin, 844 MPa ile en yiiksek
cekme mukavemeti ve %29.76 ile en yiiksek basing kirilma gerilimi ile

gozlemlenmistir.

B2/BCC c¢oklu fazina sahip Al-Hf-Mo-Nb-Ta-Ti-V alasim sistemleri yiiksek
sicakliklarda kararli bir faz yapisi ortaya koymustur. Mikroyap:r analizleri
gostermektedir ki bu alagimlar yiiksek sicaklikli uygulamalar i¢in iyi refrakter YEA
adaylaridir.

Anahtar Kkelimeler: Yiiksek Entropili Alasim, Refrakter, Isil Islem, Mekanik
Ozellikler.
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CHAPTER1

INTRODUCTION

1.1.  High Entropy Alloys

Since the first alloying process was accidentally found with copper and arsenic
discovery in the Bronze Age [1-2], new requirements in industrial areas result in many
discoveries and developments in materials science upon history. Due to the increasing
demand, especially in aerospace and defense industries, much effort has been given to
develop new metallic alloys with better mechanical, thermal, and chemical properties.
Regarding their remarkable and unique properties such as high strength and hardness,
excellent corrosion and oxidation resistance, superior high-temperature mechanical
properties, magnetic properties, and impressive thermal stability, HEAs have attracted
much attention. Since their discovery, much effort has been given to understand the
concept of HEAs, and numerous types of HEA systems were discovered with
impressive properties. HEAs serve as new metallic alloy systems for high-temperature
applications in aerospace, nuclear, and chemical process industries due to their
attractive properties. Multiphase, refractory, lightweight, amorphous, intermetallic

contained, and magnetic HEAs are the examples of these types.

As a new generation multi-principal alloy system, HEAs are random solid solutions
consist of five or more principal elements with variable compositions between 5 or 35
atomic percentages. According to Yeh et al. [3], HEAs are defined as equiatomic
multi-component alloy systems composed of 5 or more principal metallic elements.
Furthermore, Pradeep et al. [3-4] reported the exceptional phase stability and tensile
properties of nonequiatomic single-phase FesoMn27Ni2sCosCrz and Fe3sMnasCooCro
HEAs. This study expanded the definition of HEAs and now it is known that HEAs
may have equiatomic, nearly-equiatomic, or nonequiatomic proportions. HEAs may
have the constituent elements with nonequiatomic compositions between 5 or 35 at.%
and may have minor elements besides the principal ones to enhance the mechanical,

thermal, and chemical properties [2, 5-8]. The schematic density distribution of



equiatomic and non-equiatomic HEA studies compared to traditional alloys is shown
in Figure 1.1. The increase in the number of nonequiatomic HEAs studies compared

to the equiatomic HEAs and conventional alloys is significant.

.Traditional Alloys
D Equiatomic HEA

*\ Non-equiatomic HEA

Figure 1. 1. The schematic density distribution of equiatomic and non-equiatomic

HEAs studies compared to traditional alloys [4].

1.2.  Origin of High Entropy Alloys

The high entropy alloy term was initially proposed by Cantor, 1979, and Yeh, 1996.
However, their reports on HEAs gained interest in 2004 [2]. Cantor reported the
equiatomic MPEAs consisting of 20 different components with 5 atomic percent
(at.%). Among these alloys, Fe20C020Cr20MnzoNizo (in at.%) showed a single primary
FCC phase formation. The formation of a single FCC phase means that all these
elements in the system are mixed into one solution [2], [9]. Since they first define this
system, Cantor’s group studied on this system widely. The first paper was entitled
“Microstructural development in equiatomic multi-component alloys” was published
in 2004 by Cantor et al. [2, 6, 9-10]. Jien-Wei Yeh’s started working on MPEAs in
1995. He believed that high mixing entropy might have an effect on the reduction of
phase number [6]. By this manner, Yeh and his student K. H. Huang prepared 40
equiatomic as-cast and fully annealed alloys, including five to nine components for
investigation and analysis of HEAs in 1996. The study showed that the higher number
of constituent elements in the alloys results in the higher hardness of the alloy.
However, they observed a small decrease in hardness at nine-component alloys. Also,
they thought that additive elements and low free energy due to high mixing entropy
have an excellent effect on corrosion resistance according to their study. Yeh published
his first two papers on HEAs. His paper entitled “Nanostructured high entropy alloys

with multi-principal elements - novel alloy design concepts and outcomes” [7] became



a milestone for developments of next generation high entropy materials with exclusive
mechanical and thermal properties [2], [6]. Since their first reported by Cantor and
Yeh, many research and developments on high entropy alloys have attracted much

attention.

1.3. Literature Review of High Entropy Alloys

Since their discovery by Cantor and et al. [9] and Yeh and et al. [10], much effort has
been given to understand and develop these new alloy systems with enhanced
mechanical, physical, and chemical properties. Cantor et al. [9] reported FeCrMnNiCo
alloy, known as “Cantor alloy”, the first multi-component alloy consisting of five
transition elements. Gludovatz et al. [11] showed that Cantor alloy with single FCC
structure has a superior tensile strength of 1280 MPa and yield strength of 759 MPa,
when the temperature decreases from room temperature (298 K) to cryogenic
temperature (77 K). HEAs are mainly composed of metallic transition elements, such
as Co, Cr, Cu, Fe, Mn, and Ni elements. These elements have similar atomic sizes,
electronegativities, and electron valencies with each other [12-13]. Al is a widely used
metallic element, as well due to its functional behavior on oxidation and wear
resistance. The addition of Al to the HEA systems increases the possibility of BCC
phase formation, thus results in the enhancement of the hardness of the alloy [14-18].
Considerable studies based on ‘Cantor alloy’ showed that the addition of some
refractory elements and/or Al significantly affects the phase formation, microstructure,
and mechanical and thermal properties of HEA systems. The refractory elements from
transition groups in the periodic table such as Mo, Nb, Ti, Ta, W, V, Hf, Zr, and even
Cr, are mainly used in addition to Al to modify HEAs to improve mechanical
properties and oxidation and wear behavior at extremely high temperatures [19].
Senkov et al. [20] developed the refractory high entropy alloys, RHEAs, with

promising excessive high-temperature properties for high-temperature applications.

HEAs may have equiatomic, nearly-equiatomic, or nonequiatomic proportions. The
non-equiatomic systems attracted much attention with their remarkable mechanical
properties. It was reported that, Fe and Nb are the potential stabilizers of the primary
brittle intermetallic C14-Laves phase with hexagonal crystal structure [2], [21].
nonequiatomic Al-Co-Cr-Fe-Nb-Ni HEA systems [22-23]. Furthermore, Nb is an

excellent promoter for the intermetallic Ni3Al phase and responsible for precipitate



formation in Al-Co-Cr-Fe-Nb-Ni HEA, while Co and Fe being destabilizers for NizAl.
It was reported that the increase in Nb concentration results in the increase in size and
volume fractions of precipitates, and thus the increase in the hardness of HEA. On the
other hand, lowering the Fe content destabilizes the Laves phase and decreases the
hardness of the alloy due to the tendency of Fe to form a BCC and Nb-rich phase
formation in this HEA system [20]. Moreover, the secondary C14 phase formation
alongside the primary C14 was reported in HEAs with 9 at.% Fe and 18 at.% Fe
concentrations at 1073 K and 11173 K homogenization steps, respectively [22]. It was

mentioned that Nb destabilizes the secondary C14 phase in HEA.

1.4. Basic Concept of High Entropy Alloys

Even though the high configurational entropy has been considered for the formation
of simple amorphous or crystalline solutions instead of complex microstructures [2],
phase structure is another important criterion of HEAs. Phase formation directly
depends on elemental compositions of alloys [24], and can be explained by the Gibbs

Phase Rule using the following equation [2], [6]:

P+F=C+1 (1.1)
where F and C are the degrees of freedom and number of components, respectively.
The Gibbs Phase Rule explains that the number of phases (P) in a condensed system
cannot be higher than C + 1 in equilibrium. However, HEAs show less number of
phases than expected, which can be explained by the low diffusivity of HEAs [6, 10,
25]. “High entropy” brought a new motivation for HEAs with a definition based on
the magnitude of configurational entropy of mixing, Sconf. OF Smix, Which is calculated

by the following Boltzmann equation [2]:

AScons. = k Inw (1.2)
where k is Boltzmann’s constant, and w is the number of configurations for being
mixed or shared of available energy between atomic particles in the system. The
change in configurational entropy per mole for an n-component alloy system with x;

atomic fraction can be calculated using the following relationship:

N
ASconf. = —R Z X lnxi (13)
i=1



Combining the equations (1.2) and (1.3), the magnitude of configurational entropy for
an equiatomic alloy in its liquid or solid solution state can be calculated by the

following equation:

1 1 1 1

1 1
AScons. = —kInw = —R (;ln In—+.. + Elng) =RInn (1.4)

—4—
n n

where R is the gas constant. Based on the above relationship, it is clear that the change
in configurational entropy depends on the component number. It was reported that
when the value of AScont< 0.69R, the alloy will be low entropy, when 0.69R <
AScont<1.61R, the alloy will be medium entropy, and when AScont>1.61R, the alloy
will be high entropy alloy [2], [6]. Figure 2.2 shows the schematic plot of ASmix for a
ternary alloy system based on the classification of the high entropy region [25].
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Figure 1. 2. The schematic plot of ASmix for a ternary alloy system. Red region, which
is limited with 8.4 and up to 9.15 J/mol.K represents high entropy, while blue regions

are indicating conventional alloys [12].

1.5. Four Core Effects

The formation of HEAs is mainly determined by the core effects. These effects are
high entropy, severe lattice distortion, sluggish diffusion, and cocktail effects. High

entropy effect as a main concept of HEAs explains thermodynamic relationships.



Severe lattice distortion affects the kinetic properties throughout phase
transformations. Sluggish diffusion effect is the explanation for the affection of low
diffusion rates to mechanical and chemical properties. Finally, the cocktail effect,
which is a separate characterization for HEAs, has an overall impact on the properties

of composition, structure, and microstructure [5,8, 10, 26].

1.5.1. High Entropy Effect

High entropy effect explains the stable phase formation and simpler microstructure
observation in HEAs compared to intermetallic alloys composed of 5 or more principle
metallic elements. Solid solution phases are different from elemental phases based on
one metallic element, and intermetallic compounds such as Ni>Ti, Al3Co, etc. Those
phases are based on one solvent and solute metallic elements [8]. Solid solutions can
be either random solid solutions that may have the crystal structures of face-centered
cubic (FCC), body-centered cubic (BCC), hexagonal close-packed (HCP), or ordered

solid solutions that are composed of intermetallic compounds [6].

Solid solution phase formation is speculated to result in single or a few phases in
HEAs, which is lower than predicted in other multi-component alloys. This prediction
is explained due to high mixing entropy that allows to increase the solubility of
elements and prevent phase separation throughout solid solutions and intermetallic

compounds [10].

Mixing enthalpy (AHmix) and mixing entropy (ASmix) are the primary considerations to
explain the high entropy effect. ASmix of a system accelerates the solid solution
formation contrary to negative or positive AHmix, which helps accelerate elemental or
compound phase formation [2], [6]. In an equilibrium state, when the lattice strain
energy between atoms is neglected, elemental phases have small-negative AHmix and
small ASmix, intermediate phases have less large-negative AHmix, but medium ASmix,
and solid solution phases have medium-negative AHmix and high ASmix [6]. The

comparison of AHmix and ASmix for different phase structures are listed in Table 1.1.



Table 1. 1. AHmix and ASwix of elemental, compound, intermetallic, and solid solution

phases for n-element HEAs.

Comparative Phases AHpix (kJ.mol ™) ASmix (J. K 'mol™)

Elemental Phases ~0 ~0
Intermetallic Phases Less large-negative Medium
Solid Solution Phases Medium-negative High

1.5.2. Severe Lattice Distortion

Severe lattice distortion effect gives information about the direct impact of crystal
structure and atomic size difference to explain lattice distortion, which is based on
dislocation motions in a whole solute matrix of high entropy alloy. The matrix of
HEAs is composed of different sizes of different elemental solute atoms that spread
throughout the matrix and surround each other. Because of these dislocation motions
occurring due to size differences between atoms, the whole solute matrix suffers severe
lattice dislocation [6, 27]. The change of the entire solute matrix due to dislocation
motion is shown in a two-dimensional schematic image in Figure 1.3 [27], and the
atomic order of BCC and FCC crystal structures in a solid solution of a HEA consisting
five principle elements is exhibited in Figure 1.4 [28]. This effect was confirmed by
the study of Yeh et al. [28]. According to this effect, lattice distortion increases strain
energy, reduces thermal deviation between atoms, increases the hardness and strength
of alloy after heat treatment processes, and directly affects the excellence of crystal

structure [2, 27-28].
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Figure 1. 3. Two-dimensional schematic image of dislocation movements in the whole
solute matrix of a high entropy alloy with five principle elements. Figure shows the
change in solid solution from (a) dilute to (b) complex and concentrated structure by

overcoming the periodic Peierls-Nabarro energy barrier field [27].

