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PRODUCTION AND CHARACTERIZATION OF HIGH ENTROPY
ALLOYS (HEA) BY VACUUM ARC MELTING (VAM) METHOD

ABSTRACT

High entropy alloys (HEA) are a new generation alloy group that, unlike
conventional alloys, contains basic alloying elements in ratios of at least 5 elements to
or near co-atoms. In the triple phase diagram, the composition lines of high entropy
alloys are in the center of the diagram, unlike conventional alloys. This situation
directly changes the thermodynamic structure, morphology, type of phases to occur
and all properties of the material of the new generation alloy. These alloys are multi-
component structures that have the potential to exhibit properties useful for

engineering applications.

Within the scope of this thesis, by examining the production AICoCrFeNiTix of
high entropy alloys, it is aimed to create phase diagrams of AICoCrFeNiTix alloys,
which were created for the first time in the literature. AICoCrFeNiTix of high entropy
alloys heat treatment behavior, characterization of these alloys, various properties, and
to facilitate the determination of the predicted phases to occur in future studies. The
AICoCrFeNiTiX series designed with CALPHAD has been produced using the arc
melting method of high entropy alloys. Heat treatment was applied to the selected
samples among the produced samples. In the thesis study, the phase structure,
morphology, thermal properties, and hardness properties of these alloys were
examined in detail. In line with this information, a phase diagram of the
AICoCrFeNiTix high entropy alloy system, which was created under balanced cooling

conditions, was obtained.

Keywords: High Entropy Alloy, Vacuum Arc Melting, Heat Treatment, CALPHAD,

Phase Diagram



YUKSEK ENTROPILI ALASIMLARIN (YEA) VAKUM ARK ERGITME
(VAM) YONTEMI iLE URETiMi VE KARAKTERIZASYONU

(074

Yiiksek entropili alasimlar (YEA) , geleneksel alasimlardan farkli olarak en az 5
elementin es-atom veya es-atom oranina yakin oranlarda temel alasim elementi igeren
yeni nesil bir alasim grubudur. Uclii faz diyagraminda yiiksek entropili alasimlarin
kompozisyon cizgileri, geleneksel alasimlarin aksine diyagramin merkezinde yer alir.
Bu durum, yeni nesil alagimin termodinamik yapisini, morfolojisini, meydana gelecek
fazlarin tiirlinii ve malzemenin tiim 6zelliklerini dogrudan degistirir. Bu alasimlar,
miihendislik uygulamalari i¢in yararl 6zellikler sergileme potansiyeline sahip coklu

bilesenlerden olusan yapilardir.

Bu tez c¢alismasi kapsaminda, yiiksek entropili alagimlarin iiretimi,isil islem
davraniglari, bu alagimlarin karakterizasyonu, ¢esitli 6zellikleri incelenerek literatiirde
ilk kez olusturulan AlCoCrFeNiTix alasimlarin faz diyagramlarinin olusturulmasi ve
ileriki ¢calismalarda olusacak tahmini fazlarin belirlenebilmesinde kolaylik saglanmasi
amaglanmistir. CALPHAD ile tasarlanan AlCoCrFeNiTiX serisi yiiksek entropili
alasimlarin ark ergitme yontemi kullanilarak iiretilmistir. Uretilen numuneler
arasindan secilen numunelere 1si1l islem uygulanmistir. Tez c¢alismasinda, bu
alasgimlarin faz yapisi, morfolojisi, termal 6zellikleri ve sertlik 6zellikleri detaylica
incelenmistir. Bu bilgiler dogrultusunda, AlCoCrFeNiTix yiiksek entropili alagim
sistemine ait dengeli soguma kosullarinda olusturulan bir faz diyagrami elde

edilmistir.

Anahtar kelimeler: Yiiksek Entropili Alasim, Vakum Ark Ergitme, Isil Islem,
Termodinamik Yaklasim(CALPHAD), Faz diyagrami
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CHAPTER 1

INTRODUCTION

Most conventional alloy systems consist of at least two major elements.The
mechanical, corrosion, magnetic, and electrical properties of the alloy produced by
adding minor alloying elements to the main element can be improved. However, this
type of alloying strategy forces researchers to increase the alloy configuration and
conduct research on multi-component systems. However, they noticed that little
information is available about the phase diagrams of multicomponent systems. The
concept of high entropy alloys (HEA), proposed in early 2004, made it possible to
investigate the phase diagrams of multicomponent systems. The HEA concept has
started to offer a new field for producing new alloys with unique properties that cannot
be achieved with conventional alloy systems. High entropy alloys (HEA) are defined
as alloys containing five or more basic alloying elements at or near equi-atom ratios.
The basic principle of HEA is that high mixing entropy favors solid solution formation
compared to the intermetallic compound formation, thereby increasing the high
temperature stability of alloys. As demonstrated in Figure 1.1, alloy systems with high
entropy are situated at or around the phase diagram's center, maximizing configuration
entropy(Murty, Ranganathan, Yeh, & Bhattacharjee, 2019).

Can we get
solid solutions
here?

Ternary Quaternary

Figure 1.1 Schematics of ternary and quaternary systems depicting parts of the phase diagram that are
relatively understood (green) at the corners and somewhat less well known (white) in the middle (Murty
etal., 2019)



In general, high entropy alloys are also called equiatomic or near equiatomic alloys.
They are structures containing single or double solid solution phases that do not
contain any stable intermetallics due to their higher configuration entropies (Sconf).
In addition, they are alloys that can be produced by preserving their phase structure
even at high temperatures. This situation is contrary to the known Gibbs phase rule.
According to this rule, the tendency of the intermediate phases increases as the number
of components increases. The reason why these alloys do not comply with the rule is
that the results of mixing entropy is higher than that of conventional alloys.
Consequently, this is one of the primary reasons why the HEA idea is getting more
attention in material research studies. Another argument is that the number of elements
in HEAs may be expanded. In this way, the ability to vary the atomic proportions of
alloying elements across a broad range enables the availability of an infinite number
of alloy combinations. Consequently, it becomes feasible to find novel materials with
desirable qualities. In most cases, the most notable characteristic of newly found
materials is their mechanical qualities. In the past and present, applications needing
high strength at room temperature and elevated temperatures have used Ni-based, Co-
based, and Ti-based alloys. Nonetheless, the manufacturing and material costs of these
alloys are rather expensive. In addition to these alloys, high entropy alloys with
multiple superior properties have started to be developed(J. W. Yeh et al., 2004).

In order to examine the various properties of these alloys, it is necessary to
determine the phases formed in the structure of the alloys. Determining the structures
of the phases forming the alloy at room temperature or at high temperatures will help
to detail the usage areas of these alloys. In this way, by looking at the phase diagrams
of the developed alloys, the usage areas of these materials will be determined. Within
the scope of this study, chapter 2 begins by reviewing high entropy alloys, some
formation rules, the four primary effects of high entropy alloys, the production
methods of these alloys, their areas of use, and computer-aided programs used during
the design of alloys. In Chapter 3, AlICoCrFeNiTix-based HEAs with different
stoichiometries were manufactured using vacuum arc melting (VAM) and heat

treatment processes.



In Chapter 4,the alloy series formed was examined in detail. Also, the phase
diagram has been generated under equilibrium and non-equilibrium cooling conditions
associated with this alloy series for the first time. Experimental studies and literature
findings have examined the accuracy of the generated phase diagrams. Finally, future

recommendations are highlighted in Chapter 5.



CHAPTER 2

HIGH ENTROPY ALLOYS

2.1 General Definition of High Entropy Alloys

Till date, about 30 practical alloy systems based on Fe, Al, Cu, Ti, Mg and Ni have
been developed. These alloys are typically built on one major element and other
alloying elements are added in small amounts to modify the properties (J. W. Yeh,
2006). Most of the high-performance alloys used today were developed in 1975s due
to the inadequacy of conventional alloys. In 1981s, Brian Cantor and her student have
being developed a Co20Cra0Fe20Mn2oNizg alloy containing multiple essential elements
by going beyond the concept of “traditional alloy”. Then, in 1995, Jien-Wei Yeh et al.
started to carry out various studies with the arc melting technique, predicting that the
high mixing entropy caused by the combination of multiple essential elements would
increase the mixing between the components. On the contrary, the number of phases
formed in the structure are reduced(Gao, Liaw, Yeh, & Zhang, 2016). Following the
studies carried out by different teams, studies on high entropy alloys have been issued
since 2004.

Recently, high entropy alloys or multicomponent alloys have great attention with
their unique compositions, microstructures, and various tunable superior properties.
HEAs are described based on their composition and entropy. According to the
definition based on composition, HEAS consist of at least five major components. Each
of the major elements should have a concentration between 5 and 35 at. percent.
Additionally, HEAs may include small components that should be below 5 percent
(Tsai & Yeh, 2014). This formation creates high mixing entropy and prevents the
formation of intermetallic phases. Instead of intermetallic phases, it causes the
formation of simple face-centered cubic (FCC) or body-centered cubic (BCC) or
mixed solid solutions. The fact that HEAs have superior properties compared to
conventional alloys has drawn the attention of researches to a great extent (Dong, Lu,
Kong, Zhang, & Li, 2013; Nayan et al., 2014; Y. Zhang, 2019).



Each major alloying element that makes up high entropy alloys has concentrations
between 5% and 35%. Besides of these main compounds, HEAS can contain additional
elements in small proportions (below 5%). In addition to the main elements, HEAS can
contain other elements in small proportions below 5%. These alloys are defined as
HEAs. Solution or solid melt forming states have considerably higher mixing entropy
than conventional alloys (Bhattacharjee et al., 2014; Cantor, Chang, Knight, &
Vincent, 2004; Srivatsan & Gupta, 2020). The entropy of the mixture is often
mentioned in high entropy alloys. Current information on metallurgical concepts and
binary and ternary phase diagrams states that multiple elements can form complex
phases and brittle microstructures and intermetallic compounds. Contrary to this
expected situation, experimental studies shows that high mixing entropy eased the
formation of solid melt phases of these alloys. This resulted in a reduction in the
number of phases formed in the structure HEA alloys are materials with high strength,
high ductility and high resistance to wear, corrosion and oxidation (S. Guo & Liu,
2011; Tsai & Yeh, 2014; K. Zhang & Fu, 2012; Y. Zhang, 2019). While the results
obtained with the production of HEAs are found to be suitable in terms of chemical
stability, microstructure and magnetic, high mechanical and thermal properties attract
attention.