(a) BCC: 5 principal (b) FCC: 5 principal
elements elements

Figure 1. 4. (a) BCC and (b) FCC crystal structures of a HEA composed of 5 elements
[28].

Atomic size difference is the main reason for the lattice strain energy between distorted
atoms, and that is the particular factor for the severe lattice distortion, also phase
formation in HEAs. According to Tsai et al. [29], large-sized atoms in atomic structure
cause high lattice strain energy, destabilization in structure, intermetallic phase
formation, and smaller diffraction peak intensity during the XRD process [5, 6, 28].
Therefore, smaller atomic size difference in a HEA is preferred for a more stable solid
solution phase formation, smaller strain energy, higher intensity of diffraction peaks

in XRD, and lower thermal dependency in mechanical properties.



1.5.3. Sluggish Diffusion Effect

Sluggish diffusion effect lowers the diffusion rate, so the diffusion becomes slower in
HEAs compared to other conventional alloys. Tsai et al. reported that sluggishness in
diffusion is related to the number of composed elements in HEAs, not to compositions
of elements [30]. It was proved in Figure 1.5 that Co, Cr, Fe, Mn, Ni independently
have higher values of normalized activation energy Q/Tm, where Q is activation energy
and Tmis the melting point of the solute matrix, which means they have lower diffusion
rates in matrice of CoCrFeMnNi high entropy alloy than other conventional alloys

matrices [2, 6, 30].
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Figure 1. 5. Normalized activation energy values of Cr, Mn, Fe, Co, Ni in different

alloy matrices [30].

Sluggish diffusion effect is the answer for extreme strength values at elevated
temperatures [31], formation of nanostructures [5], more stable random solid solution
phase, and a slower rate of crystallization [32] in HEAs. Therefore, it has positive

effects on slower grain growth rate and higher creep resistance [2, 6].



1.5.4. The Cocktail Effect

The cocktail term refers to the mixture of metallic elements in the metallic alloys. It
was first reported by S. Ranganathan [33] to describe the formation of HEAs, bulk
metallic glasses, superplastic and superelastic alloys through their exclusive physical,
functional, and structural properties [6, 31, 33]. The cocktail effect in HEAs is related
to phase number, size, boundaries, shape, distribution, and properties, which are
contributed by the compositional design of alloy, and properties of each composed
element. Liu et al. [34] reported that Al content caused a tendency in phase formation
from FCC to BCC, and causes an increase in hardness in AlxCoCrCuFeNi HEA
because of its BCC crystal structure, which clarifies the cocktail effect. Furthermore,
in an article published by Kang et al. [35], the new FCC phase formed in AlCoxCrFeNi
HEA with the concentration Co element due to the cocktail effect in HEAs.

1.6. Phase Formation in High Entropy Alloys

HEAs are known to be unique materials with their remarkable ability to form a single
crystal phase even though they have high number of components and high
configurational entropies. HEAs may have different types of crystal structures; BCC,
FCC, and FCC+BCC, depending on the alloy contents, alloy composition, and
thermodynamic parameters. The phase formation significantly affects the properties

of HEAsS.

1.6.1. Parametric Approaches in Phase Selection

The phase formation of a multi-component system in an ideal solution (AHmix = 0) or
a regular solution (AHmix # 0) is controlled by Gibbs Free Energy of mixing (AGmix).
The concept of HEASs requires the configurational entropy, AScont. > 1.61R. HEAs may
have intermetallic or even amorphous phases, together with solid solution phases due
to differences in the atomic sizes and electronegativities between constituent elements,

valence electron configuration, and elemental compositions.

Hume-Rothery Rules explains the set of principles that were developed to control
phase formation and alloying behavior for alloy systems [2]. These rules state that (1)
the atomic sizes between atoms of additional elements (solute atoms) and principal

elements (solvent atoms) must not be more than 15%, also should be less than 8% for

10



ideal solubility, (2) crystal structures of both additional and principal elements must
be the same for maximum solubility, (3) there should be the same valency between
both solute and solvent atoms, (4) electronegativity of each element shall be similar or
nearly equal for prevention of possible intermetallic phase formation [2, 6, 36-37].
However, because of the insufficiency of the second rule, Hume-Rothery rules are not
qualified alone to explain the possibility of the formation of a single solid solution
phase despite different crystal structures of each element in a HEA [36, 38]. Therefore,
some empirical parameters are used in the case of phase selection for the design of

HEAs.

Zhang et al. [39] proved that the solid solution phase formation depends on the atomic
size difference. Small difference at atomic radii between each atom helps the formation
of a stable solid solution phase in HEA [37], and reduces strain energy between atoms.
Other Atomic size difference, 6, for an N-element multi-component alloy system
where the atomic radius of ith element, r;, can be estimated by the following equation

[8, 24].

N

5= 100 in (1 — ri/zN:xiri)z (1.5)
i=1

i=1

Stable solid solutions are expected to be formed in one condition, which is 6 < 6.6 [6],

[40].

Gibbs Free Energy (AGmix) thermodynamically controls phase formation of a multi-
component system in an ideal solution (AHmix = 0) or a regular solution (AHmix # 0).

AGnmix calculated by the following equation:

AGpix = AHpjx — TASyix (1.6)

where the change in Gibbs Free Energy, AGmix, 1s related to mixing enthalpy (AHmix),
mixing entropy (ASmix), and temperature (T) of the system, higher component numbers
can lower AGmix with the contribution of ASmix [2, 5, 24]. Mixing enthalpy is

considered as another influencer factor for phase formation. It is used for the
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characterization of chemical compatibility between elemental components of HEAs

[26]. The following equation is used to calculate AHmix:

AHmix = Z 4AHAB xl-x]- (17)

where 4AHAag is defined as mixing enthalpy of binary A-B alloys, N is the number of
elements, and x; and x;j are the atomic percentages of ith and jth elements in liquid or

random solid solution state. Finally, ASmix is calculated with the following equation:

N
AS,.. =—R Z i (1.8)
i=1

where R is the gas constant of 8.314 J/mol-K, and x; is the atomic percentage of ith
element [6, 24]. Guo et al. concluded that solid solution formation occurs at

_22SAHm1xS7 kJ/mOl, and 1 ISASm1x§195 J/KmOI [3 6]

The other determinative parameter for the expected stability of solid solution

formation in multi-component alloys is Q, which can be by the following equation:

_ Tm ASmix

= 1.9
IAHmixI ( )

The criterion indicates that in case Q > 1.1, the stable solid solution in HEAs can be

formed [6], [42].

Guo et al. reported another empirical parameter, the valence electron configuration
(VEC), to determine the phase formation in HEAs [29]. The VEC gives specific
information about expected crystal structure and phase stability for a solid solution.
Electron concentration is the average number of traveling electrons per atoms, e/a.
VEC number of a multi-component alloy is defined as the summation of the VEC
number of each composed element by its atomic percentage. They are calculated by

the following equations:

12



N

e/a = le-(e/a)l- (1.10)
y
VEC = le-(VEC)i (1.11)

i
It was reported that when VEC > 8.0, the FCC solid solution is stable, when VEC <
6.87, the BCC solid solution is stable, and 6.87 < VEC < 8.0, the alloy will have a
dual-phase structure of FCC + BCC [43].

The other important parameters related to the structure of HEAs, such as theoretical

density, pieor can be determined using the following relationship:

% CiA;

Ptheor = (1.12)

Cidi
Zpi

where pi, ¢i, and A; are density, nominal composition, and atomic weight of the ith
element, respectively [20]. The melting point of a HEA (T®¥¥) can be calculated using
the following equation where ci, (Tm); are nominal composition and melting point of i

element [31].

TEE = ) cilT (113)

The determination of lattice parameters of the corresponding crystal structures of
HEAs is significant. The unit cell geometry of a crystal structure system is defined by
lattice parameters, which are three edge lengths, a, b, c, respectively in an x-y-z
coordinate system, and three interaxial angles, o, B, v of a unit cell. The axial
relationship in cubic systems is such as a=b=c, and each interaxial angle equals 90°
[44]. The determination of a crystal structure, only in cubic systems, is based on
crystallographic planes called Miller indices (hkl), which either parallel or intersect
with these three edge lengths. Miller indices are defined by the lattice parameter of a

crystal structure (a), and interplanar spacing (duk) between two parallel planes of atoms
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A-A’ and B-B’ diffracting X-Ray beams. The condition for the formation of X-ray
diffraction is exhibited in Figure 1.6.

1 /\_\' N

Incident Diffracted

beam < \,_ beam
5\ N ar
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Figure 1. 6. X-Ray Diffraction occurred by atomic scattering [44].

The interplanar spacing, d is determined using Bragg’s law;

nil = Zdhleine (114)

where n is the order of reflection, A is the wavelength of x-ray, and 0 is the angle
between the incident x-ray beam and the plane of atoms. Thus, dnk, as a function of

Miller indices and lattice parameters, is calculated by the following equation [44].

a

App) = ———= 1.15
Ny (1.15)

The lattice parameter can be determined using the combination of equations (1.14) and

(1.15).

1.6.2. Phase Formation in High Entropy Alloys

The formation of ordered and disordered phases are commonly seen in HEAs. Previous
studies reported the formation of terminal, intermetallic, and solution phases in HEAs.
Terminal phases are also known as elemental phases, and include one dominant
metallic element. Intermetallic phases are the compounds that have different and

specific superlattices such as NiAl, Ni3Ti, etc. The solution phases are the compounds
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that mostly have simple crystal structures (FCC, BCC, HCP), and rarely complex
(NiAl, NisTi, etc.) structures.

1.6.2.1.Solid Solution Phases

HEAs have a wide range of phase formation, such as simple disordered phases, simple
ordered phases, and complex ordered phases due to different crystal structures [2, 5,
45]. The simple ordered FCC, BCC, and/or HCP crystal structures are observed mainly
in HEAs. Solid solution phases within HEAs form at elevated temperatures, but they
can experience with phase transformations at lower temperatures. This situation
reduces the effect of high mixing entropy in solid solution phase stability.
Additionally, sluggish diffusion has a favorable impact on reducing substitutional
diffusion, nucleation, growth rate, and so phase transformation rate at lower
temperatures. Therefore, phase selection in HEAs is more referable at elevated
temperature conditions compared to the as-cast condition of alloys at lower

temperatures [2, 37].

1.6.2.1.1. Phase Formation in Equiatomic High Entropy Alloys

Since the first HEA concept was proposed in equiatomic composition, the following
studies to understand the mechanism of the formation of stable solid solution phases
and their properties mainly concentrated on equiatomic HEA systems. Solid solution
phases in HEAs have predominantly contains simple FCC, BCC crystal structures, or
multiphase FCC+BCC crystal structure. Furthermore, single HCP HEAs were also
reported. Simple phase structures have a great tendency to be formed in solid solutions
of equiatomic HEAs. The formation of simple phase structures from these complex
systems generally occurs due to the insufficient time for the formation of any
secondary phase or intermetallic phase. In addition to these simple solid solutions,
there is a tremendous increase in the reports of HEAs with multiphase structure [2,

37].

1.6.2.1.1.1. BCC Phase Formation

The formation of BCC solid solution phases is widely seen in HEAs. Senkov et al. [20]
reported the first BCC refractory HEA that possesses excellent mechanical and thermal

properties at the cryogenic, room, and high temperatures. Manzoni et al. reported [46],
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single BCC phase in equiatomic AICoCrFeNi alloy even though the expected crystal
structure is FCC+BCC due to its VEC number of 7.2. They explained that this single-
phase formation is due to the concentration of Al element, and nearly similar atomic
sizes and the electronegativities of the constituent elements. Table 1.2 tabulates the
atomic radii and electronegativity values of each transition element in this main alloy.
It was also reported that the stable phase formation seems more likely to be controlled
by binary elemental phases rather than single elements in HEAs [2]. AI-Ni rich phase,
which is an ordered BCC phase called B2 phase, is the primary crystal structure
governing phase formation. This structure, formed in the matrix of the microstructure
of alloy, displayed excellent durability up to high-stress levels at cryogenic

temperatures because of its strongly ordered structure [2, 46-47].

Table 1. 2. Atomic radii and electronegativity values of elements in AICoCrFeNi

HEA.