Especially in terms of providing strength and mechanical standards, they have
become an alloy type that is interested in the automotive and aviation sectors, which
are in continuous development as a necessity of the technology age. Another reason
for this interest is that the elements to be used and their ratios create thousands of
combinations. When evaluated from this point of view, it is foreseen that it will allow
the material sector to gain a lot of new alloys. Figure 2.1 shows the evolution of high

entropy alloys and other metal alloys over time.
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Figure 2.1 Timeline of the growth of metals and metal alloys in terms of the amount of elements, as
well as the most important uses of HEAs (K. Li & Chen, 2021)

Before investigating core properties and main structure of high entropy alloys, the
concept of entropy should be understood. Thermodynamics; mainly deals with the
relationship between three important variables: Temperature (T), Volume (V) and
Pressure (P). According to the 2nd law of thermodynamics, the total entropy of the
system and the environment increases in any process that occurs spontaneously. In the
equation, S is entropy, Q is heat flux, and T is absolute temperature. (Matsushita &
Mukai, 2018).

ds =2 (2.1)

Entropy can be thought of as molecular disorder or molecular randomness. When
the disorder of a system increases, the positions of the molecules will become
uncertain, and the entropy of the system will increase. The system’s entropy is related
to the total number of microscopic states in which the system can exist. This number
is known as the thermodynamic probability(w), and its relation to entropy is given by
the Boltzman equation:

AS.onsf = kBlnw (2.2)



Here, ks=1.38x102J/K is the Boltzmann constant and w is the number of methods
that cause the available energy to be mixed or shared among the particles in the system.
Every spontaneous process in the universe always tends to increase entropy. This is
because the free energy of the system tends to go into a lower state. This occurs by

increasing entropy.
AGpix = AHpix — TASpix (2.3)

where AGmix is the Gibbs free energy of mixing, AHmix is the enthalpy of mixing,
ASmix. In this equation, an increase in entropy will decrease the Gibbs free energy,
and statistically, every spontaneou(random) process in the universe is expressed as
AS>0 or AG<0. The entropy of mixing consists of four parts: structural, vibrational,
magnetic dipole, and electronic disorder. Based on theoretical predictions, it was
decided that structural entropy has been detected the most effective among these four
components (Murty et al., 2019; Y. Zhang et al., 2014). For a solid solution with a

certain number of compounds, n, the structural entropy change is:
ASconf = _RZ? X; In(X)) (2.4)
where “R (8.314 J/K mol)” is the gas constant and X is the molar content of component

“i”. For atomically equivalent or equimolar alloys, the structural entropy value reaches

its maximum. Therefore, final equation for each mole is as follows.
AScont = kBInw = —R (In(3) +=In(3) +...+) = RInN (2.5)

The structural entropy also increases when the number of elements increases. The
structural entropy values that change as a function of alloy composition in a three-

component system are shown in Figure 2.2.
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Figure 2.2 Illustration of ASconf values calculated depending on the composition in the ternary alloy
system (Y. Zhang, Zhou, Lin, Chen, & Liaw, 2008)

In alloys with co-atomic composition; The highest structural entropy value to be
reached in the ternary alloy system was calculated as 1.1xR. Therefore, the presence
of more constituent elements in the alloy raises the structural entropy to an even higher
level. For an atomically equivalent alloy with five elements, ASconf = 1.6xR. In Table
2.1, the structural entropy values that change depending on the number of elements in

alloys with equiatomic ratio are given as the ratio of the gas constant R.

Table 2.1 Configurational entropy values in R depending on the number of alloying elements in alloys
with equiatomic ratio(J.-W. Yeh, 2016)

n 1 2 3 4 5 6 7 8 9

ASecont 0 069 110 139 161 179 195 208 220

As the number of elements in the alloy increases, the configurational entropy of the
alloy in the equiatomic ratio also increases. The entropy change (ASconf) during the
melting of metals, transition from solid phase to liquid phase, approximately equals to
gas constant, R. This situation is known as the “Richard Rule”. Also, the enthalpy
change (AHconf) during melting is proportional to ASconf:
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AH¢ont = AScont X Tm (2-6)

Looking at the difference in the number of bonds between solid and liquid, it is
assumed that the configurational enthalpy of one mole of solid is equivalent to the
energy that is necessary to break about 1/12 of all bonds in a tight-packed structure.
From this point of view, it can be said that the TmxR value is equal to approximately
1/12 of the bond energy of a mole solid in a tight-packed structure. As a result, it is
seen that the entropy of the mixture (R per mole) is large enough to reduce the value
of the mixture's free energy (RxT) (J.-W. Yeh, 2016).

If the strain energy caused by atomic size difference is neglected, the two main
factors that determine the state of equilibrium are mixture entropy and mixing enthalpy
due to chemical bonds. On the contrary to positive and negative enthalpies of mixing
which are the driving forces for formation of the decomposition state and to form
compounds, respectively, mixing entropy is the driving force to generate a random
solid solution. Therefore, the equilibrium state depends on the relative enthalpy and
entropy values of the different states being highly relative to each other. For instance,
ratio of the formation enthalpies to their respective melting temperatures of two strong
intermetallic compounds, NiAl and TiAl, yields 1.38xR and 2.06xR, respectively.
According to solid solution formation or formation of two separate phases, the highest
mixture entropy values were obtained in case of intermetallic compound formation.
This shows that it is with the driving force to form compounds with high entropy. The
ratios of the enthalpy of formation to the melting temperature of copper are 1.06xR
and 1.15xR. For this reason, it is considered that the probability of solid solution
formation in the system increases if the entropy of a mixture (1.5xR per mole) is
relatively large relative to the enthalpy of the mixture. As shown in Table 2.1, the
configurational entropy of a 5-element alloy is 1.61xR. Thus, a system with at least
five elements will be more likely to form a solid solution. Solid solutions with a high
degree of the disorder are easier to obtain, although in most cases no random solid
solution is formed. Therefore, the high mixing entropy increases the mutual solubility
of the elements in the alloy with each other and effectively reduces the number of
phases, especially at high temperatures (Murty et al., 2019; J.-W. Yeh, 2016).



Based on the given information, “high entropy alloys” can be defined as either
based on composition or based on configurational entropy. Firstly, HEAs are defined
as alloys containing at least five major elements, each with an atomic percentage of 5
to 35%. The atomic percentage of all minor contributions, in these alloys, is below 5%.
Secondly, HEAs are defined as alloys with configurational entropies greater than 1.5R,
regardless of whether they are single-phase or polyphase at room temperature.
Although both definitions cover a wide range of alloys, they often intersect.
Compositions in regions where the two definitions do not overlap are also considered
as HEA. Therefore, an alloy with a composition that fits only one of these two
definitions is also considered as HEA(Gao et al., 2016).

Based on these definitions of HEAs, it can be understood that the main principle
behind the HEAs with more than one main element is the high mixing entropy, which
is used for increasing the formation of solid solution phases and preventing the
formation of intermetallic compounds. This principle is extremely important for
avoiding the complexity and fragility in HEAs. Also, the high mixing entropy ensures
the appropriate handling of the most of the HEAs in terms of production, processes,
analyze, and use. Mixing entropy is the only factor among various thermodynamic
factors that increases when number of principal components increases. For alloys with

very basic elements, the name “high entropy alloys” are considered appropriate (Murty
etal., 2019).

Since 1.5 R is the lower configurational entropy limit for high entropy alloys, MEAS
(Medium Entropy Alloys) and LEAs (Low Entropy Alloys) are also defined to
distinguish the strength of the effect of mixing entropy. For separation, 1R is the
boundary value between medium entropy alloys and low entropy alloys. Related

definitions are demonstrated in Figure 2.3.
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Figure 2.3 Types of alloys in the alloy world based on configurational entropy(Murty et al., 2019)

2.2 Four Main Effects in High Entropy Alloys

So many variables influence the mechanical, microstructural, and other properties
of HEAs. However, the most prevalent "core effects" include a high entropy effect, a
slow diffusion effect, a severe lattice distortion effect, and a cocktail effect (J. W. Yeh,
2013; Y. Zhang et al., 2014).

In summary, high entropy simplifies the microstructure, therefore, in principle,
FCC and BCC play the most important role in forming solid solutions. Material
properties including mechanical, physical and chemical properties are affected by
lattice distortion. The effect of slow diffusion enhances the formation of amorphous or
nanocrystalline structures. The cocktail effect plays a crucial role in creating a
composite effect with the interactions of different elements. All the factors mentioned
make HEAs have numerous features and are suitable for many applications(Y. Zhang,
2019).

2.2.1 High Entropy Effect

High entropy is the parameter that effects HEA production the most. This

phenomenon differs HEAs from conventional alloys in that it causes simple solid
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solution phases to form (Murty et al., 2019). This theory indicates that the free energy
of solid solutions diminishes as Sconf. increases. This facilitates the production of
solid solution phases at increasing temperatures, especially in the production of alloys.
As the solubility of candidate elements increases, the resulting number of phases in
HEAs decreases. Solid solution phases have a larger mixing entropy than intermetallic
compounds in conventional alloy systems (Table 2.3). Due to the greater number of
primary elements in HEASs, the difference in mixing entropy between solid solution
and intermetallic compounds is relatively substantial. Consequently, HEAs have
greater solid solution stability, especially at higher temperatures. As the temperature
increases towards higher temperatures, the degree of ordered structure in the HEA
diminishes. Consequently, even if these alloys demonstrate ordered structure in the
casting state, the ordered structure in the alloy turns into solid solution at high
temperatures. Besides, when the enthalpy of formation of intermetallic compounds is
high enough at higher temperatures, the effect of the enthalpy of the alloy will surpass
the effect of high entropy. Instead of solid solution phases, intermetallic compounds
will be stable phases in this instance (Tsai & Yeh, 2014).