Elements Atomic radius (nm) Electronegativity
Al 0.14317 [12] 1.61 [13]
Co 0.12510 [12] 1.88 [13]
Cr 0.12491 [12] 1.66 [13]
Fe 0.12412[12] 1.83 [13]
Ni 0.12459 [12] 1.91 [13]

BCC HEAs are mainly preferred as refractory high entropy alloys (RHEA) due to their
significant mechanical properties, such as high strength and high hardness at high
temperatures. For example, Senkov et al. [48] reported the single BCC phase formation
in TaNbH{ZrTi RHEA. Their findings showed that this alloy has good phase stability
up to 1473 K, exhibit yield strength of 929+15 MPa, and Vickers hardness value of
3826 MPa after the hot isostatic pressing process.

1.6.2.1.1.2. FCC Phase Formation

Solid solutions with FCC structures are the rarely seen compared to the solutions that
have BCC structures. The curial advantage of FCC HEAs compared to BCC HEAs is
their more sluggish diffusion kinetics [2]. FCC HEAs promise more advantages for

the cryogenic, room, and even high-temperature applications than BCC HEAs. The
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phase formation in HEAs mainly depends on the constituent elements. The commonly
known Cantor alloy, CoCrFeMnNi, has a single-phase FCC structure, although each
constituent element has a different phase structure. When switched to the VEC criteria,
FCC structure is expected from its value of 8.0. The nearly similar atomic sizes and
electronegativities of constituent elements also result in single solid solution

formation. These values are listed in Table 1.3.

Table 1. 3. The atomic radii and electronegativity values of constituent elements of

CoCrFeMnNi HEA.

Elements Atomic radius (nm) Electronegativity
Co 0.12510 [12] 1.88 [13]
Cr 0.12491 [12] 1.66 [13]
Fe 0.12412 [12] 1.83 [13]
Mn 0.13500 [12] 1.55 [13]
Ni 0.12459 [12] 1.91 [13]

Gludovatz et al. reported that FCC CoCrFeMnNi HEA shows superior mechanical
properties and solid solution strengthening mechanisms at room and even cryogenic
temperatures due to the low stacking-fault energy and high lattice friction [11, 27].
Gludovatz et al. proposed that the ultimate tensile strength (cuts) and yield strength
(oy) value of CoCrFeMnNi HEA increase by ~85% (to 1280 MPa) and ~70% (759
MPa), respectively, when the temperature decreases from 293 K to 77 K, as shown in
Figure 1.7 [11]. They reported the increase in ductility of the alloy with decreasing
temperature. They proposed that the fracture toughness, Kji, of the alloy were
determined as 217 MPa.m'?, 221 MPa.m'?, and 219 MPa.m"? at 293 K, 198 K, and
77 K, respectively. The FCC Cantor alloy has similar fracture toughness values with
standard austenitic stainless steels, such as 316L and 304L (fracture toughness in the
range from 175 to 400 MPa.m'"?) at room temperature and Ni-based cryogenic steels
112)

such as 5Ni or 9Ni steels (fracture toughness in the range from 100 to 325 MPa.m

at cryogenic temperature [2, 11].
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Figure 1. 7. Engineering stress and strain graph for CoCrFeMnNi at different

temperatures [11].

1.6.2.1.1.3. Multiphase FCC+BCC Structure

The phase formation in HEAs depends on the empirical calculations such as AHmix,
ASnix, AGmix, 0 (atomic size difference), and VEC number. The phase formation may
also vary depending on the different processing techniques, such as arc melting, ball
milling, spark plasma sintering (SPS) furnace melting, etc. due to different
solidification rates achieved with these techniques [2]. The CoCrFeNiCuAl HEA
synthesized by arc melting has a mixed FCC+BCC structure [7, 49], while a
supersaturated single BCC phase was observed when the alloy was processed for 60
hours by mechanical alloying known as the ball milling process [50]. There are also
differences in the phase formations depending on different durations of the alloying
processes. Double FCC+BCC phase structure was observed after 20 hours ball milling
process [51]. Figure 1.8 illustrates the XRD analysis of 20h ball milled equiatomic
CoCrFeNiCuAl and nonequiatomic CoCrFeNiCuAl, HEAs.
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Figure 1. 8. XRD patterns of equiatomic AlCoCrFeNi HEA and nonequiatomic
AlxCoCrFeNi HEA powders after 20h ball milling process [51].

Avila-Rubio et al. [40] studied AlCoFeNi, AlCoFeNiMo, AlCoFeNiTi, and
AlCoFeNiMoTi alloys synthesized by mechanical alloying and conventional sintering
methods. They reported that AlCoFeNiMo has a mixed 2BCC+FCC phase after 15h
ball milling process, while the same alloy has a mixed BCC+FCC phase after the
conventional sintering process at 1373-1473 K. Moreover, single BCC phase
formation was observed in AlCoFeNiTi HEA after 15h ball milling, while multi
2FCC+BCC phase formation was observed in the same alloy after sintering. They also
reported that ball-milled AlCoFeNiMoTi HEA has a mixed FCC+2BCC phase while
the sintered AlCoFeNiMoTi alloy has 2FCC+BCC phase formation. Figure 1.9 and
Figure 1.10 represent the XRD patterns of these alloy synthesized at corresponding
techniques. The hardness values are also depending on processing routes. The sintered
alloys have lower hardness values than the 15h ball milled ones. Figure 1.11 shows
the microhardness values of these alloys. The microhardness test results were
determined as 1225 HV and 894 HV for ball-milled AlCoFeNiMoTi and sintered
AlCoFeNiMoTi, respectively. The microhardness test results were measured as 556
HYV for sintered AICoFeNi, and 749 HV for ball-milled AICoFeNiTi alloys. The high
hardness values were devoted to the constituent elements and the tendency of stable

solid solution formation in terms of the conditions of d < 6.6 and Q > 1.1 [6, 40, 42].
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Figure 1. 9. XRD patterns of ball milled (a) AlCoFeNi, (b) AlCoFeNiMo, (c)
AlICoFeNiTi, (d) AlCoFeNiMoTi HEAs at different times [40].
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Figure 1. 10. XRD patterns of sintered HEAs at different temperatures [40].
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Figure 1. 11. Microhardness results of HEAs at different processing [40].

1.6.2.1.2. Solid Solution Formation in Nonequiatomic High Entropy Alloys

The non-equiatomic HEAs exhibit solid solutions with FCC, BCC, or mixed
FCC+BCC structures similar to equiatomic HEAs. Due to the differences in elemental
compositions, equiatomic and nonequiatomic alloys with same element constitients
may show different phase formations. Tung et al. [49] showed that equiatomic
AlCoCrFeCuNi HEA has a mixed FCC+BCC phase while nonequiatomic
Alp.sCoCrFeCuNi HEA has a single FCC phase, and nonequiatomic AICoCrFeCuo.sNi
HEA has a single BCC phase. Figure 1.12 illustrates the XRD patterns of
nonequiatomic AlCoCrFeCuNi based HEAs.
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Figure 1. 12. XRD patterns of as-cast Al-Co-Cr-Cu-Fe-Ni based HEAs [49].
1.6.2.1.2.1. The Effect of Al on HEAs

Aluminum is one of the most common alloying elements of HEAs. Regarding its
nearly similar electronegativity and atomic size values with most transition metal
elements [12-13], and functional behavior in oxidation and wear resistance [14-15], It
is interesting that Al element has FCC crystal structure, but it increases a tendency
towards BCC structure formation in HEAs. He et al. [16] studied a set of
AlxFeCoNiCrMn based HEAs with Al concentrations varying from 0 to 20 at.%. They
reported that the Al element is a BCC stabilizer in single FCC FeCoNiCrMn Cantor
HEA, as shown in Figure 1.13. The HEA with 9 at.% Al has strong BCC reflections
in addition to FCC reflections. The ordered BCC structure, main peak indexed as
(100), appears when the alloy contains 10 at.% of Al. A single BCC phase structure is
observed when the HEA has 20 at.% Al.
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Figure 1. 13. XRD patterns of AlFeCoNiCrMn based HEA with different

concentrations of Al element [16].

The mechanical properties of the alloys also depend on the Al concentrations of the
alloys. Figure 1.14 shows the engineering stress-strain curves of as-cast
AlxFeCoNiCrMn HEAs (x=0, 4, 7, 8, 9, 10, 11 at.%). It was observed that the alloys
have lower strength values with higher Al concentrations. The alloy with 0 at.% Al
has the most ductile behavior with its lowest strength value and highest strain percent,
while 11 at.% Al showed the most brittle character. Furthermore, it is seen from Figure
1.14 (b) that tensile strength value exhibits a slight increase from 496 to 529 MPa, and
yield strength increases from 209 to 242 MPa when Al concentration increases from 0
to 7 at.% Al in the alloy. The alloy with 11 at.% Al has the tensile and yield strength
values of 1174 MPa and 832 MPa, respectively. The tensile strain slightly decreases
from 61.7% 0 at.% Al alloy to 47.2% in 7 at.% Al alloy, and then reaches its lowest
value %7.7 in 11 at.% Al. Figure 2.15 (c) shows the Vickers microhardness results of
AliFeCoNiCrMn (x=0, 2, 4, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 20) alloys. The
microhardness test results show an increase in the concentration of the Al element. The
gradual increase in hardness values is observed from 176 HV to 182 HV when Al
concentration is increased from 0 to 7 at.%. The HV value increases sharply to 538

HV for Ali4sFeCoNiCrMn alloy. The increase in hardness value due to the increase of
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Al concentration can be explained by the formation of the intermetallic B2 phase. B2
phase is an ordered BCC phase that enriched with Al and Ni [18, 53-54]. The HV

values remain constant for the alloys that contain 16 and 20 at.% Al [16].
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Figure 1. 14. (a) Engineering stress-strain curve, (b) tensile strength, yield strength,
and elongation, and (c) Vickers hardness values of as-cast AlFeCoNiCrMn
concerning different Al concentrations [16]. The hardness graph of HEAs are
separated as region I (single FCC alloys with x<8), region II (mixed FCC+BCC phase
alloys with 8<x<16), and region III (available FCC alloys with x>16).

1.6.2.1.2.2. Effect of Transition Metals

The most common HEAs mainly have transition metals. These transition metals are
selected due to their similar atomic sizes and electronegativities, and less-negative
mixing enthalpy values between each other. Co, Cr, Fe, Ni, Mn, and Cu are the
commonly used transition metallic elements in HEAs. On the other hand, the high
melting point transition metals such as Mo, Nb, V, Ti, Hf, Ta, even Cr, etc. are
preferred as refractory HEA elements for high-temperature applications. Qin et al. [52]
revealed that the Co element, with VEC number of 9, stabilizes the FCC phase
formation in single BCC phase AlCoCrFeNi HEA. Figure 1.15 presents the XRD
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patterns of (AlCoCrFeNi)ipo-xCox alloy. The additional FCC peaks and the
disappearance of most BCC peaks can be observed in (AlCoCrFeNi)9Cog system
when x=12. They reported the formation of mixed FCC+BCC phase when x=16. It is
observed that the increase in Co concentration stabilizes the FCC phase in HEA,

enhances the plasticity, and lowers the fracture strength.
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Figure 1. 15. XRD patterns of (AlICoCrFeNi)i00xCox HEAs (x=0, 4, 8, 12, 16) [52].

Koppoju et al. [53] revealed that Ni is also an FCC stabilizer. Figure 1.16 shows the
XRD patterns of as-cast CrMnFeCoNix HEAs. The intermetallic tetragonal peaks and
an unidentified peak were observed in CrMnFeCoNiy alloy, and disappear for the alloy
when x=5. BCC phase remains when x=5. BCC peaks disappear and new FCC peaks
appear when x=10. Moreover, the hardness of CrMnFeCoNiy alloy decreases from 310
HV to 160 HV with the addition of 5 at.% Ni, and decreases to 120 HV with the

addition of 10 at.% Ni due increase in the volume fraction of FCC phase.
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[50].

Qiu et al. [54] studied on as-cast FexCoNiCu HEAs. The XRD patterns of as-cast
FexCoNiCu HEAs are presented in Figure 1.17. The BCC peak appears when the alloy
has 3 mol.% Fe. This study also confirms that Fe is another BCC stabilizer element.
The microhardness values were determined as 323 HV, 335 HV, 516 HV, and 654 HV
when x=1,5, 2, 2.5, 3 (in at.%), respectively. The tensile strength value of HEA
increases from 392 MPa when x=1.5 to 474 MPa at x=2, and to 639 MPa at x=2.5, and

then decreases to 576 MPa when x=3.
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Figure 1. 17. (a) XRD patterns of FexCoNiCu HEAs and their (b) FCC and BCC peak

positions with degrees between 42° and 46° angles [54].
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1.6.2.2.Intermetallic Phases

Intermetallic compound phases are observed as secondary phases in addition to
disordered solid solutions in HEAs [2]. These compounds have ordered structures that
can be useful for mechanical, chemical, or thermal enhancements in alloy systems.
The formation of these phases depends on both elemental effect, number of
components, concentration of each element, electrical or geometrical factors including
VEC and electronegativity, and applied temperature for processing [55-56].
Intermetallic compounds that form in HEAs are classified as Laves phase, sigma (o)

phase, B2 phase, and L1, phase.