Table 2.2 Configurational values for elemental phases, compounds, intermediate phases, and random

solid solutions are compared.(J.-W. Yeh, 2016)

Comparative Elemental Intermediate  Random Solid
Compounds )
states Phases Phases solution
Larger Less large Medium
AHmix 0 . . N
negative negative negative
n
ASmix 0 0 Medium —RZ X: In(X;)
i
AGmix 0 Larger Larger Larger negative

negative negative

2.2.2 Lattice Distortion Effect
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Due to the multi-elemental nature of HEAS, the traditional concept of the structure
needs to be expanded to the concept of multi-element structure rather than one or two
element-based structures. Since every compound is entirely dissolved in the matrix
and every atom has neighbor atoms that vary in atomic radius, the lattice of alloy
stretches and stresses. Figure 2.4 shows a solid solution with a distorted lattice that has
10 different principal elements and two vacancies spots. (Ng, Guo, Luan, Shi, & Liu,
2012; Senkov, Wilks, Miracle, Chuang, & Liaw, 2010).
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Figure 2.4 The deformed lattice of a solid solution with 10 distinct primary elements and two vacancies
(Tsai & Yeh, 2014)

The difference of the binding energies and the crystal structure of the constituent
elements and the variances in the atomic radius of the constituent elements cause an
increase in lattice distortion. According to research by Senkov et al., FeCoCrNiMn
equiatomic high entropy alloys exhibit an FCC crystal structure and a Vickers hardness
of 1192 MPa under homogeneous conditions, compared to a rule of mixing calculation
of 864 MPa. Additionally, MoNbTaVW equiatomic refractory high entropy alloys has
BCC crystal structure and Vicker hardness of 5250 MPa which is approximately three
times higher than the Vickers hardness of 1596 MPa obtained by the rule of mixture.
These results proves that the solid solution hardening occurs more in BCC alloys than
the FCC alloys(Senkov et al., 2010).
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2.2.3 Sluggish Diffusion Effect

Diffusion is simply the displacement of atoms due to temperature. The groups with
the highest diffusion values are pure metals and then other alloys. In high entropy
alloys, diffusion values are at lower levels. Diffusion values are at lower levels in high

entropy alloys (Gao et al., 2016).

Phase transformations: depend on the balanced distribution of the elements by the
common diffusion action throughout the phase. Diffusion is restricted in high entropy
alloys because atomic movements are prevented due to the lattice distortion. During
casting process of high entropy alloys, phase separation during cooling is prevented at
the high temperatures. For this reason, phase separation is prevented up to low
temperatures. Also because of this reason, high entropy alloys sometimes form
structures with nanoprecipitates. Yeh et al. conducted studies on the void formation
and compositional decomposition in high entropy alloys. As a result of these studies,
the diffusion coefficients of pure elements, stainless steel and high entropy alloys were
compared. As a result, in the three types of alloy systems mentioned, as high entropy
alloys < stainless steels < pure metals diffusion rates were determined (J. W. Yeh,
2006; Y. Zhang et al., 2014).

Phase transformation and diffusion Kinetics are relatively slower in HEAS than the
conventional alloys. This situation should be analyzed from two perspectives. First,
the neighbors of atoms at all lattice points are slightly different. For this reason, the
jumping of the previous and next neighboring atoms into the spaces is different. The
difference in local atom configurations results in different bonds and different local
energies for each point. As the atom switches to a low-energy point, it becomes trapped
and has a low probability of moving its place out of that point. Conversely, if the atom
switches to a high-energy point, the atom has a high probability of jumping to the
original point. Both of these events slow down the diffusion process(Tsai & Yeh,
2014).
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In the second scenario, the diffusion rates of elements in high alloys change. Each
element has different activity level in which some of them are significantly lower.
These elements have lower success rates in moving into spaces. However, for phase
transformations, it is essential to have coordinated diffusion of the elements, which
only obtained if compound element have similar activity levels. For example, the
nucleation and growth of a new phase require the redistribution of elements to reach
the desired composition. Grain growth allows all elements to combine and migrate
through the grain boundaries successfully. In such cases, the slow movement of the
elements has a limiting effect on the transformation. Table 2.3. gives the diffusion

parameters of the nickel atom in different matrices.

Table 2.3 Diffusion parameters for nickel in different FCC matrices (Tsai and Yeh, 2014)

Do DTm
Q Tm
Solvated System (10 W o Q/Tm (1013
mo
m?/s) . m?/s)
Ni CoCrFeMnNi 19.7 317.5 1607 1.1975 0.95
Fe-15Cr-20Ni-Si 4.8 310 1705 0.1818 1.53
FCC Fe 3 314 1812 0.1733 2.66
Co 0.43 282.2 1768 0.1596 1.98
Ni 1.77 285.3 1728 0.1651 4.21
Fe-15Cr-20Ni 15 300 1731 0.1733 1.33

The slow diffusion effect will affect nucleation, growth, distribution and new phase
morphology in diffusion-controlled phase transformations. This situation; will provide
control of microstructure and properties and the formation of supersaturated fine
precipitates. In addition, high recrystallization temperature will provide advantages

such as reduced grain coarsening and high creep resistance. As a result, slow diffusion
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has a positive effect on high entropy alloys’ metallurgical properties. For example, a
combination of fine precipitate, grain structure and strength and toughness can be
improved. With its high creep resistance, the service life of parts operating at high
temperatures can be increased behavior (Tsai & Yeh, 2014; Gao et al., 2016; Murty et
al., 2019).

2.2.4 Cocktail Effect

For metallic alloys, the ability to obtain properties that cannot be achieved based on
any one element by mixing many elements is called cocktail effect. The properties of
the elements that make up the alloy are highly effective on how the properties of HEAs
could be. So that, by courtesy of the cocktail effect, changing the alloys’ composition
results in the significant adjustment of alloy properties. For instance, using elements
with low density will reduce the density of the alloy. But, the elements interactions
with each other must be taken into the consideration as well as individual properties
of the each component (Miracle et al., 2014; Y. Zhang et al., 2014).

In concentrated solid solutions, each phase can often be seen as a composite in
atomic scale. The properties of composites cannot be determined only from the
fundamental properties of the elements. They also can be determined from the lattice
distortion of the composite and the interactions of all elements within the composite.
Therefore, the cocktail effect is composition, crystal structure, lattice distortion, and
the overall effect of microstructure. For example, light metals should be used for light
alloys; refractory elements can help to achieve high melting points and oxidation-
resistant alloys need the addition of Al, Cr or Si in their composition(Cheng et al.,
2017).

In high entropy alloys, the interaction between these elements should be considered
as well as the properties of the elements in the composition. For example, although
aluminum (Al) with a low melting point is a soft element, the addition of aluminum
can increase the hardness of high entropy alloys. In Figure 2.4, it is shown that the
hardness of AIXCoCrCuFeNi alloy increases as the percentage of Al in the alloy

increases. This increase in hardness is caused by both the hard BCC phase formation
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and the strong bonding of aluminum with other elements due to its large atomic size.
The properties of high entropy alloys depend not only on the average properties of the
main elements but also include the effect of inter-elemental reactions and lattice
distortions (Tsai & Yeh, 2014).
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Figure 2.5 Variation of the hardness of AIxCoCrCuFeNi with change of Al content (Tsai & Yeh, 2014)

2.3 Production Methods of HEAs

Microstructural and physicochemical characteristics of high entropy alloys are the
most important factors determining the production methods to be preferred in these
alloys. Alloy compositions, melting points and purity levels of the elements change
the production methods to be preferred (Y. Zhang et al., 2014).While producing these
special alloys, the most preferred production method is the casting method. In this
method, high entropy alloys are produced by casting in arc melting furnaces, melting
furnaces using argon gas or standard melting furnaces in a vacuum environment
(Butler & Weaver, 2016; Fujieda et al., 2015). Vacuum arc melting (VAE) and vacuum
induction melting (VIM) methods are frequently used in vacuum melting. In addition,
methods such as production from solid-state and gas-state are also used in the

production of HEAs.
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Figure 2.6 Production methods of high entropy alloys (Tsai & Yeh, 2014)

2.3.1 Production from the Solid State

Many polycrystalline materials are synthesized by mixing the alloying elements at
room temperature and then condensing them at a high temperature. Powder production
and subsequent operations, including as mixing, sintering, hot/cold pressing,
extrusion, and rolling, are typical of solid-state manufacturing procedures (Alshataif,
Sivasankaran, Al-Mufadi, Alaboodi, & Ammar, 2020). The most common method of
obtaining HEA powders is the mechanical alloying (MA) method (Fig.2.7).
Mechanical alloying is a method that emerged as versatile production technique
applied for the production of micron or nano-sized powders and for obtaining various
metallic alloys with different melting temperatures The biggest disadvantage of the
mechanical alloying system is that the expected phases do not occur in the alloys
produced. The reason for this is that mechanical stress strains occur at the nanoscale.
It is not possible to predict the phases that will occur (Vaidya, Muralikrishna, & Murty,
2019).
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In this method, cold welding and grinding methods are used repeatedly for breaking
the elements into the powder in order to obtain desired alloy combination. While the
first applications of the mechanical alloying method were the production of alloys
strengthened by oxide dispersion, later on, this method is used for production of
metastable materials like nanocrystalline metals and alloys, semi-crystals, and

amorphous materials (Gao et al., 2016).

Material

Grinding Balls

Figure 2.7 Schematic of mechanical alloying (Alshataif et al., 2020)

In general, in mechanical alloying performed at room temperature and below does
not encounter the potential problems encountered in liquid state methods such as
casting and melting. For example, in liquid state production of the alloys, it is difficult
to handle the elements with different melting or evaporation temperatures, but those
alloys can be easily produced by using mechanical alloying method. Moreover, in the
densification stage of nanocrystalline alloy powders produced by mechanical alloying,
to prevent the grain growth caused by exposing powders to elevated temperatures for
long time in conventional sintering method, various rapid sintering techniques such as
spark plasma sintering (SPS) and microwave sintering are generally used (Alshataif et
al., 2020; Murty et al., 2019).