1.6.2.2.1. Laves Phase

Laves phases have an AB; stoichiometry and are categorized into three groups, such
as MgZny-type hexagonal C14, MgCux-type cubic C15, and MgNi>-type hexagonal
C36 [2]. In the formation of Laves phases, The addition of components and their
compositional notations have an important role in the formation of Laves phases.
Mishra et al. [56] developed a set of different HEA samples and submitted their ASmix,
AHmix, VEC values in Table 1.4. They revealed the proportional dependence of the
addition of more components and the attribution of valence electron configuration
(VEC) per atom in the evolution of C14 Laves phases. XRD analysis indicates that the

Laves phase peaks shift to higher angles as the number of elements increases [56].

Table 1. 4. Thermodynamic data of Ti-Zr-Ni based HEAs [56].

Alloys ASnix (J/mol.K) AHumix (kJ/mol) VEC
TiZrNi 9.31 -37.33 5.99
TiZNiV 11.53 -27.00 5.75
TiZrNiVCr 13.18 -21.76 5.80
TiZrNiVCrFe 14.89 -22.00 6.16
TiZrNiVCrFeMn 16.18 -18.61 6.29
TiZrNiVCrFeMnCo 17.29 -20.06 6.63

Hsieh et al. [57] revealed that CoCrGeMnNbxNi HEAs have high melting point, high
strength, and low density. Also, the alloy easily formed Laves phase when x=0.25 (in
at.%). Due to the low AHmix of Nb with other transition elements, and the ability to
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block outward diffusion of active metallic cations, Nb clement stabilizes the Laves

phase and improves oxidation resistance in HEAs.

1.6.2.2.2. Sigma Phase (o)

Sigma phase, 6 with a tetragonal crystal structure, is a very hard and brittle
intermetallic compound phase. This phase mostly observed in Cr-contained transition
alloy systems, such as Cr-Ni, Fe-Cr-Ni, Fe-Cr-Mn, Fe-Cr-Mo, and Fe-Cr-Ni-Mo
systems [2, 57]. Zhang et al. [55] reported that the ¢ phase is produced in as-cast single
FCC phase Co034.5Cr30Ni26.5A15.4W3.6 HEA after 2-hours of water quenching at 1473 K,
cold rolling of 70%, and then 1-hour of water quenching at 1173 K [58]. It was reported
that the tensile strength and the yield strength of the as-cast alloy increase from 647
MPa and 311 MPa to 1219 MPa and 875 MPa, respectively, after the ¢ phase
strengthening. However, it was revealed that the ductility decreases from 52%

elongation to 19% with o phase formation.

1.6.2.2.3. B2 Phase

B2 phase is a brittle BCC-based ordered intermetallic phase. B2 phase is mostly
observed in Al-based alloys containing Co, Cr, Fe, Ni, Cu, Mn, and Ti [2]. It was
reported that the presence of the B2 phase improves corrosion resistance and strength
of the alloys significantly [16, 59]. Ma et al. revealed [60] that the formation of BCC
and B2 phases is promoted with the increase in the concentration of Al in AlxCoCrFeNi
HEAs. XRD analysis showed that a single FCC HEA with 9.28 at.% Al switched to
BCC and ordered B2 structure when the Al concentration increases to 12.5 at.%, and
BCC/B2 phases become stable at Alo.74 (15.63 at.% of Al). They proved that HEA lost
its tensile ductility and became very brittle at room temperature due to spinodal

decomposition of the BCC and B2 phase.

1.6.2.2.4. L12Phase

L1, phase is an ordered FCC-based intermetallic phase. There are few studies about
L1, phases that show L1, phase mostly forms at alloy systems based on transition
metals [2]. L1, phase formation is mainly reported in AINiz compounds [2], but Al and
Ti elements are also considered as strong L1, phase stabilizers [61]. He at al. [62]

revealed that two arc-melted (FeCoNiCr)e4-Ti2Als HEAs have single FCC phase and
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Ni3(Ti, Al)-based L1, phase after two different thermodynamic processes separately
applied to each of them [62]. These processes were cold rolling of 30%, subsequent
annealing at 1273 K for 2 hours, aging at 1073 K for 18 hours (Process 1), and cold
rolling of 70%, and then aging at 923 K for 4 hours, followed by water quenching
(Process 2).

1.7.  Refractory High Entropy Alloys

HEAs serve as a new generation alloy systems due to their excellent mechanical,
chemical, and thermal properties in compared to most conventional alloys. Since the
first HEA systems were introduced based on transition metals (Co—Cr—Fe—Ni—-Mn—
Cu), many new alloy systems were developed to promise excellent mechanical and
thermal properties for particular applications. HEAs may be divided into several
groups based on their application areas. Refractory high entropy alloy (RHEA) is one
member of this HEA group. Senkov et al. [20], introduced the first single BCC phase
refractory high entropy alloys (RHEAs) in 2010. The RHEAs are based on nine high
melting point refractory elements such as Mo, Nb, Ta, W, V, Hf, Zr, Ti, and Cr [5, 19-
20, 63-65]. Al element is also used to decrease density and enhance oxidation
resistance in refractory alloys [5, 63-65]. This brand new HEA class is considered to
promise excellent mechanical properties, excessive environmental behavior (oxidation
and corrosion resistance), and wear behavior at even superior temperatures in,

aerospace industry [25, 66], nuclear industry [67], and chemical process industry [19].

1.7.1. Mechanical Properties of Refractory High Entropy Alloys

The mechanical properties of alloys are defined by their hardness, yield strength,
tensile strength, elastic modulus, elongation percent, fatigue strength, and creep
resistance properties. These mechanical properties are controlled mostly by the
microstructure of the alloys. The phase formation, the volume fraction of phases [2, 5,
20], and the dislocation motions between the atoms of constituent elements effect the
mechanical behavior of the alloys. The processing temperatures also affect the
mechanical properties of the alloys. Therefore it brings the motivation to develop new

HEAs for cryogenic, room, and high-temperature applications. RHEAs have been
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developed due to their better mechanical performances at high temperatures compared

to other known Ni-based superalloys.

Senkov et al. developed first single BCC phase equiatomic NbMoTaW and
NbMoTaWV RHEAs [20, 68]. NbMoTaW and NbMoTaWV show high HV values of
4455185 MPa and 5250+281 MPa, respectively. The higher hardness value of
NbMoTaWV was explained due to its finer grain size, different strengthening
mechanisms, and the addition of V that might cause lattice strain and thus higher
hardness [20]. Furthermore, these arc-melted NbMoTaW and NbMoTaWV alloys
have high yield strength values of 1058 MPa and 1246 MPa, respectively, at room
temperature. However, compressive engineering stress vs. strain curves shown in
Figure 1.18(a) and (b) reveal that NbMoTaW and NbMoTaWYV alloys have lower yield
strength values of 561 MPa and 862 MPa, respectively, at 873 K, and 405 MPa and
477 MPa, respectively, at 1873 K due to the microstructural deformations of both
alloys. Both alloys exhibit higher yield strength than Inconel 718 [69] and Haynes 230
[70], which are (Cr, Ni)-based, high-strength, and corrosion-resistant superalloys, at a
temperature range of 1073 K-1873 K [66]. Figure 1.19 shows the engineering stress-
strain curves of NbMoTaW, NbMoTaWV, Inconel 718, and Haynes 230 alloys.
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Figure 1. 18. Compressive engineering stress-strain curves of (a) Nb2sMozsTaxsWas

and (b) V20Nb2oMo2oTa2oW2o alloys at elevated temperatures [68].
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Figure 1. 19. The temperature dependence of yield strength of NbxsMozsTaxsW»s and
V20Nb20Mo20Ta20W20 RHEAs and two superalloys; Inconel 718 and Haynes 230 [68].

The alloying elements also effect the mechanical performance of RHEAs at high
temperatures. Wang et al. [71] showed that the additions of Mo and Mo-W elements
to single BCC phase HfNbTaTiZr alloy improve the high-temperature yield strength
and the softening resistance of the alloy. The W and Mo+W additions provide a strong
solid solution strengthening and phase stability in RHEAs. Table 1.5 lists the yield
strength values of HINbTaTiZr, HINbTaTiZrW, and HINbTaTiZrMoW alloys depend

at different heat treatment conditions.

Table 1. 5. Yield strength values of RHEAs at different heat treatment conditions [71].

oy (MPa)
Alloys
RT 1073 K 1273 K 1473 K
HfNbTaTiZr 929 535 295 92
HfNbTaTiZrW 1550 577 409 345
HfNbTaTiZrMoW 1637 1065 736 703

1.7.2. Oxidation Behavior of Refractory High Entropy Alloys

The oxidation behavior of RHEAs depends on temperature, processing time, and
alloying elements. The oxidation resistance mechanism of alloys is defined with the
formation of oxide scales, such as TiO2, AlbO3z, ZrO>, MoOs, and their protective

levels. Oxide scales formations are led by some alloying elements such as Al, Cr, Mo,
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Ti, Hf, and W elements. Some of them are resourceful at oxidation resistance
improvements, while others cause faster oxidation. Cao et al. [72] proposed that Al
decreases the oxidation rate while Mo element increases the oxidation speed of
TiNbTao sZr, TiNbTaosZrAl, and TiNbTaosZrAlMoos RHEA systems that have dual
BCC phases. The protective alumina scale, Al,O3, was obtained in TiNbTagsZrAl
alloy after the isothermal oxidation tests applied at 1273 K. Thus, the average
oxidation rate (k) of alloy in 5 hours decreases from 5.2 mg/(cm?.h) to 0.46 mg/(cm?.h)
in next 35 hours. On the other hand, MoO3 was detected in TiNbTag sZrAlIMoo s, MoO3
that weakened the Al,Os scale. It was reported that the addition of Mo causes pores
and cracks and thus leads to faster oxidation. Figure 1.20 (a) shows the XRD patterns
of RHEAs that were oxidized at 1273 K for 10 hours. Figure 1.20 (b) presents the

isothermal oxidation curves of each alloy measured by mass gain per time.
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Figure 1. 20. (a) XRD patterns of RHEAs oxidized at 1273 K for 10h and (b)
1sothermal oxidation curves RHEAs at 1273 K [72].

Gorr et al. [65] presented the Ta addition in X-Mo-Cr-Ti-Al alloy (X=W, Nb, Ta)
results in a significant increase in oxidation resistance compared to Nb and W
additions at 1273 K. However, it is observed that Nb-Mo-Cr-Ti-Al alloy had a great
potential to form the Alumina scale (Al>O3) after 24 and 48 hours at 1273 K, even
though it has less oxidation resistance than Ta-Mo-Cr-Ti-Al alloy. They also
mentioned that W-Mo-Cr-Ti-Al alloy has the lowest oxidation resistance due to the
formation of Alo(WO4)3, which occurred by an unfavorable reaction of A1bO3 and WO;

oxides after 24 and 48 hours of oxidation test at 1273 K.
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1.7.3. Application Areas of Refractory High Entropy Alloys

RHEAs have a great potential for wide application areas due to their excellent
mechanical properties, oxidation behavior, and wear behavior in aerospace propulsion
systems, heat exchanger tubes, nuclear reactors, and the chemical process industry [19-
20, 25, 66]. Among these areas, the aerospace industry is on the main spot. One of the
primary requirements of the aerospace industry is to have lightweight materials with
high-temperature resistance against harsh environmental conditions. Therefore much
effort has been given have to improve low density and high strength RHEAs to surpass
Ni-based superalloys used in turbine blades and combustion chambers of aerospace
gas turbine engines [19]. Figure 1.21 exhibits the cut section of a gas turbine engine
[74]. For this purpose, Nb, Mo, Ti, and V elements are the most preferable refractory
metals with their low densities 8.57 g.cm™, 10.28 g.cm™, 4.51 g.cm™, and 6.11 g.cm™
3, respectively, during the design of RHEAs [13, 66, 75]. W is an exception between
these refractory metals even though it has a comparably higher density (16,69 g.cm™),
and it is used for nozzles of some different missiles, rockets, and satellites [66]. Li et
al. [73] presented that single BCC phase WxNbMoTa RHEAs (x=0.16, 0.33, 0.53)
show better mechanical properties, such as high HV and yield strength values
compared to that of conventional refractory alloys such as T-111 (Ta-8%W-2%HY),
C103 (89%Nb-10%Hf-1%Ti), and Nb-1Zr alloys that are dominantly used in

aerospace applications [66].

Figure 1. 21. Cut section of a gas turbine engine [74].

Moreover, RHEAs can be more suitable for next generation nuclear reactors. Kareer
et al. [65] suggested that neutron activation of elements is an essential requirement to
reduce radioactive waste occurring in fusion applications. Therefore, Cr or Zr elements
having low neutron activation can be preferred to decrease the high level of nuclear
waste instead of mostly used Nb or Mo elements that have higher neutron activation

in TiIVXTa HEA systems.
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1.8.  Thesis Organization

This thesis divided into four chapters. The first chapter is the general “Introduction”
including introduction and literature review. The second chapter is the “Experimental
Procedure” including the production and the characterization of alloys. This chapter
gives the details of alloy production using the vacuum arc melting method, heat
treatment procedure and the characterization techniques including X-ray diffraction
(XRD), in-situ XRD, optic microscope (OM) and scanning electron microscope
(SEM), hardness, compression and tension tests. The third chapter is the “Results and
Discussion” chapter including the results and the discussion of these results. The fourth
chapter is the “Conclusions and Future Predictions” including the summary of the

findings in this study and the suggestions for future studies.
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CHAPTER II

EXPERIMENTAL PROCEDURE

2.1.  Alloy Production

The alloy compositions were determined based on thermodynamic data calculations,
including AHmix, ASmix, 0, and VEC parameters. Table 2.1 and Table 2.2 tabulate the

nominal compositions of these selected alloy systems.

Table 2. 1. Nominal compositions Al-Co-Cr-Fe-Ni (Nb-T1) based alloys.

Alloy Al Co Cr Fe Ni Nb Ti

RAO1 8.00 30.00 18.00 9.00 31.00 4.00 -

RAO02 8.00 30.00 18.00 9.00 31.00 2.00 2.00
RAO08 8.00 30.00 18.00 9.00 25.00 5.00 5.00
RA10 14.29 14.29 14.29 14.29 14.29 14.29 14.29
RA14 8.00 30.00 18.00 9.00 31.00 - 4.00

Table 2. 2. Nominal compositions of AI-Hf-Mo-Nb-Ta-Ti (V) based alloys.

Alloy Al Hf Mo Nb Ta Ti v

RA20 16.67 16.67 16.67 16.67 16.67 16.67 -
RA23 14.29 14.29 14.29 14.29 14.29 14.29 14.29

The alloy ingots with nominal compositions of alloys were produced by Edmund
Biihler MAM-1 vacuum arc melter with Turbomolecular pumping system HVT52/G,
as seen in Figure 2.1 (a, b) using high purity elements (0.999 Al, Co, Cr, Fe, Ni, Nb,
Ti, Mo, Hf, Ta, Ti, and V, by weight) under an Ar atmosphere. The alloy ingots with
a mass of 3-5 g were cast three times to ensure chemical homogeneity. The alloys were
then cast into copper molds, given in Figure 2.1 (c), with diameters of 3 and 4 mm via

suction casting for compression and tension tests.
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Figure 2. 1. (a) Edmund Biihler MAM 1 vacuum-arc-melting device, (b) copper plate,

and (c) copper mold used for vacuum suction casting.

2.2. Heat Treatment of Alloys

The as-cast alloys were heat treated isothermally to investigate their thermal stability.
The heat treatment process of alloys was carried out using Protherm PLF Series
Chamber Furnace, shown in Figure 2.2. (a) and (b). The as-cast RAO1, RAOS, RA10,
and RA 14 alloys were continuously heated up to 1073 K (800 °C) and 1273 K (1000
°C) with a 10 K/min heating rate, kept isothermally at corresponding temperature for

24 hours and then furnace cooled.
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Figure 2. 2. (a) Protherm PLF Series Chamber Furnace and (b) inside the furnace.

2.3. Characterization

2.3.1. X-Ray Diffraction Analysis

The structural analysis and phase stability of the as-cast and heat-treated alloys were
investigated by XRD analysis using D8 Advance Bruker X-ray Diffractometer, as seen
in Figure 2.3 (a). XRD analysis was carried out using Cu-Ka radiation (A\=1.5406 A)
with the tube voltage of 40 kV and a current of 30 mA. The diffraction data were
collected in a diffraction angle range from 10° to 100° with a scanning rate of 2°/min.
XRD analysis was carried out on the bulk and powder form of rod specimens. The
specimens were initially ground to remove any oxide layer on the surface. The thermal
stability of the structure of the alloys was investigated using in situ high-temperature
XRD. The rod specimens were prepared in powder form using SPEX SamplePrep
8000M Mixer/Mill device, shown in Figure 2.4 for in-situ high-temperature XRD
analysis. The powder specimens were heated up to 1373 K with a heating rate of 300
°C/min in the furnace inserted in in-situ XRD equipment. The XRD data were collected
in a diffraction angle range from 10° to 100° with a scanning rate with 1K/min scanning
rate. The XRD data were collected at 298 K, 773 K, 873 K, 973 K, 1073 K, 1173 K,
1273 K, and 1373 K during heating and after quenching to room temperature.
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Figure 2. 3. (a) D8 Advance Bruker X-ray Diffractometer, and (b) X-ray tube,

detector, and specimen holders.

= e et ot e | B

Figure 2. 4. SPEX SamplePrep 8000M Mixer/Mill ball milling device.

2.3.2. Optical and Scanning Electron Microscopy (SEM) Analysis

The microstructure of as-cast alloys, heat-treated alloys, and fractured surfaces of
alloys were investigated using OM and SEM analysis. The OM and SEM analysis were
performed using Nikon Eclipse LV150 digital camera optical microscope, seen in
Figure 2.5 (a), and FEI Nova NanoSEM 430 Scanning electron microscope, given in
Figure 2.5 (b), respectively. The elemental and element distribution analysis were
carried out using Energy-dispersive X-ray Spectroscopy detector (EDS) inserted in
FEI Nova NanoSEM 430 scanning electron microscope. The OM and SEM specimens
were initially ground using 400, 600, 800, 1000, 1200, and 2500 grit sized SiC papers
and then polished with 6 pm Alumina solution. The RAO1, RA02, RAO8, RA10,RA14
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alloys were etched using aqua regia (3HCI:HNO3) acid solution, and RA20 and RA23
were etched using HF:HNO3:8H>0 acid solution.

Figure 2. 5. (a) Nikon Eclipse LV150N optic microscope, and (b) FEI Nova NanoSEM

430 scanning electron microscope.

2.4. Mechanical Tests

The mechanical properties of the as-cast and heat-treated alloys were investigated
using hardness, compression and tension tests. The hardness tests were performed
using INNOVATEST Nexus 7500TM Universal Hardness Tester shown in Figure 2.6.
The Vickers micro-hardness tests due to ASTM standard E92 were carried out using a
test load of 1 kgf for RA20 and RA23 alloys and 10 kgf for RAO1, RA02, RAOS,
RA10, and RA14 alloys. At least 10 indentation measurements were taken for each
specimen, and then the average Vickers Hardness (HV) values with standard
deviations were calculated. The HV values were also converted into MPa by

multiplying by 9.807 for convenience.
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Figure 2. 6. INNOVATEST Nexus 7500TM Universal hardness tester.

The compression test specimens of as-cast RAOI, RAO8, and RA14 HEAs were
prepared due to ASTM E9-19 standard using Instron 5582 universal testing machine,
as shown in Figure 2.8 (a) and (b). The specimens were adjusted to the gauge
dimensions of ~3 mm in diameter and ~6 mm in height to achieve an aspect ratio of
2:1. The test specimens were precisely cut into 5-6 mm by Buehler branded IsoMet
5000 Linear Precision Saw device, as shown in Figure 2.7, and ground to obtain
parallel surfaces. The compression tests were performed on three specimens for each
alloy to obtain average compressive properties. Compression tests were done with a
strain rate of 10, The tensile tests were performed on RAO1 and RA14 alloys. The
test specimens with the gauge dimensions of 4 mm in diameter and 16 mm in height
were prepared according to ASTM E8/E8M standard. Two specimens were prepared
for each alloy, and average tensile properties were determined. Tension tests were
operatued with a crosshead speed of 1 mm/min. The fracture surfaces of specimens
were then investigated using FEI Nova NanoSEM 430 scanning electron microscope

shown in Figure 2.5 (c).
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Figure 2. 8. (a) Instron 5582 mechanical testing machine with (b) compression

apparatus holding 3 mm specimen, and (c) tensile apparatus holding 4 mm specimens.
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CHAPTER III

RESULTS AND DISCUSSION

3.1. Thermodynamic Calculations of High Entropy Alloys

The calculated thermodynamic parameters; AHmix, ASmix, VEC, and atomic size
differences (0) of equiatomic and nonequiatomic Al-Co-Cr-Fe-(Ni-Nb-Ti) alloys were
tabulated in Table 3.1. It was observed that the variation of Ni, Nb, and Ti
concentrations of the alloys effect the thermodynamical parameters of the high entropy
alloys. For instance, while all other nonequiatomic HEA alloys given in Table 3.1 have
average negative AHmix values, equiatomic RA10 alloy has the largest negative AHmix.
This AHnix value is mainly caused by the significant decrease in Co, Ni, and increase
in Al, Fe, Nb, and Ti concentrations in the alloy. It was also expected that possible
intermetallic phases could form in the alloy due to the high AHmix. The expected crystal
structures based on the calculated VEC values are single FCC for RA01 (31% Ni—4%
Nb), RA02 (31% Ni—2% Nb —2% Ti), and RA14 (31% Ni—4% Ti) HEAs, both FCC
and BCC for RAO8 HEA and a single BCC for equiatomic RA10 HEA. The structure
change is mainly due to the atomic size differences between constituent elements.
Table 3.2 gives the list of atomic radius values of the constituent elements of the

studied alloys.
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Table 3. 1. Thermodynamical data of alloys.

Expected
Alloy  AHpix (kJmol™") ASmix (JK'mol™) ASmix  VEC ) Crystal

Structure
RAO1 -11.11 13.14 1.58R  8.04 4.69 FCC
RAO02 -11.59 13.37 1.60R  8.02 4.83 FCC
RAOS8 -15.74 14.42 1.73R  7.69 575 FCC+BCC
RA10 -25.88 16.18 1.94R 643 7.25 BCC
RA14 -11.75 13.14 1.58R 8 4.98 FCC

Table 3. 2. Atomic radii of constituent elements of the alloys.

Element Atomic Radius (nm)
Al 0.14317 [12]
Co 0.12510[12]
Cr 0.12491 [12]
Fe 0.12412 [12]
Ni 0.12459 [12]
Nb 0.14290 [12]
Ti 0.14615 [12]

3.2.  Characterization of As-Cast High Entropy Alloys

3.2.1. X-Ray Diffraction Analysis

Figure 3.1 displays the XRD patterns of as-cast Al-Co-Cr-Fe-(Ni-Nb-Ti) alloys. XRD
pattern of as-cast nonequiatomic RAO1 alloy shows the FCC phase as expected from
its VEC calculations. The overlapped main peaks of the NizAl phase were also
observed for RAOI alloy due to the XRD analysis. The lattice parameter of the FCC
phase in the RAO1 alloy was determined as 0.3592 nm, based on the interplanar
spacing of peaks from the XRD pattern. Ni3Al is an intermetallic L1, phase having an
ordered FCC crystal structure, and the formation can be interpreted by the Al and Nb

contents, which are the most L1 stabilizers in alloy [22]. The lattice parameter of the
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NizAl phase in the RAO1 alloy was determined as 0.3590 nm. The as-cast
nonequiatomic RAO02 alloy is composed of FCC phase as expected from its VEC
calculations, but RA02 alloy has the strongest Ni3Al peaks, which are overlapped with
FCC peaks, as well. The corresponding lattice parameters of FCC and NizAl phases in
the RAO2 alloy were determined as 0.3597 nm and 0.3592 nm, respectively. Co and
Ni are the FCC stabilizers, so their high concentrations promote the formation of the
FCC phase. On the other hand, lower concentrations of Al and Fe promotes the BCC
phase formation. The XRD pattern of RA08 alloy indicates FCC + BCC double phase
formation as expected from the VEC calculations. The additional peaks corresponding
to the intermetallic phases were also observed. The corresponding lattice parameters
of FCC and BCC phases were calculated as 0.3597 nm and 0.3375 nm, respectively.
The higher concentration of the Ti element compared to RAO1 and RA02 alloys results
in the formation of an ordered FCC NisTi phase. The formation of intermetallic NizTi
phase is due to the high-negative AHmix value of the atomic bonding pair between Ni
and Ti elements. Table 3.3 tabulates the AHmix values of elements. The AHmix value
between Ni and Ti elements is -34.5 kJmol™! from Table 3.3, which indicates they have
the weakest bonding interaction between each other compared to the other atom pairs.
Therefore, Ni and Ti are more likely to form an intermetallic phase in RAOS alloy.
Moreover, from the XRD pattern of RAOS alloy, Laves phase reflection was also
observed. The XRD pattern of as-cast equiatomic RA10 alloy shows the mixed FCC
and BCC phases and additional Laves and B2 reflections. The lattice parameters of
FCC, BCC, and B2 phases were determined as 0.3587, 0.3396, and 0.3329 nm,
respectively. Even though the VEC calculations indicate a single BCC crystal
structure, the XRD analysis indicates multiphase formation. It also reveals that the
VEC number is not the only criterion to guess the final phase formation. The variation
of elements and their concentrations play a significant role in the intermetallic phase
formation in high entropy alloys. RA 10 alloy has the highest Nb and Ti concentrations
amongst other alloys. Nb and Ti are poorly compatible with other transition metals,
Al, Co, Cr, Fe, and Ni. Therefore, their atomic size differences promote the formation
of intermetallic phases. The XRD pattern of RA14 alloy indicates nice FCC
reflections, which has a lattice parameter of 0.3589 nm. The XRD fitting analysis also
reveals the reflections of tetrataenite FeNi phase overlapped with FCC peaks. The
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lattice parameter of FeNi was calculated as 0.3587 nm. The tetragonal FeNi is an L1o

type metallic phase, which is an essential magnetic phase in Fe-Ni based alloys [76].
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Figure 3. 1. XRD patterns of as-cast HEAs.