2.3.2 Production from the Liquid State

In terms of liquid state production of high entropy alloys, casting is the most widely

used method. In the production of HEAs by casting method, the alloys are generally
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resolidified by melting several times. The purpose of applying these processes
repeatedly is to provide homogeneity in the alloy structure. However, in the casting
technique, inhomogeneous structures may occur between the surfaces and centers of
the alloys due to the rapid solidification and the difficulty of solidification control.
This situation can create different microstructural properties between the alloy surface
and its center. In addition, unavoidable casting defects such as segregation,
microscopic and macroscopic stresses, cracks, and pores can directly affect the
mechanical properties of high entropy alloys. After the casting processes, annealing
processes may be needed in order to eliminate these defects and to provide
homogenization in the structure. There are many methods as liquid state production
methods: Vacuum Arc Melting, Vacuum Induction Melting, Bridgman solidification,

Self-propagating high-temperature synthesis (Y. Zhang, 2019).

2.3.2.1 Vacuum Arc Melting

The most well-known liquid state production method is vacuum arc melting
(VAM). The schematic representation of a typical furnace is given in Figure 2.6. In
this method, electrically controlled arc melting furnace is used for very high process
temperatures (>3000°C). Most of the elements with high melting points can be mixed
with this type of furnace in their liquid state. However, alloys with low melting
temperatures (such as Mg, Zn, Mn) can evaporate easily. For alloys containing these
elements, the arc furnace may not be the best choice for composition control (Murty
etal., 2019; Y. Zhang, 2019).
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Figure 2.8 Schematic representation of the arc melting furnace (Y. Zhang, 2019)

With the arc melting method, which has many advantages such as low energy
consumption, time-saving and low porosity rates, cylindrical ingots can be produced
successfully at high cooling rates. However, the problem of the arc melting method is
that, because of the rapid solidification, there isn’t any control on the solidification

process.

In the literature, arc melting method has been used to prepare AICoCrFeNiTix high
entropy alloys exhibiting BCC solid solution structures. With this method, alloys with
very high fracture strength were obtained. In another study, it was found that the
mechanical properties of AICoCrFeNi were significantly improved by decreasing the
sample size and thus increasing the cooling rate. If microstructure of the AICoCrFeNi
alloy (Figure 2.7) is examined for different regions from the surface to the center. it is
seen that an inhomogeneous structure is formed after melting from fine grains (region
A) to columnar dendrites (region B) and then to coarse-coaxial dendrites (region C)
(Gao et al., 2016).
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Figure 2.9 Microstructure images of cylindrical AICoCrFeNi alloy obtained by arc melting and
subsequent casting into copper crucible: a) and b) coaxial dendrites in the center, c) surface-to-center
cast structure, d) columnar dendrites in the transition zone (Gao et al., 2016)

Singh et al.(S. Singh, Wanderka, Murty, Glatzel, & Banhart, 2011) have researched
the development of microstructures of HEAs based on the cooling rate (Figure 2.8).
Results indicates that the phase segregation during solidification of high entropy alloy
is caused by splat quenching (cooling rate:10°~10" K s) and by casting processes
(cooling rate 1020 K s1).
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Figure 2.10 Schematic illustration of phase separation during solidification of AICoCrCuFeNi HEA by
splat quenching and casting (S. Singh et al., 2011)

The basis of the vacuum induction method, which is another of the liquid state
production techniques, is similar to the arc melting method, but the power that provides
melting here is the Eddy current. The Bridgman technique, which is another method,
is characterized by heating and cooling the ceramic mold with the help of radiation
and is especially preferred for property improvement by controlling the microstructure

of high entropy alloys.

2.3.2.2 Bridgman-Stockbarger

Another liquid state production technique used apart from the casting method is the
Bridgman solidification method, also known as the Bridgman-Stockbarger method
(Fig.2.8). This method was first used in the production of single crystal ingots (S. G.
Ma, Zhang, Gao, Liaw, & Zhang, 2013). In the process, which is generally used in the
production of single-crystal materials, the materials are heated to their melting
temperature and slowly cooled starting from the side where the core crystal is located
at the end of the container. A single crystal starts to grow on the core, continues to
grow gradually on same crystallographic orientation and starts elongating and forming

into the container. In this production method, the process can be selected vertically or
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horizontally. The Bridgman method is also a frequently used process in the production
of semiconductor crystals.
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Figure 2.11 Schematic view of the Bridgman solidification method (S. G. Ma et al., 2013)

Cui et al. have been solidified AICoCrFeNi high entropy alloys vertically by
Bridgman method. As a result of the study, it was observed that directional
solidification causes coarse dendritic structure and the concentration difference
decreases in the dendritic and interdendritic regions (Cui, Wang, Wang, & Fu, 2011).

2.3.2.3 Vacuum induction method

Vacuum induction melting is a method frequently used in the production of metallic
alloys, especially in the production of high alloy steels and superalloys. It is a process
designed especially for alloys that are required to be produced in an environment free
from Oz and N2 elements. A vacuum induction melting furnace contains a melting
crucible inside a steel shell which is connected to a high-speed vacuum system. the
heating and cooling coils are placed in the middle of the furnace and the crucible
covered with refractory. The furnace is heated by electric current passing through a
series of induction coils. The coils are made of copper tube cooled by water flowing
through the tube. The current that passes through the coils creates a magnetic field that
induces a current in the load inside the refractory. When the charge material is heated

and the charge becomes completely molten, these magnetic fields continuously mix
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the molten alloy and provide high purification in the structure. Due to the high mixing
effect, finer grained structures can be obtained(Winkler D., 1971).

2.3.3 Production from the Gas State

For the production of high entropy alloys gaseous phase, all methods are basically
based on the formation of thin films by depositing the formed metal vapors on a
substrate. The physical vapor deposition (PVD) method offers various vacuum
deposition techniques based on the evaporation of the target material desired to be
deposited in the form of a thin film layer and condensation on the substrate. These
techniques are: cathodic arc deposition, electron irradiation physical vapor deposition,

volatile deposition, pulsed laser deposition, and sputter deposition (Gao et al., 2016).

Among these methods, the most common method used for deposition of films of
high entropy alloys is magnetron sputtering. The most widely used method in vapor
phase surface coating techniques is magnetron sputtering. The purpose of the
production of thin film or layered high entropy alloys by coating techniques is to make
the surfaces of materials such as low carbon steel and Al alloys used as substrates
resistant to corrosion, oxidation and wear. In magnetron sputtering technique, for
obtaining higher spraying at lower argon pressures, fields of magnetic and electric are
used to increase the electron path length where both direct current and radio frequency
are used (Y. Zhang et al., 2014).

2.4 Notation of High Entropy Alloys

Due to the basic definition of high entropy alloys which they are built on a multiple
major element, there are many variations in the notations of HEA. There are
differences in the representation of the constituent elements as chemical formulas. For
the comparison of alloys belonging to the same or different systems, the primary

elements are first listed in alphabetical order as a common method.
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The concentration in the alloy can be expressed as a subscript based on atomic ratio
or atomic percentage. For example, the notation AICoCrFeNiTi, CrMnFeCoNi and
AICoCrFeNi for equiatomic high entropy alloys is appropriate (Firstov et al., 2016;
Sun et al., 2022; R. Wang, Zhang, Davies, & Wu, 2017). The same notation applies to
AlosCo15CrFeNi1sTios non-equiatomic alloys. The representation of this alloy
according to atomic percentages is Alg3C025Cri67Fe16.7NizsTigs. The molar ratio is
also easily used in the literature for high-entropy alloys because the molar ratio is equal
to the atomic ratio. However, this rule can be neglected if compositional features of a
component need to be emphasized. The most appropriate expression is used to reveal
the desired feature. For example, the designation(denomination) of the
AlCoCrFeNiTix (X=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) HEAs means that the Ti content varies
between 0.0 and 1.0 (Giiler, Alkan, & Alkan, 2022).

2.5 Solid solutions, intermetallics and intermetallic compounds in HEAs

High entropy alloys are more likely to form solid solutions such as BCC (B2), FCC
(L12) or HSP with irregular or ordered structure rather than forming intermetallic
structures as generally mentioned. It can be said that Al, Cr, Fe, Ti, Mo, Nb, Ta, V and
W elements are BCC structural elements. Unlike other elements in this group,
aluminum has an FCC lattice structure. Aluminum has been used as an alloying
element in most of the studies on HEAs to date (Murty, Ranganathan, Yeh, &
Bhattacharjee, 2019). It is known that when aluminum is used in low amounts in the
alloy, it stabilizes the FCC structure, and in high amounts, it stabilizes the BCC
structure. The aluminum element has the ability to form a BCC structure. When
aluminum is added in sufficient quantities, AINi, AlFe, AlCo, and similar stable BCC
compounds are formed. When titanium element is added, it has HCP structure at room
temperature but turns into BCC structure with the increase in temperature. This is an
element that stabilizes the BCC structure, similar to Aluminum in general. The element
titanium is generally used to increase the corrosion resistance of the alloy. In addition,
it is added to the alloy in order to increase the strength of the alloy by realizing solid

solution hardening in the alloy (Murty et al., 2019).
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Molybdenum element, also known as alloys in general, plays an active role in the
formation of the sigma phase in the structure. The chromium element also contributes
to the formation of the sigma phase when present together with iron, cobalt and nickel.
In addition, it is known that elements such as cobalt, copper and nickel are elements
with FCC structure and they behave towards stabilizing the FCC structure. Copper
element generally tends to precipitate in the regions between dendrites. The reason for
this situation is that the enthalpy values of the mixture between copper and other
elements in the alloy are positive. When the concentration of copper in the alloy
structure is low, it accumulates elementally in the interdendritic region, while copper-
rich phases appear when the amount increases (Mary, S. J., Nagalakshmi, R., &
Epshiba, R.,2015; Mishra, Samal, & Biswas, 2012).

2.5.1 B2 phases

Phase B2 is a regular BCC structure (with Pearson symbol cP2). Here, one type of
atom fills the center of the volume, while another type of atom fills the corners of the
crystal lattice structure. The most common compounds with this structure are CsCl,
Cuzn, and NiAl. The B2 phase has been observed as the primary phase or secondary
phase in many high entropy alloys. In some cases it has also been observed that these
alloys precipitate from a BCC crystal structure during heat treatment. Generally where
the B2 phase is determined, the alloys contain Al together with 3d transition elements
such as Ti, Cr, Mn, Fe, Co, Ni and Cu. Among these 3d transition elements, the element
Al has a strong affinity with Fe, Co, and Ni to form the B2 phase (Murty et al., 2019).