Table 3. 3. AHumix values of elements in kJ.mol™ [77].

Al Co Cr Fe Ni Nb Ti
-18.8 -9.9 -11.1 -22.3 -18.2 -29.5 1Al
-4.5 -0.6 -0.2 -24.5 -28.3Co
-1.5 -6.7 -7.2 -7.5|Cr

-1.6 -15.7 -16.8 | Fe
-29.9 -34.5 | Ni
2.0|Nb

Ti
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3.2.2. Microstructure Analysis

The microstructure of as-cast and heat-treated alloys were investigated using OM and
SEM. Figure 3.2 shows the SEM images of as-cast Al-Co-Cr-Fe-(Ni-Nb-Ti) alloys at
different magnifications. SEM micrographs of all alloys exhibited dendritic and
interdendritic structures. Figure 3.2 (a, b) illustrates the SEM images of RAO1 alloy.
The micrograph shows the precipitates between dendrites. These precipitates were
defined as NiszAl from the XRD analysis. SEM images in Figure 3.2 (¢, d) show more
dense dendritic structure formation in RA02 due to 2 at.% decrease in Nb, and 2 at.%
addition of Ti element. SEM images of RA0S8 in Figure 3.2 (e, f) illustrate the more
dispersed (less equiaxed) dendritic structure and precipitates. It can be interpreted that
the precipitates were formed due to the formation of intermetallic phases depending
on the decrease in Ni, and increase in both Nb and Ti concentrations. The SEM images
of equiatomic RA10 alloy are presented in Figure 3.2 (g, h). RA10 alloy has the most
dispersed interdendritic regions due to the intermetallic phase formation supported by
XRD analysis. Figure 3.2 (i, j) illustrates the SEM images of RA14 alloy. The
micrographs show the equiaxed precipitates embedded in the dendritic matrix. These
precipitates are determined as the tetrataenite FeNi phase with tetragonal structure due

to XRD analysis.

The elemental analysis of the alloys was also performed. Table 3.4 and Table 3.5 show
the EDS analysis of alloys from the whole surface, dendritic, and interdendritic
regions. The EDS analysis reveals the accumulation of Nb and Ti elements at
interdendritic regions due to their high negative AHmix for the alloys except RA10
alloy. Cr and Fe tended to be segregated into dendritic regions in all alloys. According
to EDS results, noticeable decreases in Al and Ni, a slight decrease in Fe, and a
significant increase in Nb concentrations in interdendritic regions are observed in
RAO1 alloy. It can be interpreted that precipitates occurred in interdendritic regions
are observed due to Nb segregation. In RAOS8, growth and disarrangement in
precipitates can be explained by critical increases in Al, Ni, and Ti elements causing
Ni3(Ti, Al)-based NisTi phase in the interdendritic region. The elemental analysis of
RA14 alloy reveals the Al pile up at dendritic regions and minor increases in Ni and

Ti at interdendritic regions.
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Figure 3. 2. SEM images of as-cast (a) RAO1 (1000x), (b) RAO1 (2000x), (¢) RA02 (1000x),
(d) RA02 (2000x), (c) RA08 (1000x), (f) RA0O8 (2000x), (g) RA10 (1000x), (h) RA10 (2000x%),
(i) RA14 (1000x), and (j) RA 14 (2000x)
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Table 3. 4. EDS analysis of alloys in at.%.

Al

Co

Cr

Fe

Ni

Nb

Ti

RAO1

RAO02

RAO8

RA10

RA14

9.14+0.08

9.01+0.28

8.23+0.02
13.73

7.724£0.10

29.02+0.23

30.11£1.14

29.76+1.07
13.00

29.59+0.11

17.85+0.22

17.28+0.64

17.26+0.77

15.41

18.15+0.12

9.09+0.16

9.07+0.10

9.11+0.05

15.68

9.16+0.04

30.40+0.13

30.73£0.05

25.09+0.28
15.55

31.32+40.05

4.51+0.29
2.384+0.04
5.64+0.02

12.78

2.06+0.10

5.00+0.16

13.85

4.07+0.37

Table 3. 5. EDS analysis of dendritic (D) and interdendritic (ID) regions of alloys in

at.%.
RAO1 RAO02 RAO8 RA10 RA14

D ID D ID D ID D ID D ID
Al 3.19 2091 490 4.18 8.15 1555 | 7.86 2583 | 7.22  0.57
Co | 3192 3236 | 31.81 29.04 | 30.45 2492 | 12.26 17.19 | 30.89 31.89
Cr | 16.86 12.51 | 18.51 15.26 | 20.44 9.63 | 22.18 3.24 | 18.76 18.46
Fe 8.96 682 | 10.10 7.66 | 10.65 5.15 | 19.82 6.73 | 10.00 8.97
Ni | 3632 26.15 | 32.69 3049 | 2486 2836 | 8.84 24.60 | 30.45 34.90
Nb | 2.77 1937 | 0.79 9.71 2.31 590 | 1731 3.83 - -
Ti - - .20 3.67 | 3.15 10.51 | 11.73 18.59 | 2.68 5.23

The EDS elemental distribution maps of alloys are illustrated in Figure 3.3. EDS maps

confirm the segregation of Nb and Ti through interdendritic regions, while Cr and Fe

pile up at dendritic regions for (a) RAO1, (b) RA02, (c) RA08, and (d) RA14 alloys.

The accumulate of Ni in the precipitates distributed in the dendritic matrix of RA14

alloy supports the XRD analysis that claims the formation of the tetragonal FeNi phase.
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Figure 3. 3. EDS maps according to elemental distributions of (a) RAO1, (b) RA02,
(c) RAOS, (d) RA14 HEAs

3.3. Characterization of Isothermally Heat-Treated High Entropy Alloys

The as-cast alloys were heat-treated to investigate their high-temperature behavior and
the effect of heat treatment on their microstructure, phase stability, and mechanical
properties. The RAO1, RA08, RA10, and RA 14 alloys were isothermally annealed at
1073 K (800 °C) and 1273 K (1000 °C) for 24 hours to investigate the precipitation
behavior, phase stability, and mechanical properties. The alloys were then cooled to
room temperature rapidly. The phase stability and microstructure of isothermally

annealed alloys were investigated using XRD and optic microscopy.

3.3.1. RAO1 (AlsCo30CrisFeoNi3iNb4) Alloy

Figure 3.4 shows the XRD patterns of as-cast and isothermally annealed RAO1 alloy
at 1073 K, and 1273 K temperatures for 24 hours. XRD patterns indicate that the
isothermally annealed RAOI alloy at 1073 K and 1273 K temperatures keep its
structure, and it is composed of FCC and NizAl phases. It shows the phase stability of
RAO1 alloy. Some of the peaks corresponding to FCC and Ni3Al phases are not
observed in the XRD pattern of the isothermally annealed RAO1 alloy at 1273 K due
to preferred orientation. It is also observed that the FCC peaks are shifting to larger
theta values by increasing the isothermal annealing temperature. Thus, the interplanar
spacing, d values decrease slightly due to the increase in lattice strain energy and lattice

distortion. The heat treatment also affected the lattice parameters. The lattice



parameter of the FCC phase decreases from 0.3592 nm to 0.3578 nm at 24-hours 1073
K HT, and to 0.3552 nm at 24-hours 1273 K HT conditions.
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Figure 3. 4. XRD patterns of as-cast RAO1 alloy, isothermally annealed RAO1 alloy
at 1073 K for 24 hours and isothermally annealed RAO1 alloy at 1273 K for 24 hours.

The optic microscope (OM) images of as-cast RAO1 alloy, isothermally annealed
RAO1 alloy at 1073 K, and 1273 K are presented in Figures 3.5 (a, b), (¢, d) and (e, f),
respectively. The microstructures of as-cast and heat-treated alloys exhibit two distinct
regions; dendritic (darker regions) and interdendritic (lighter regions). These are
typical microstructures of many HEAs. The contrast differences between dendritic and
interdendritic regions are due to the difference in chemical compositions. The
dendrites become coarser when annealed at 1073 K for 24 hours due to grain growth.
The micrographs in Figure 3.5 (e, f) show a finer dendritic structure, which is similar
to equiaxed dendrites for isothermally annealed RAO1 alloy at 1273 K for 24 hours. It
is worth to mention that the dendritic structure will probably transform into equiaxed

dendritic grains when longer annealing time at 1273 K is applied.
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Figure 3. 5. OM images of (a, b) as-cast RAOI alloy, (c, d) isothermally annealed
RAO1 alloy at 1073 K for 24 hours, and (e, f) isothermally annealed RAO1 alloy at
1273 K for 24 hours at different magnifications.

3.3.2. RAO08 (AlsCo30CrisFeoNi2sNbsTis) Alloy

Figure 3.6 presents the XRD patterns of as-cast and isothermally annealed RA0S8 alloy
at 1073 K and 1273 K for 24 hours. It is observed that phases remain stable during
isothermal annealing. Furthermore, the FCC reflections shift to larger theta by
increasing the isothermal annealing temperature. It is seen that the peaks
corresponding to the Laves phase become more distinct and sharper for isothermally
annealed RAOS alloy at 1273 K. The lattice parameter of the FCC phase decreases
from 0.3597 nm (1073 K HT) to 0.3578 nm for 1273 K isothermal annealing condition.
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Figure 3. 6. XRD patterns for RAO8 HEA isothermally annealed at 1073 K (800 °C)
and 1273 K (1000 °C) for 24 hours.

The OM images of as-cast RAOS alloy, isothermally annealed RA08 alloy at 1073 K,
and 1273 K are presented in Figure 3.7 (a, b), (c, d) and (e, f), respectively. The
microstructures of as-cast and heat-treated alloys exhibit two distinct regions; dendritic
(darker regions) and interdendritic (lighter regions). The microstructure of the alloy

remains nearly same through the heat treatment process, which shows the phase

stability of this alloy.
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Figure 3. 7. OM images of (a, b) as-cast RAOS alloy, (c, d) isothermally annealed
RAO8 alloy at 1073 K for 24 hours, and (e, f) isothermally annealed RAO0S alloy at
1273 K for 24 hours at different magnifications.

3.3.3. RA10 (AICoCrFeNiNbTi) Alloy

The XRD patterns of as-cast and isothermally annealed RA10 alloy at 1073 K and
1273 K for 24 hours are illustrated in Figure 3. 8. The phase stability of the RA10 alloy
is seen from the XRD analysis. However, at 1273 K-HT condition, additional
oxidation peaks are observed. It is mainly caused during the annealing process at the
high temperature. The RA10 alloys have B2 and Laves phases. These are the typical
intermetallic phases observed in HEAs. The intermetallic phase formation in HEAs is

sometimes inevitable, and a new term, high entropy intermetallic compounds (HEIC),
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has been introduced to fill the gap between traditional high entropy alloys and
emerging (mostly ionic) HEAs. HEIC serves new metallic material of new

characteristics of high entropy alloy [78].
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Figure 3. 8. XRD patterns for RA10 HEA isothermally annealed at 1073 K (800 °C)
and 1273 K (1000 °C) for 24 hours.