2.5.2 L1, phases

The L1, phase (with Pearson symbol cP4) has a regular FCC structure, but the L1,
phase is rarely observed in high entropy alloys. Al alloys containing L1> phase contain
Al and Ni elements. However, in cases where the Al content is high, the L1, phase
disappears and the FCC structure leaves its place to the BCC structure, and in this case,
the B2 phase is formed (Murty et al., 2019).
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2.5.3 Intermetallic

In high entropy alloys, binary element systems with high temperature often form
more than two phases. For example, as shown in Table 2.4, while the Al element bonds
strongly with Nickel, Co, Fe and Cr, the Cu element encounters a repulsive force
against the aforementioned elements. In high entropy alloys, elements can form phases
with different lattice structures due to these chemical bond interactions with each other
at different temperatures. As a result of this situation, polyphase structures such as
copper-rich multicomponent FCC structure, multicomponent FCC+BCC structure, B2
phase, and A2+B2 phases can occur in equiatomic AlIFeCoCrCuNi alloys at
temperatures above 600 °C (Wu et al., 2006).

Table 2.4 Binary mixture enthalpies of atom pairs in Al-Co-Cr-Cu-Fe-Ni alloys (kJ/mol) (Murty et al.,
2019).

Al -19 -10 -1 -11 -22
-19 Co -4 6 -1 0
-10 -4 Cr 12 -1 -7
-1 6 12 Cu 13 4
-11 -1 -1 13 Fe 2
-22 0 -7 4 2 Ni

A high mixing entropy is not always sufficient for the formation of simple solid
solutions. In the last 10 years, research on high entropy alloys has shown that these
alloys have high atomic size differences and the differences between alloying
elements. It has been observed that different intermetallic phases are formed in
conditions where the attraction force (electro-negativity difference) is high. The most
important of these intermetallic phases are the sigma (o) and Laves phases (Murty et
al., 2019; Y. Zhang, 2019).
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2.5.4 Sigma phases

The sigma phase (o) usually occurs in Cr-containing steels, and the equiatomic
FeCr is tetragonal. In addition, the ¢ phase is also observed in CoCr and FeMo
compounds with equiatomic composition in the Co-Cr and Fe-Mo binary alloy system.
The o phase is formed at various stages of the production of many high entropy alloys
containing high amounts of Cr and Mo, as well as Fe and Co. In high entropy alloys,
the o phase is a multicomponent solid solution. In high entropy alloys, not only the
mixing entropy is effective in the formation of the sigma phase. In addition, the
different atomic sizes of the different elements in the alloy and their chemical
interactions with each other are also effective in the formation of the sigma phase
(Murty et al., 2019).

AlCoxCrFeMoo sNi high entropy alloys with different cobalt content have also been
studied in the literature. While the cobalt ratio is 0.5-1.0-1.5, there are regular BCC
and o phases in the microstructure, while the FCC structure is seen when the cobalt
ratio is 2.0. This is explained by the fact that the cobalt element stabilizes the FCC
structure. In this study, the o phase is thought to be a solution consisting of mixtures
of CoCr, FeCr, FeMo and NiMo compounds. When the Co ratio is 0.5, in the
microstructure of the alloy includes dendritic DR, ID (without eutectic structure) and
eutectic structures. When this ratio was 1.0 and 1.5, only DR and ID structures have
been seen in the structure. While the Co ratio have been 2.0, a polycrystalline single-
phase structure was obtained. The microstructure images obtained according to the
changing Co content in the study of Hsu et al. are given in Figure 2.9(Murty et al.,
2019).
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Figure 2.12 a) x = 0.5, b) x = 1.0, ¢) x = 1.5 and d) x = 2 SEM images of AlCoxCrFeMogsNi alloy
(Murty et al., 2019).

At x=1.0 and 1.5, the (Ni,Al)-rich BCC structures DR and (Mo,Cr)-rich BCC
structures ID have revealed structures that have been modulated. During the cooling
step, they are made up through decomposition of BCC into ordered BCC(B2) and o
phase phase. When this alloy content x=2.0, a mixture of B2+FCC with ¢ phase along

grain boundaries and beam-shaped o phase in grain is observed.

2.5.5 Laves phases

Laves phase is an intermetallic compound with stoichiometry AB.. The atomic size
ratio is between 1.05 and 1.67. Laves phases are divided into 3 groups: C15 (MgCua-
cubic), C14 (MgZn,-hexagonal), and C36 (MgNi2-hexagonal). In these compounds, A
atoms in AB2 stoichiometry form diamond, hexagonal diamond or ordered
arrangement, whereas B atoms form a tetrahedral arrangement around the A atoms. In
addition, when the ratio of atomic sizes of A and B atoms to each other is about 1.225,

they form tetrahedral closed-packed structures(Murty et al., 2019).
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Figure 2.13 Unit cell of Laves phase with MgZn; structure (Mg atoms are green) (Murty et al., 2019)

Many studies show that the Laves phase is present in the structure of high entropy
alloys as the main phase or the minor phase. The formation of Laves phase rich in
terms of Ti and Co elements has been reported in CoCrFeNiTio s alloy produced by arc
melting method. In another study, Ti2Co-type Laves phase was observed in
CoCuFeNiTi alloy system. On the other hand, in the CrMoosNbTaosTiZr alloy, the
chromium-rich Laves phase was also observed along with the two BCC phases. For
the alloys that are stated above, the Laves phase is formed by the presence of Ti
element together with other transition elements. When x=0.8 in the AIxCoCrFeNiTi0.5
alloy system, a Laves phase was observed along with the FCC and BCC phases(Murty
etal., 2019).

2.5.6 Intermediate Compounds
If sufficiently small atoms fill special interstitial spaces in the metal lattice,

interstitial compounds are formed. For example, transition metals generally have a

hexagonal close-packed or face-centered cubic structure. They also have tetrahedral
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and octahedral spaces at different points. Typical stoichiometric ratios of these
compounds are MeX, M3X, MXz, M2X, and MX. In this system, M can be elements
such as Fe, Cr, V, Ti, Zr while “X” it can be N, C, B, H, elements (Brif, Thomas, &
Todd, 2015).

The concept of high entropy alloys can be expanded to high entropy ceramics as
oxides, nitrides, carbides, and combinations thereof. In a study conducted in 2012, the
(CrNbTiVW)s50Cso system with transition elements is the first high-entropy carbide
synthesized by mechanical alloying and solid-state sintering. The sintered carbide
consisted of a solid solution of NaCl type FCC, in which the five binary carbides were
thermally stable. Nanopowder produced by mechanical alloying was successfully
obtained by pressureless sintering at a low temperature of 1723 K in accordance with

the mixing rule(Murty et al., 2019).

2.6 Application Areas of High Entropy Alloys

High entropy alloys have many uses as functional and structural materials. Some

potential application areas of high entropy alloys are as follows :

1. High entropy alloys can be used as a transition layer between two different
alloys. For example, High entropy brazing alloys are used as welding material between
pure titanium and Cr-Ni-Ti stainless steel. As a brazing alloy, High entropy alloys are
used as the welding material between carburized carbide and steel, providing a
convenient manufacturing process with good flexibility.

2. Another study determined that high entropy alloys have very good super-
paramagnetic, ferromagnetic and soft magnetic properties. It has been revealed that
the material can be used in many different areas regarding its magnetic properties.

3. High entropy alloys can be used in the nuclear industry. High entropy alloys
with high radiation and corrosion resistance are potential candidates for coating
materials in nuclear fuels and high-pressure vessels.

4. High entropy alloys can be used as heat-resistant or wear-resistant coatings.
However, new technologies need to be developed for coatings made of high entropy

alloys to be more homogeneous and have higher bonding properties with the substrate.
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5. High entropy alloys containing refractory metals can be used as thermal barrier
coatings. New studies are being carried out in this area as well.

6. Carbides and nitrides of high entropy alloys are also interesting for their unique
properties. It is available in both amorphous and solid solution structures with high
hardness and strength properties. It has the potential to be used as a diffusion barrier
and as a hard coating on cutting tool steels or high-speed steels. Recent studies show
that high entropy carbide and nitrides could also be used in biomedical coatings.

7. Some physical properties of high-entropy alloys provide an advantage in using
the materials for electronic applications. (eg Al2.0sCoCrFeNi HEAs exhibit almost
constant resistivity). It is seen that research is concentrated on this subject.

8. Lightweight high-entropy alloys are used in portable devices, battery anode

materials, and body materials for the transportation industry(Y. Zhang, 2019).

2.7 Design of High Entropy Alloys

While a wide composition universe of high entropy alloys greatly increases the
composition amount of alloys that can be produced, it is very difficult to find alloys
with desired properties among these compositions. Many methods have been
developed to solve this situation. Studies have been carried out to predict the elements
used in the production of alloys and the phases that will occur depending on the
compositions of these elements. While some of these studies consist of empirical
approaches, thermodynamic modeling and atomistic approaches are also frequently

used.

2.7.1 Method of Empirical Calculation

The critical thermodynamic parameters used to describe the conditions of solid
solutions in high entropy alloys have been mentioned above. ASmix and AHmix
parameters are crucial in predicting solid solution formation in a multicomponent
system. Yang et al., in a study they conducted in 2012, defined a new parameter in
addition to these parameters. This parameter is Q. Phase formation for multicomponent

alloys was estimated by calculating Q parameters in the study(Yang & Zhang, 2012).
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TmASmix
~ |AHmix | (2.6)

Q
The term “Tm” in the equation is an important term because the alloys to which the
term entropy is applied form phases close to the melting temperature. This term is

calculated according to the rule of mixtures.

Tm = Yi_, Ci(Tm)i 2.7)

In addition to basic thermodynamic criteria, the Q term is a critical point for
determining solid solution formation in a multicomponent alloy system. If Q > 1, it is
anticipated that a solid solution phase will emerge in the alloy structure. In cases where
this value is equal to or less than 1, it is predicted that intermetallic phases will form
in the structure. Using these empirical calculations, all HEAs are designed(Yao et al.,
2016; Zheng, Ding, Cao, Hu, & Huang, 2019).

2.7.2 Atomistic approaches

Ab-initio Molecular Dynamics (AIMD) is a technique based on Density Functional
Theory (DFT) that combines simulations of molecular dynamics with computations of
electronic structure. During the computation of the energy of a solid or molecule using
DFT, this approach has been devised. Commonly, AIMD simulations are used to
determine the thermodynamic characteristics, and the structural, dynamic, optimal
geometries, electron band structures, total energies, and magnetization properties of
materials at various temperatures(Kresse, 1995; Lin, Guo, & Ji, 2021). Before doing
production, AIMD simulations are routinely used. The HEAs employed in AIMD
simulations enable the investigation of a vast array of compositions. For example, in
the study of Gao et al., AIMD simulations of selected high-entropy alloys were carried
out in the first step(Gao & Alman, 2013).

2.7.3 Thermo-Calc Software

Thermo-Calc software based on the CALPHAD method is a computational

approach used to estimate the material’'s composition, structure, and characteristics.
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The computation is performed by combining thermodynamic and kinetic principles.
The database of Thermo-Calc have been created by material engineers who are
specialists in their domains by combining comprehensive scientific study,
experimental data, and theoretical information. The CALPHAD approach is another
method that allows obtaining information about the phase structure, composition, and
microstructure of the HEA systems to be developed. Thanks to the thermodynamic
extrapolation of the data obtained from the existing binary and triple equilibrium
systems, the elements of the HEA system, quaternary, quintet, or even higher

equilibrium systems can be made up(F. Zhang et al., 2014).

Computer software used today, based on thermodynamic calculations and the
generation of phase diagrams for multi-component systems, applies the CALPHAD
method. The understanding of this method is based on the mathematical description of
the thermodynamic functions of the phases in the system and on reducing the Gibbs
free energy. So as to calculate the total free energy value of each phase in the system,
the sum of the free energy value of the pure component, the free energy value of the
mixture in the ideal solution-forming state, and the residual free energy value of the
solid solution mixture is used. The CALPHAD method has replaced traditional
methods for generating phase diagrams because it allows the precise calculation of the
phase balance of various materials with mixed chemical compositions. Calculation of
phase diagrams requires extremely precise thermodynamic data. The collection,
processing, and verification of data associated with thermodynamic properties and the
calculation of equilibrium diagrams of metal alloys / slags / ceramic materials / molten
salts / aqueous solutions are the tasks of teams formed by leading research centers. The
SGTE database, created by the team of the Scientific Group Thermocata Europe -
SGTE, constitutes the world standard for commercial software used in thermodynamic
calculations. Thermo-Calc software includes several modules: the thermodynamic
database (TDB) module; tabulation (TAB) module; POLY_3 module; Gibbs energy
system (GES) module; POST module and PARROT experiment module(Zyska,
Konopka, Lagiewka, & Kordas, 2017).
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2.8 Literature survey

With the discovery of high entropy alloys, interest in thermodynamics,
characterization, and manufacturability of these multicomponent alloys has increased.
In the last 10 years, literature studies on HEA have increased 500 times. Many
researchers have been continued investigating the potential production and feasibility
evaluation of these alloys, their structural/functional properties, cost, machinability,
and many properties (mechanical, thermal, magnetic, corrosion, etc.). In the literature,
especially considering the cost-performance relationship, suitable alloy systems have
been reported as AICrCuFeMnNi, AICrCuFeNi, AICrFeNi, AICrCuFeNiITi,
AICrFeMnNi, AlFeMoNi, CrCuFeMnNi, CrFeMnNi and CrFeNi(X. Fu, Schuh, &
Olivetti, 2017).

Most of the studies in the literature are related to the formation of precipitate to
increase the strength of the material with the effect of element type and amount on the
properties in high entropy alloys. In a study by Gwalani et al., copper's role in
increasing strength by precipitation hardening of FCC structured Alo3CuCrFeNi:
alloys with high entropy was investigated(Gwalani et al., 2017).

In AIxCoCrFeNi high-entropy alloys studied by Rao et al., changes in the
microstructure of these alloys caused by heat treatment or oxidation processes applied

at different temperatures to high entropy alloys were investigated(Rao et al., 2017).

In a study investigating the effect of boron on the compositions of high entropy
alloys, various proportions (x=0.0~1.0) of boron were added to the AlosCoCrCuFeNi
alloy. According to the XRD results, while a simple FCC solid solution phase is
formed in the alloy without boron, it has been reported that in addition to the FCC
crystal structure, borit solution peaks are obtained in the boron-containing
compositions. It was observed that as the boron content increased, the size of the boride
structures increased, and the copper-rich dendritic phases did not disappear. Dendritic
structure and FCC lattice constant did not change in the boron-free alloy; It has been
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stated that borite precipitates increase the hardness and this increase is due to a strong
correlation with the boron ratio (X. Liu et al., 2016).

Liu et al. conducted research on FeCoCuNi high entropy alloys by arc melting
method in 2012. In their study, the effects of adding tin to the high entropy alloy on
the microstructure and mechanical properties of the high entropy alloy were
investigated. The findings indicate that alloys with low Sn concentration have a single
FCC solution, whereas systems with growing Sn content have an FCC solution |,
Cu81Sn22 intermetallic compounds in their microstructure. These alloys were
determined to have strong tensile and plastic strengths (L. Liu, Zhu, Zhang, Li, &
Jiang, 2012).

Singh and Subramaniam (2014) studied Al-Cu-Co-Fe-Ni high entropy alloy. To
comprehend the phase formation, certain ternary (CoFeNi, CrFeNi), quaternary
(CoCrFeNi, CuCoFeNi, AICrFeNi), and other (AlICuCoFeNi) alloys are selected for
experimental research and the computation of various parameters. They used the
vacuum induction melting method in this study, and annealing at 850 °C was applied.
As a result of the study, they determined that two different FCC phases were formed
in the structure of the alloy(A. K. Singh & Subramaniam, 2014).

Zhang et al. (2014), in their study, named microstructures and properties of high
entropy alloys; The engineering properties of high entropy alloys are described. In this
study, the formation criteria, thermodynamics, machining of high entropy alloys, It is
briefly summarized of the kinetics, mechanical characteristics, and computer modeling
of HEAs(Y. Zhang et al., 2014).

The microstructure and mechanical characteristics of AlICoCrFeNiZrx alloys
generated by electric arc melting are investigated. The alloys have two distinct
microstructures. The first is a periodic structure composed of the ordered BCC phase
and BCC solid solution phase arising from spinodal decomposition, while the second
is a mixture of the ordered BCC phase and Laves phase that alternately nucleate and

grow. The coexistence of ordering and spinodal breakdown has been explained by the
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introduction of a Zr element with a large atomic radius, which caused a lattice strain
(J. Chen et al., 2016).

Unnikrishnan et al. (2017) investigated the effects of cobalt (Co), titanium (Ti), and
silicon (Si) elements on AICuNiFe high entropy alloys. It has been found that these
elements are important factors in increasing the hardness of HEAs. In addition, the
study found that the hardness of high entropy alloys is higher than conventional alloys,
and the wear coefficient ratio is lower than conventional alloys(Unnikrishnan, Paul,
Sellamuthu, & Arul, 2017).

Lee et al. (2017) discovered the effects of deformation and hot annealing on the
microstructure of the alloy in their study on AICoCrFeNi HEA. They have been
determined that the alloy is rich in Cr and Fe, and when the temperature reaches 1100
°C, it switches from BCC lattice structure to FCC lattice structure. In addition, high-
temperature-compressed alloys have been demonstrated duplex microstructures
composed of thin equiaxed FCC and BCC phases, whose average grain sizes fell

dramatically to 1.54 and 1.97 m, respectively(Lee, Bae, Kang, Lim, & Na, 2017).

In recent years, many criteria such as mixing entropy (ASmix), atomic size
difference (8), mixing enthalpy (AHmix), and valence electron number (VEC) has
been developed to indicate the phases that will form in high-entropy alloys. In the case
where the VEC value, which is seen as an important parameter in the phase formation
in HEAS in the literature, is “ > 8 ”, the FCC phase; In case “ < 6.87 ”, BCC phase;
When it is between these two values, it is stated that “FCC + BCC” phase tends to
occur. A study that (AlICoCrFeNi)100-xNix and (CoCrCu-FeNi)i00-xMox HEA by arc
melting method has been observed when Ni element was added to the alloy, the VEC
value increased, and FCC solid solutions were formed. Accordingly, it has been
determined that the ductility of the alloy increased. When Mo element was added to
the same alloy, it was observed that BCC solid solution formed due to low VEC value.
When examining this alloy system in general, it was emphasized that the VEC value
should be between 6.87 and 8 in practical applications where both high ductility and
high strength properties are desired(R. Chen et al., 2018).
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Another group of researchers working on the electron concentration-phase
relationship has researched the lattice parameters, crystal lattices, phase and electron
composition of more than 200 HEAs. As a result, it was revealed that the “6.7 < VEC
< 7.3” condition should be met when %100 Laves phase is required in the

structure(Gorban’, Krapivka, & Firstov, 2017).

AICoCrFeNiTix high entropy alloy studies, which have been studied similarly in

the literature within the scope of the thesis, are as follows:

Zhen et al., in their work in 2021, added Titanium element in different proportions
to the structure of AICoCrFeNi alloy by arc melting method. It was observed that the
hardness value increased with the increase of titanium, and with the honeycomb-
shaped indendritic structures formed from solid solution hardening. Furthermore,
adding Ti seriously has increased AICoCrFeNi HEAs resistance to sliding wear (Xu,
Li, & Chen, 2021).

In their 2020 work, Qinglin et al. concocted a novel high entropy AlCoCrFeNiTi
alloy using arc melting. The impacts of this alloys (1.0 weight percent, 2.0 weight
percent, and 3.0 weight percent) on microstructure and mechanical characteristics of
pure aluminum were investigated. The results indicate that the addition of HEA refined
the aluminum'’s macrostructure and microstructure. Adding 3.0 wt.% of this alloy to
the aluminum melt has been enhaced the tensile strength by 145.2%, from 62 MPa to
152 MPa, and the yield strength by 173.8%, from 42 MPa to 115 MPa(Q. Li et al.,
2020).