The OM images of as-cast RA10 alloy, isothermally annealed RA10 alloy at 1073 K,
and 1273 K are presented in Figure 3.9 (a, b), (c, d) and (e, f), respectively. The
micrographs indicate dendritic and interdendritic regions with contrast differences.
Furthermore, the microstructure of the alloy remains similar after each annealing step.
There is no noticeable change in the structure of dendrites. RA10 alloy has
intermetallic phases and strong phase stability. The phase stability is an important

advantage for possible applications of this alloy.
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100 pm

Figure 3. 9. OM images of (a, b) as-cast RA10 alloy, (c, d) isothermally annealed
RA10 alloy at 1073 K for 24 hours, and (e, f) isothermally annealed RA10 alloy at
1273 K for 24 hours at different magnifications.

3.3.4. RA14 (AlsCo30CrisFeoNisi Tis) Alloy

Figure 3.10 illustrates the XRD patterns of as-cast and isothermally annealed RA14
alloy at 1073 K and 1273 K for 24 hours. XRD analysis shows the phase stability
during isothermal annealing. The lattice parameters of the FCC phase were calculated
as 0.3589 nm, 0.3580 nm, and 0.3564 nm for as-cast, 1073 K HT, and 1273 K HT
conditions, respectively. The lattice parameter of the FCC phase decreases with
annealing. The XRD pattern of isothermally annealed RA14 alloy at 1273 K has

additional oxidation peaks, and the reflections were fit as Maghemite-C, Fe>O3 phase.
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When compared with RAOI alloy, which has 4 at.% Nb, RA14 alloy has weaker
oxidation resistance with its 4 at.% Ti content at 1273 K HT condition. It may be

concluded that Nb serves better oxidation resistance than Ti at high temperatures.
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Figure 3. 10. XRD patterns of as-cast RA14 alloy, isothermally annealed RA 14 alloy
at 1073 K (800 °C) and 1273 K (1000 °C) for 24 hours.

The OM images of as-cast RA 14 alloy, isothermally annealed RA 14 alloy at 1073 K,
and at 1273 K in are presented in Figure 3.11 (a, b), (c, d) and (e, f), respectively. The
microstructures of as-cast and heat-treated alloys exhibit dendrite grains and
precipitates. These precipitates were determined as FeNi from XRD analysis. The
dendritic grains become more equiaxed with annealing. The precipitates become

coarser and needle-like with heat treatment and increasing annealing temperature.
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Figure 3. 11. OM images of (a, b) as-cast RA14 alloy, (c, d) isothermally annealed
RA14 alloy at 1073 K for 24 hours, and (e, f) isothermally annealed RA14 alloy at
1273 K for 24 hours at different magnifications.

3.4. Characterization of Mechanical Properties of High Entropy Alloys

3.4.1. Hardness Measurements

The microhardness test results of as-cast and heat-treated RAO1, RA08, RA10, and
RA14 alloys are given in Figure 3.12. The hardness values vary depending on the
differences in main elements, their concentrations and atomic sizes, and the heat
treatment process. The as-cast RAO1 alloy has a low value of 29112 HV (2849+118
MPa) as it has high amounts of Ni (31 at.%) and Co (30 at.%), which are FCC
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stabilizers, and low amounts of Al (8 at.%) and Fe (9 at.%). It is noteworthy to mention
that the soft and ductile FCC phase is responsible for low hardness value. The HV
value of as-cast RAO1 alloy increases drastically to 420+11 HV (4117+104 MPa) when
the alloy is heat-treated at 1073 K, and 40311 HV (3948+110 MPa) when the alloy

is heat-treated at 1273 K. This increase may due to an increase in lattice strain energy.

The hardness value of as-cast RAOS alloy is measured as 534 £10 HV (5235+95 MPa),
which is higher than that of RAO1 alloy. This difference may result from the lower
concentration of Ni element, and higher concentrations of Nb and Ti elements in RAOS
alloy. The HV value of as-cast RAO8 alloy increases significantly to 611+11 HV
(5989+£106 MPa) when the alloy is heat-treated at 1073 K due to the presence of
intermetallic phases. The increase in annealing temperature to 1273 K, the hardness
value decreases sharply to 437+13 HV (4289+127 MPa). The decrease in hardness
may due to the increase in the volume fraction of the FCC phase with increasing heat

treatment temperature. The grain growth may result in a decrease in hardness, as well.

The highest hardness values were observed in as-cast and heat-treated equiatomic
RA10 alloy due to the high amount of Nb, Al, Fe, and Ti elements and the presence of
the Laves phase. The hardness value of as-cast RA10 alloy increases from 702+9 HV
(6885+90 MPa) to 756+12 HV (7404+120 MPa) when heat-treated at 1073 K. The
hardness value decrease to 721+£3 HV (7061+30 MPa) after 1273 K HT. The lowest
HV values are observed in as-cast and heat-treated RA14 alloy. The HV value of
27410 HV (2688+100 MPa) is achieved at in as-cast RA 14 alloy. The hardness values
of RA14 and RAOI alloys are closed to each other. The hardness value increases to
3716 HV (363759 MPa) and 377+15 HV (3697142 MPa) when heat-treated at
1073 K and 1273 K, respectively. The increase in hardness values is due to the

presence of intermetallic phase formations.
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Figure 3. 12. Vickers hardness graph presenting hardness values with their standard

deviations of both as-cast and heat-treated alloys at 1073 K and 1273 K.

3.4.2. Compression Tests

The compression tests were applied on as-cast RAOI, RAOS, and RA14 HEAs. RA10
alloy has multi intermetallic phases; therefore, it was also too brittle to conduct a
compression test. The specimens were prepared initially due to the standards (as
mentioned in the previous chapter), and the photos of specimens before and after
compression tests are given in Figure 3.13. The RAO1 and RA 14 alloy specimens were
completely barreled after the compression test was completed. The RAO1 and RA14
alloys are also extraordinarily ductile and due to their high amount of FCC phase.
Barreling occurs in these alloys due to strain hardening; thus, the plastic deformation
occurs after a specific stress value, cross-sectional areas of specimens change, and
diameters increase after the compressive force, which is called the bulge effect. The
RAO8 alloy specimen after the compression test, as shown in Figure 3.13, was

fractured with an angle closed to 45°, which is an indicator of ductile behavior. RAOS
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alloy has a mixed FCC+BCC structure, and the presence of FCC improves the ductility

of an alloy.

RAO1 RAO08 RA14

5 e ©

Barreling Fragment Barreling

Figure 3. 13. The 3 mm diameter and 5 mm length compression test specimens of
RAO1, RAO0S, and RA14 alloys, which were prepared due to standards (top) and the

barreled and fragmented specimens after compression tests (below).

Figure 3.14 shows the compressive engineering stress-strain diagrams of as-cast
RAO1, RA08, and RA14 alloys. The bulging of RAO1 and RA14 alloys due to strain
hardening are observed from their stress-strain curves, as well. It is seen that RAO1
and RA 14 alloys strain hardened, starting from 3141 MPa and 1834 MPa stress levels,
respectively. Table 3.6 tabulates the compressive yield strength (oy), ultimate
compressive strength (omax), and compressive fracture strain (gr) of RAOL, RA08, and
RA14 alloys. The oy values of the alloys were determined from the diagrams using
0.002 strain offset rule. The compressive oy values of RAO1 and RA14 are determined
as 387 MPa and 343 MPa, respectively. The presence of the tetrataenite FeNi phase
can be interpreted as responsible for the lower oy value of RA14 than that of RAO1
alloy. Due to the bulge effect, the ultimate compressive strength (omax) and
compressive fracture strain (&r) values could not be determined from their compression

tests.

The fracture of the RAOS alloy specimen occurs after a nice plastic deformation, as

seen from its compressive engineering stress-strain diagram in Figure 3.14. The
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compressive Oy, Omax, and &r values of RA08 alloy were determined as 848 MPa, 2615
MPa, and 21.76%, as listed in Table 3.6. The significant increase in the oy value of
RAO8 compared to RAOl and RAI14 alloys are mainly due to the BCC and
intermetallic Laves phases. It should be mentioned that the high Ti concentration in

RAOS alloy enhances the strength of the alloy significantly.
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Figure 3. 14. Compressive stress-strain curves of RAO1, RA0S, and RA14 HEAs.

Table 3. 6. Compressive properties of RAOI, RAOS, RA14 HEAs.

Alloy oy (MPa) Omax (MPa) &r(%)
RAO1 387 - -
RAO8 848 2616 21.77
RA14 343 - -
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The fractured surface of RAO8 HEA after compression test were investigated using
SEM. Figure 3.15 (a) and (b) indicate the SEM images of the fractured surface of
RAO8 alloy. The fracture surface of RA0S8 alloy indicates cleavage fracture implying
a brittle character and dimples in various sizes due to the ductile type of behavior. The
surface of the alloy shows cleavage facets and river patterns. It shows the brittle
character of fracture due to the presence of Laves and BCC phases. The presence of
dimples, which are microvoids that occurred during ductile fracture, and dimpled
rupture is the indicator of plastic deformation. The FCC phase is responsible for the

ductile type of fracture.

Flat Facets Dimple

50 pm W ma \ e—1 0 V 11}
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Figure 3. 15. SEM micrographs of the fractured surface of RAOS8 alloy after

compression test.

Comparison of compressive properties of RAO1, RAOS, and RA14 HEAs with other
CoCrFeNi-based alloys is presented in Table 3.7. It is seen that both 3 alloys have
better compressive properties. Thus it may have the potential for structural applications
compared to other alloys except for the CoCrFeMnNiTi.25 alloy. Higher Co and lower

Nb-Ti contents can be attributed to lower yield strength and higher strain level.
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Table 3. 7. Comparison of compressive properties of HEAs with CoCrFeNi-based

alloys.

Alloys oy (MPa) &r(%)
RAO1 (AlgCo30CrisFeoNiszNbas) 387 -
RAO08 (AlgCo30CrisFeoNiasNbsTis) 848 21.77
RA14 (AlgCo30CrisFeoNisz Nbs) 343 -
AlCo¢.2sCrFeNi [41] 1363 19
AlCo.75CrFeNi [41] 1332 20
AlCoCrFeNbo»sNi [79] 1959 10.5
AlCoCrFeNbo.75Ni [79] 2473 4.1
CoCrFeMnNiTig 25 [80] 317 -
CoCrFeMnNiTig.75[80] 1578 7

3.4.3. Tensile Test Results of RAO1 and RA14 High Entropy Alloys

The uniaxial tensile tests of RAO1 and RA 14 alloys were carried out to determine the
yield strength (oy), tensile strength (cuts), and strain rate (&r) because the compression
tests these alloys did not supply these parameters due to bulging. Aluminum 3105 alloy
was used as a standard tensile test specimen to compare the mechanical test results.
Figure 3.16 (a) and (b) show the tensile stress-strain diagrams of as-cast RAO1 and

RA14 alloys and Aluminum 3105 alloy.
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Figure 3. 16. Tensile test results of (a) RAO1 and RA14 HEAs, and (b) Aluminum
3105 alloy.
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The standard Aluminum 3105 alloy is composed of AlMngsMgo.s compound, which
is greatly formable, weldable, and highly corrosion resistant alloy. The ultimate tensile
strength value of Aluminum 3105 alloy was reported between 115 and 145 MPa [81].
The ultimate tensile strength value of Aluminum 3105 was determined as 125 MPa
from the stress-strain diagram in Figure 3.16 (b). This value is in the acceptable range,
which shows the reliability of the tensile test machine and tensile test analysis. The
stress-strain diagrams of as-cast RAO1 and RA14 alloys in Figure 3.16 (a) present the
yielding followed by the plastic deformation region and fracture of the alloys. The
tensile test analysis of the alloys also reveals the ductile behavior of alloys. It is clear
that RA 14 alloy is more ductile than RAO1 alloy where the area under the stress-strain
curve of RA14 upon fracture is greater than that of RAO1 alloy. The yield strength
(oy), ultimate tensile strength (cuts), and tensile fracture strain (&) values determined
from stress-strain diagrams in Figure 3.16 were listed in Table 3.7. The & values were
determined using the 0.002 strain offset rule. The oy were determined as 568 MPa and
486 MPa for RAO1 and RA14 alloys, respectively. The ocurs and &r values were
determined as 765 MPa and 3.90% for RAOI, and 844 MPa and 29.76% for RA14
alloy, respectively. The higher oy value of RAO1 is due to the Nb concentration of the
alloy. RA 14 has more considerable ductility and toughness.

Table 3. 8. Values yield strength (oy), ultimate tensile strength (curs), and strain values

at break (€comp) for RAO1 and RA14 HEAs.