In their study, Dang et al. investigated the effects of remelting and annealing on the
wear resistance of AICoCrFeNiTi0.5 HEAs. As seen in figure 2.10, the intensity of the
diffraction peak of the BCC(A2) phase has been increased after remelting and

annealing compared to the casting alloy(Kong et al., 2019).
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Figure 2.14 XRD results HEAs of AICoCrFeNiTigs(Kong et al., 2019)

After remelting & annealing, the microstructure distribution is homogenous. The
dendritic gap diminishes, as shown by the findings in Figure 2.11. Moreover, the
remelted and annealed AlICoCrFeNiTios HEASs exhibited lower friction coefficients,

higher hardness values, and less wear than the as-cast HEAs(Kong et al., 2019).
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Figure 2.15 AICoCrFeNiTios HEA micrographs (DR: dendrite; ID:interdendrite; CW:cell wall) (Kong
etal., 2019)

In the study of Young-Sang Na et al., the effect of adding up to 0.075% Ti to
AICoCrFeNi based high entropy alloy was investigated. It was determined that
AlCoCrFeNi alloy undergoes spinodal decomposition into Al-Ni rich (B2) and Cr—Fe
rich (A2) areas during solidification. Also, traces of Ti tend to separate along the grain
boundary in the AICoCrFeNi alloy. Therefore, it greatly refined the grain size of the
AICoCrFeNi alloy(Na, Lim, Chang, & Kim, 2016).

GiSu Ham et al. examined the impact of titanium addition on the microstructure
and high temperature oxidation behavior of a high-entropy AlCoCrFeNi alloy. The
titanium concentration is between 0 at% and 1 at%. It was established that both alloys
had a BCC single phase and that the mean grain sizes of AICoCrFeNiTigo and
AlCoCrFeNiTizowere 47.2 m and 49.9 m, respectively. The XRD results in Figure
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2.12 show the BCC phase formed in both alloys. In addition, the phase change from
BCC to FCC was seen in AlCoCrFeNiTix (x=0.0,1.0) alloy as a consequence of

oxidation (in Fig 2.13). Using this transition to investigated oxidation resistance was
also examined. (Ham, Kim, Na, & Lee, 2021).
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Figure 2.16 XRD analysis results of AICoCrFeNiTix HEA before high temperature oxidation
test(Ham et al., 2021)
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Figure 2.17 XRD analysis results of AICoCrFeNiTix HEA after high temperature oxidation test(Ham
et al., 2021)

Yuan et al.have investigated arc-melted AICoCrFeNiTix high-entropy alloys.The

developed alloys of microstructures and phases were examined. In high-entropy
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AlCoCrFeNiTix alloys, BCC phases were found to equal FeCr and AINi phases. As
the Ti concentration increased, the single BCC phase has been showing transformed
into BCC1 and BCC2 phases (in Fig 2.14) (Yu, Wang, Li, Kou, & Liu, 2015).
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Figure 2.18 XRD analysis results of AICoCrFeNiTix (Ti00, Ti03, Ti05)(Yu et al., 2015).
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CHAPTER 3

MATERIALS AND METHOD

3.1 Materials

Aluminum, Cobalt, Chrome, Iron, Nickel, Titanium pure metal powders were
purchased from three different companies. Fe, Cr, Al, Co, Ni were purchased from
Molchem technologies, Ti powders from Alfa Aesar. High purity metal powders are
used as raw materials in VAM studies. In the preparation of the alloys, powder raw
materials with a grain size of -325 mesh (less than 45 um) and 99.95% purity were

used.

Table 3.1 Physical characteristics of chosen elements for the multi-principle alloying system.

Property Al Co Cr Fe Ni Ti
Atomic
13 27 24 26 28 22
number

Molar mass 26.982 | 58.933 | 51.996 | 55.845 | 58.693 | 47.867

Density(g/cm?®) | 2.7 8.9 7.15 7.87 8.90 45

Melting
Point(°C)

660.3 1495 1907 1538 1455 1668

AICoCrFeNiTix (x=0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) Before preparing the high
entropy alloys for production, the weights and alloy compositions of the samples were
calculated according to their molar ratios. Calculated alloy compositions are shown in
Table 3.2 and initial weights are shown in Table 3.3. The weights of the prepared
pellets are given in Table 3.4.
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Table 3.2 Calculated alloy composition ratios

X Al Co Cr Fe Ni Tix
0.0 0.2 0.2 0.2 0.2 0.2 0.0
0.2 0.1923 0.1923 0.1923 0.1923 0.1923 0.0384
0.4 0.1851 0.1851 0.1851 0.1851 0.1851 0.0740
0.6 0.1785 0.1785 0.1785 0.1785 0.1785 0.1071
0.8 0.1724 0.1724 0.1724 0.1724 0.1724 0.1379
1.0 0.1666 0.1666 0.1666 0.1666 0.1666 0.1666
Table 3.3 Initial weights of powders prepared by pelleting
X Al Co Cr Fe Ni Tix
0.0 0.5344 1.1672 1.0898 1.1061 1.1624 0.0
0.2 0.5148 1.1245 0.9922 1.0656 1.1199 0.1826
0.4 0.4967 1.0849 0.9572 1.0281 1.0805 0.3524
0.6 0.4782 1.0479 0.9246 0.9931 1.0437 0.5107
0.8 0.4624 1.0135 0.8942 0.9604 1.0093 0.6585
1.0 0.4492 0.9812 0.9297 0.9297 0.9772 0.7969
Table 3.4 Initially weight of the pellet
X 0.0 0.2 0.4 0.6 0.8 1.0 Total
Setl 4.999 4.998 4.997 4.999 4.998 4.999 5
Set 2 4.998 4.997 4.998 4.999 4.999 4.999 5
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3.2 Thermo-Calc Software for AICoCrFeNiTix HEAS

The microstructure and phase behavior of an alloy is crucial to understanding its
ultimate qualities. In order to predict the microstructure at any temperature, phase
diagrams are usually utilized in the pre-production stages. ThermoCalc is used to draw
phase diagrams using the CALculation of PHAse Diagram (CALPHAD)
approach(Senkov et al., 2019; N. Zhou et al., 2019). First of all, the definition is made
in our system to be created. The TCHEA4 (High Entropy Alloys v4.0) database to be
used is selected. After the elements in the alloy were selected, the relevant mole

fractions were calculated and entered.
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Figure 3.1 The process of creating the model tree for calculations.

TCHEAA4 is a thermodynamic resource on multi-principal element alloys, often
known as high entropy alloys. TCHEA4 is developed in the style of CALPHAD by
assessing all binary and many ternary systems critically. Using a combination of
researchers, first-principle calculations, and CALPHAD modeling, accurate
thermodynamics descriptions of BCC, FCC, intermetallics, and HCP solutions have
been obtained. This permits the prediction of multi-component alloy systems,
particularly HEAs. In this module, approximately 307 binary systems can be evaluated
according to all composition and temperature ranges and calculated with the BINARY

Module. In terms of triple systems, 493 systems are evaluated. Of these, 192 can be
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resolved over the entire composition and temperature range. It can be calculated with
the TERNARY Module in the program. These modules are used to extrapolate to
higher order systems, and predict phase formation, phase fractions, and phase
compositions. Additionally, it helps to understand the phase equilibrium in high
entropy alloys to calculate the driving force to form a phase. The SCHEIL GULLIVER
module in Thermo-Calc may also be used to estimate the solidification behavior of
HEAs using the database. For the majority of the phases, all relevant molar volume
and high thermal behaviour have been evaluated(Andreoli et al., 2021; Zyska et al.,
2017).

The model tree is created by selecting the module to be used in the program. Here,
the mole fractions of the elements that make up the alloy are entered into the system.
These stages are shown in Figure 3.1 and Figure 3.2. In the study, cooling behavior is
resolved faster in equilibrium conditions. The transformation points and temperatures
of the formed phases are obtained in graphic and table form. Then, the analysis perform
to examine the cooling behavior of the alloy under Equlibirium (Fig.3.3) and non-

Equlibirium conditions(Fig 3.4).

Welp
7 A0
Hew Open Sore - Sochto ConsceMode

| Prjet BRI [} Conlguation & 9 % |[TReats

Dutsboses
OO TcHeas bigh arepy oy W2 Pacage

Benents  Speces  Phuses and Phase Comttuion  Components  OataSources  Descrption

Peioc Tl Mphabesc Lt

nnnnnn

NI

vl || = 5 Peforn| Gt thow Suxceae

Figure 3.2 Entering boundary conditions into the model tree created for the calculations.
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Figure 3.4 The cooling behavior occurring at non-equilibrium conditions

3.3 Production of AICoCrFeNiTix HEAS

The weights of metal powder mixtures prepared according to target alloys were

measured with precision balance. Metal powder mixtures were mixed in Emor brand
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powder mixer at 250-300 rpm for 30 minutes to produce a homogeneous alloy (In
Figure 3.5).