Alloy oy (MPa) Omax (MPa) &%)
Aluminum 3105 - 125 -

RAO1 568 765 3.90

RA14 486 844 29.76

SEM images in Figure 3.17 (a, b) and (c, d) present the fractured surfaces of RAO1
and RA14 alloy after the tensile test, respectively. Fractured surfaces of both alloys
indicate dimples and dimpled rupture, which reveals the ductile type of fracture. The

dimple sizes are greater for RA14 alloy than that of RAO1 alloy. This difference is
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mainly due to the higher strain rate of RA14, where the dimple density decreases, and

thus the dimple size increases due to the increase in strain rate.

(b)

- Dimples

y

Figure 3. 17. SEM images of fractured surfaces of (a, b) RAO1 and (c, d) RA14 alloys

after tensile test.

3.5. Characterization of High Entropy Alloys for High-Temperature
Applications

The AIHfMoNbTaTi (RA20) and AIHfMoNbTaTiV (RA23) alloys were investigated
to determine their high-temperature behavior. The calculated thermodynamic
parameters, AHmix, ASmix, VEC, and atomic size differences (d) of equiatomic RA20
and RA23 alloys, were listed in Table 3.10. Both alloys have medium-negative AHmix
values, which indicate that solid solution phases may form. The expected crystal
structure is BCC for RA20 and RA23 alloys based on the VEC numbers. Furthermore,
the atomic size differences, o, are also small enough to prevent any possible
intermetallic phase formation. Atomic radius values of each constituent element of

RA20 and RA23 alloys are given in Table 3.11. According to the estimated values of
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density (p) and melting point (Twm), it is concluded that both alloys are appropriate for
low density and high melting point criteria. Therefore, these two alloys were designed
for high temperature applications because of their low density and high melting
temperature values. Table 3.9 gives the list of crystal structures, densities (p), and
melting points (Tm) of RA20, RA23, and other reported alloys with similar
compositions. All the densities are experimentally calculated ones except RA20
(AIHfMoNbTaTi) and RA23 (AIHfMoNbTaTiV) alloys. RA20 and RA23 alloys have

great potential as high temperature applications with their high melting points.

Table 3. 9. Crystal structures, densities (p), and melting points (Tm) of RA20, RA23

alloys, and other alloy systems published in recent years.

Alloys Crystal structure (g.cﬁns) (;Fé“)
AlHfMoNbTaTi B2+BCC 9.58 (Theor.) 2112
AIHfMONbTaTiV B2+BCC 9.18 (Theor.) 2083
AIMoNDTi [83] BCC 6.46 1780
AIMoNDbTaTi [84] BCC 8.54 2089
AIMoTaTiV [85] BCC 8.05 -
AIMoNbTaV [86] BCC (at 873 K) 9.10 2202
AICrMoNDTi [83] BCC + Laves 6.56 1780
AICtMoNbTiV [86] BCC (at 873 K) 6.50 1881
MoNbTaTiV [86] BCC1 + BCC2 9.40 2325
AlpsMoNbTaTiV [87] BCC1 + BCC2 9.12 2543
AlpsMoNbTaTiV [87] BCC1 + BCC2 8.79 2428
AliMoNbTaTiV [87] BCC1 + BCC2 8.15 2328
AlMoo sNbTagsTiZr [88] BCC1 + BCC2 7.14 1982
AlMog sNbTagsTiZros [19] B2 7.40 -
AINbTaosTiZros [19] B2 7.10 -
AIHfNbTaTiZr [89] BCC1 + BCC2 8.92 -
AlosHfNbTaTiZr [89] BCC 9.34 -
HfNbTaTiZr [65] BCC 9.72 .
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Table 3. 10. Thermodynamical parameters of RA20 and RA23 alloys.

Alloy  AHmix (kJmol™")  ASmix JK'mol')  VEC 5 p(g/em’®)  Twm(K)

RA20 -13.15 14.9 4.5 447 9.58 2385.1

RA23 -13.03 16.18 457 531 9.18 2356.1

Table 3. 11. Atomic radius values in nm of each element in RHEASs.

Elements Atomic Radius (nm)
Al 0.14317 [33]
Hf 0.15775 [33]
Mo 0.13626 [33]
Nb 0.14290 [33]
Ta 0.14300 [33]
Ti 0.14615 [33]
A% 0.13160 [33]

3.5.1. In situ XRD Analysis of Refractory High Entropy Alloys

In situ XRD technique was used to investigate the structure and phase stability of
RA20 and RA23 alloys while heating. The XRD patterns were obtained while
gradually increasing annealing steps. Figure 3.18 indicates the in situ XRD patterns of
RA20 alloy prepared in the powder form. In situ XRD patterns of RA20 alloy show
mixed BCC+B2 phase structure at room temperature. The phase structure of RA20
alloy does not change during heating and apparently sustains its stability at high
temperatures. The lattice parameter of the BCC phase was determined as 0.3260 nm
at room temperature. The BCC peaks shift toward smaller thetas. Thus the lattice
parameter of BCC increases slightly while heating. Figure 3.19 shows the XRD pattern
of RA20 after quenched to room temperature. The XRD pattern has B2/BCC

reflections, as well.
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Figure 3. 18. In situ XRD patterns of RA20 alloy.
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Figure 3. 19. XRD pattern of RA20 alloy after quenching to room temperature.
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The in situ XRD patterns of RA23 alloy in the powder form is shown in Figure 3.19.
In situ XRD patterns of RA20 alloy show mixed BCC+B2 phase structure at room
temperature. The phase stability of RA20 alloy is observed while heating the alloy.
The mixed BCC+B2 phase structure is commonly seen for HEAs. The coherent
relationship between BCC and B2 phases is important, especially for mechanical
properties. The lattice parameter of the BCC phase was determined as 0.3228 nm at
room temperature. The BCC peaks shift toward smaller thetas, so the lattice parameter
of BCC increases slightly while heating. In the XRD pattern of RA23 after quenched
to room temperature shown in Figure 3.21, lattice parameter of the BCC phase is
calculated as 0.3248 nm due to the shifting of reflections. Table 3.12 gives the list of
AHmix values of constituent elements of RA20 and RA23 alloys.
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Figure 3. 20. In situ XRD pattern of RA23 alloy.
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Figure 3. 21. XRD pattern of RA23 alloy after quenching to room temperature.

Table 3. 12. AHnix values of constituent elements of RA20 and RA23 alloys [76].

Al Hf Mo Nb Ta Ti \4
-38.5 -5.1 -18.2 -19.2 -29.5 -16.3 | Al
-4.0 3.9 2.9 -1.0 22 |Hf
-5.7 -4.9 -3.6 0.0 |Mo
0.0 2.0 -1.0 | Nb
1.40 -1.00 |Ta
-1.70 | Ti
\

3.5.2. Microstructure Analysis of RA20 and RA23 High Entropy Alloys

Figure 3.20 (a.b) and (c, d) show the OM images of as-cast RA20 and RA23 alloys,

respectively. Both alloys have partially similar microstructures,

and each

microstructure consists of darker dendritic and lighter interdendritic regions and

precipitates. These OM images reveal the presence of a double BCC+B2 phase. It is

clear that these spherical precipitates are distributed through the dendritic matrix.
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Based on the coherency between disordered BCC and ordered B2 phases, the spherical
BCC particles are embedded into the B2 matrix.
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Figure 3. 22. Optical microscopy images of as-cast (a — b) RA20 and (c — d) RA23
alloys.

The elemental analysis of the alloys was carried out from overall, dendritic, and
interdendritic regions. Table 3.4 and Table 3.5 list the EDS analysis results of alloys.
The segregations of Al and Hf elements were observed through dendritic regions RA20
alloy. Likewise, slight increases in Al and Hf, and differently, Ti elements are also
observed through dendritic regions of RA23 alloy. On the other hand, Ta, Ti, Mo, and
Nb elements are distributed throughout interdendritic regions of RA20, while Ta, V,
Mo, Nb elements piled up at interdendritic regions of RA23 alloy.
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Table 3. 13. Overall, dendritic (D), and interdendritic (ID) EDS results of RHEAs in
at.%.

RA20 RA23

Overall D ID Overall D ID

Al 21.71 25.09 16.28 16.17 18.32 15.30
Hf 19.92 30.70 16.47 16.18 17.37 14.72
Mo 10.81 8.15 13.74 8.52 7.07 9.08
Nb 11.82 9.00 14.41 9.25 9.37 10.14
Ta 12.98 6.19 17.95 14.25 9.55 15.94
Ti 22.60 20.89 21.17 17.84 19.84 17.31
\% - - - 17.78 16.61 17.52

3.5.3. Hardness Measurements of Alloys

The microhardness test results of as-cast RA20 and RA23 RHEAs are given in Figure
3.21. The hardness values of RA20 and RA23 were determined as 532+16 HV
(52174160 MPa) and 542+11 HV (5315+111 MPa), respectively. The hardness values

are so closed to each other as both alloys have similar structures.
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Figure 3. 23. Vickers hardness graph presenting hardness values of as-cast RA20 and
RA23 with their standard deviations.
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CHAPTER 1V

CONCLUSIONS AND FUTURE PREDICTIONS

4.1. Conclusions

This thesis focused on the synthesis and development of refractory high entropy alloys.
This study concentrated on Al-Co-Cr-Fe-Ni-Nb-Ti and Al-Hf-Mo-Nb-Ta-Ti-V based
systems. The thermodynamic data of alloys were first estimated, and the selected
alloys were produced by vacuum arc melter using high purity elements. The high
entropy alloy systems were investigated using X-ray diffraction (XRD), in-situ X-ray
diffraction (XRD), optic microscope (OM), scanning electron microscope (SEM),
hardness, compression, and tension tests. The conclusions of this study can be given

as follows:

* The thermodynamic calculations show that the variation of Ni, Nb, and Ti
concentrations of the alloys effect the thermodynamic parameters of the high

entropy alloys.

* The analysis reveals the dependency of mechanical properties and phase
formation on Nb and Ti concentration of the Al-Co-Cr-Fe-(Ni-Nb-Ti) alloy

systems.

* Single FCC phase for RAO1 and RA14 alloys, mixed FCC+BCC phase for
RAO8 alloy that are observed in XRD analysis are coherent with VEC

calculations except RA10.

* Intermetallic phase formation is sometimes inevitable due to high-negative

AHnmix, values of atomic pairs composed in alloys.

* Dendritic and interdendritic regions observed in OM and SEM micrographs are

the evidence for multiple phase formation.

* Nb and Ti elements are poorly compatible with each other, and allowed the

formation of intermetallic phases in alloys.
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Density and dispersity of dendritic/interdendritic regions in microstructure

depend on increase in intermetallic behavior.

Phase and microstructural stabilities for AI-Co-Cr-Fe-(Ni-Nb-Ti)-based alloys

depend on the intermetallic structure at high temperatures.

RA14 with 4 at.% Ti content is oxidized after 1273 K HT due to low oxidation

resistance of Ti compared Nb element, which consisted in RAOI.
The enhancements of hardness values were observed with Nb and Ti.

The as-cast AlgCo30CrigFeoNiziNbs and AlsCoz0CrisFeoNisi Tis alloys show the
ductile type of fracture, and the highest toughness value was achieved in

AlgCo30CrisFe9Niz  Tis alloy, which has tetrataenite FeNi intermetallic phase.

The highest ultimate tensile strength of 844 MPa and the highest compressive

fracture strain of 29.76% were observed for this alloy.

The compression tests show that RAO8 has the most brittle character due to its

intermetallic phase

The tensile test reveals the highest ductility, highest toughness, and highest
strength for RA14 HEA.

The Al-Hf-Mo-Nb-Ta-Ti-V alloy systems (RA20 and RA23) indicate good
phase stability upon heating. B2/BCC dual-phase structure were seen in the
alloy systems. The analysis show that these two systems are also good

candidates for potential high-temperature applications.

4.2. Future Recommendations

Based on the current results, future suggestions can be stated as follows:

The high temperature tensile tests can be applied on RA20 and RA23 alloys to
investigate their high temperature mechanical behavior. These alloys have
good potential as RHEA for high temperature applications.

In elevated temperature applications, the thermal fatigue and creep behavior of
materials are critical parameters. Therefore, the fatigue and creep tests can be

performed, especially on RA20 and RA23 HEAs.
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The oxidation resistance is very crucial for RHEAs at elevated temperatures.
The oxidation results in the degradation of the mechanical properties of the
alloys. Therefore oxidation tests can be carried out to understand the oxidation
behavior of RHEAs.

Corrosion is one of the main causes of the failure of materials. Previous studies
have shown the good passivation characteristics of HEAs. Thus, the corrosion

test can be performed to test the corrosion resistance of alloys.
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