Figure 3.5 a) Weighing process of the prepared powders and b) Mixture of the prepared powders

Since the powder sample could not be melted directly in the arc melting device, the
powder mixture of 5 grams has been turned into pellets. Powder mixtures prepared for
the pelleting process were turned into pellets by applying approximately 30 bar
pressure in the hydraulic press. The initial weights of the prepared pellets have been
measured. Pelletizing apparatuses made of stainless steel were ultrasonically cleaned
with ethyl alcohol and dried before each process. This process was repeated for the
powder mixes in each composition. Then they were placed in the melting crucibles of
the device for vacuum melting. A high-purity titanium metal was also placed inside
the device to prevent oxidation. Before melting, the chamber was cleaned with argon
gas 3 times, then the system was put into the vacuum. Melting experiments were
carried out in Edmund Biihler brand VAM device operating in argon gas atmosphere
in a water-cooled copper mold (Figure 3.6). To assure chemical uniformity, each
samples were remelted five times by inversion. The final weights of the melted pellets

were measured (Table 3.5.)
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Figure 3.6 a)Edmund Biihler brand VAM device, b)arc melting process, and c)cooling of melted
samples

Table 3.5 Average of the final weights of the melted alloy series
X 0.0 0.2 0.4 0.6 0.8 1.0

Setl 4.838 4.899 4.774 4.786 4.756 4.748

After the weights of the melted pellets were measured with a precision balance, the
pellets were brought together in the form of sticks. Metal ingots were cut into slices

with a thickness of approximately 1.0 mm (Fig.3.7.).
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Figure 3.7 a) Cutting samples, and b) measuring the dimensions of the cut samples
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After the cut samples were cleaned in an ultrasonic bath with a mixture of ethyl
alcohol and water, they were made ready for heat treatment. The operations for heat
treatment (H-T) were carried out in a resistance furnace at a heating rate of 10 degrees
Celsius per minute. Heat treatments have been done to AICoCrFeNiTix-based HEAs
with X=0.0, X=0.2, and X=1.0 across all of the samples. These heat treatments have
been carried out in quartz capsules that were hermetically sealed and evacuated. In a
Protherm PLF 150/15 chamber furnace with a heating rate of 10°C per minute, the
samples have been kept to temperatures of 500°C, 750°C, and 1000°C for a period of
two hours each (Fig.3.8.). The samples that were maintained at temperatures of 500°C
and 750°C were solely cooled in water, whereas the samples that were maintained at
a temperature of 1000 °C cooled to room temperature using both water and the

atmosphere of the furnace.

Figure 3.8 Heat treatment stages of the produced samples. a) holding process, b) cooling in the furnace

¢) cooling in water

For microstructure analysis and other analyses, the samples taken from the products
produced by VAM method and heat treatment process have been sanded with 120,
320, 600, 800, and 1200, 1500, 2000 grit emery papers respectively in the sample
preparation laboratory, and the polishing.

3.4 Characterization of produced AICoCrFeNiTix HEAs

The X-ray diffraction pattern (XRD) was made with the Rigaku ULTIMA 3-Rint
2200/PC system and Cu-Ka radiation (A-Ka=1.54 A) from 20° to 80°. X'pert High-

o1



Score Plus software and also the ICDD and ICSD databases were utilized to look at
the XRD results. A JEOL-JSM 6060 scanning electron microscope (SEM) was used
to look at the microstructures of the AICoCrFeNiTix-based HEAs. AICoCrFeNiTix-
based HEASs element was investigated after casting and heat treatment with the IXRF
System-500 Energy Scattering Spectrometer (EDS) detector connected to the SEM
device. The Perkin ElImer STA 8000 TG/DTA and the LABSYS evo DTA/DSC were
used to do the thermal analysis. To avoid oxidation, samples were heated from room
temperature to 1200 °C at a rate of 10 °C/min in a N2 atmosphere. The mechanical
properties were looked at with the Sinowon HV-1000D microhardness (micro-vickers)
device. A load of 0.2 kg was applied to each sample for 10 seconds and 12
measurements were made. The average of these numbers was calculated, and the

standard deviation was figured out.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 CALPHAD Results

The phases that AICoCrFeNiTix high entropy alloys will form under balanced

cooling conditions at different mole fractions were investigated using the CALPHAD

program. Figure 4.1 depicts the potential phases and their quantities created under

equilibrium cooling circumstances, beginning with 1 mole of liquid in these alloys.
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Figure 4.1 Possible phases to occur under balanced cooling conditions and their quantities a) x=0.0, b)
x=0.2, ¢) x=0.4, d) x=0.6, ) x=0.8, and f) x=1.0 in AICoCrFeNiTix HEAs
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As a result of the thermodynamic analysis, the ratios of the theoretical phases
formed with the temperature change and the compositions of the phases were also
calculated. As shown in Figure 4.1, the structure of HEAs can form many phases. It is
seen that the main phase in the microstructure of these HEAs is the sequential BCC
phase (B2). The same phases were obtained in the study of Zhen et al. in 2021(Xu et
al., 2021). Other phases in alloy structures include the irregular BCC phase, the
disordered FCC phase, the ordered Sigma phase (intermetallic o-phase), the the L2;
structure of X>YZ type full-Heusler phase, and the C14 type hexagonal Laves phase.
Depending on the titanium element added to the AICoCrFeNiTix HEAs structure, the
initial solidification temperature in the structure also changed. It is seen that the
ordered BCC phase, which first solidified from the liquid in the Ti0.0 alloy structure,
solidified at approximately 1375°C. Due to this situation, it was observed that the first
solidified sequential BCC phase from the liquid was formed at approximately 1255°C
with the increase of titanium. It was determined that the solidification temperature
decreased with the addition of titanium to the structure. In the study of Ferrari et al., it
was observed that similar regular and irregular BCC phases were formed in the
microstructure when AICoCrFeNiTix x=0.0 (Ferrari et al., 2019). In addition, it was
observed that some additional phases (Laves and Heusler) were formed with the
titanium element included in the structure. The compositions of the formed phases
changed with the increase in Ti content at stable temperature ranges. The compositions
of the formed phases changed with the increase in Ti content at stable temperature
ranges. Two B2 phases (B2#2 and B2#4) solidified from liquid were obtained in Til.0,
which contains the most titanium element in the alloy series. The Ti contents of these
phases were determined to be approximately from 12.90 mol% to 3.39x10 mol%.
Til.0 alloy is developed two ordered BCC (B2) , two disordered BCC phases during
equilibrium solidification. According to CALPHAD software, the Al-Co-Ni-Ti-based
B2#2 phase forms around 1306°C. When the temperature was at 1187°C, the
disordered B2 phase (Cr-based) was formed. At about 544°C, the disordered B2#3
phase (Fe-based) was formed. In Figure 4.1, the sums of phases with the same
crystallographic structure but different composition ratios are given under equilibrium

cooling conditions.
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Since the cooling behavior of the alloy produced in the VAM process could not be
controlled, the alloys showed a behavior of cooling under non-equilibrium conditions.
Especially in metals and alloys produced by melting, the cooling behavior of the
material determines the state of the phases that will occur in the structure. With this
point of view, Scheil Solidification Simulations are used to identify possible
formations of phases and non-equilibrium transformations. The phase diagram
obtained according to the result of the Scheil Solidification module in Termo-Calc
software is given in Figure 4.2. Utilizing the Scheil Calculator, the microstructure,
solidification range, and segregation degree of a material may be determined more
precisely. Guan et al. used Scheil's solidification simulation to analyze the
AICoCrFeNiTi0.5 high entropy alloy in detail. They determined the phases to be

obtained as a result of this solidification(Guan et al., 2019).
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Figure 4.2 Phase diagram of AICoCrFeNiTix high-entropy alloy formed according to Scheil

Solidification Simulations under non-eqilibrium conditions
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The phases shown in figure 4.2 above are as follows: BCC phases describe a
mixture of ordered BCC (B2) and disordered BCC phases with different compositions.
The FCC phase structure is described by the different compositions of the disordered
FCC and ordered FCC (L1>) phases. According to phase diagram of AICoCrFeNiTix
HEAs, the temperature at which solidification begins declines with increasing titanium
content. When the titanium content is above approximately 0.50, the Laves phase
occurs in the structure during solidification. The Laves phase has two different
structures. One of these structures is C14 (hexagonal structure), and the other is C15
(cubic structure). According to Scheil Solidification Simulations, the C15 Laves phase
in the structure indicates that it is formed the titanium content is above 0.50. The C14
Laves phase, on the other hand, states it is formed when the titanium content is above
1.21. As for investigating the phase diagram, eutectic transformation can occur during
non-equilibrium cooling. Eutectic transformation occurs at the point where the
temperature is approximately 1085 °C and the titanium content is 1.05. This reaction
is defined as Liquid = FCCs+Laves. This is the first phase diagram of AICoCrFeNiTix
high entropy alloys in the literature, created by Scheil Solidification simulation under
non-equilibrium conditions. Thanks to this created phase diagram, the phases formed
in the structure were predicted. In addition, by looking at the phases formed by the
produced alloy between 1000°C and 1450°C, it is estimated that these alloys can be

used in the aviation industry (high temperature applications, etc.).

4.2 Arc Melting Result of AICoCrFeNiTix HEAS

4.2.1 XRD Results

In Figure 4.8, the phases formed in the AICoCrFeNiTix alloy system were
determined by X-ray diffraction. 5 phases have been determined in this alloy series.
These are as follows: ordered BCC (B2), disordered BCC (BCC), disordered FCC
(FCC) phases, Sigma phases, and Laves phases. It has been observed that Ti0.0 alloy
consists of ordered BCC (B2) phase. The highest intensity (main peak) formed in this
alloy system is between about 43.15° and 45.15°.With the increase of titanium content
in the alloy structure, phases have increased. In solid solutions, the peaks move as the

elements and the amount of mass they make up a change.
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Figure 4.3 XRD analysis of as-cast AICoCrFeNiTix-based HEAs: a) full scan, b) magnified sections

To determine the existence of ordered BCC (B2), disordered BCC (BCC), and
disordered FCC (FCC) phases, diffraction points from certain angles and planes have

analyzed rather than the peak with the maximum intensity. The existence of phase B2
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is indicated by the peak {100} at about 31.02°, whereas the FCC phase is indicated by
the peak {200} at approximately 51.03°. Additionally, the space groups of the chosen
patterns were utilized to demonstrate the probable phases. The patterns in the
Pm3m, Im3m, and Fm3m space groups were accepted to be the B2, BCC, and FCC
phases, respectively. The space groups of the phases formed in this alloy system were
also determined as Pm3m (B2 phase), Im3m(BCC phase), and Fm3m (FCC phase). As
shown in Figure 4.3, the peaks of the phases (particularly the B2 phase) generated as
the titanium concentration of the alloy increased shifted towards lower angles.

The reason for these shifts in the XRD peaks is that the titanium content has a larger
atomic radius than the other elements involved in the solid solution phases. While the
atomic radii of elements other than titanium are (1.241x107%° — 1.432x1071° m), the
atomic radius of the element titanium is (2.150x10° m). This situation causes the
lattice to be distorted and the lattice structure to deteriorate(H. L. Chen, Mao, & Chen,
2018). When examined in Figure 4.3.b, the highest peak of the B2 phase {110} in the
alloy shifted towards lower angles (from 44.67° to 43.63°) with the increase of
titanium content. This has been observed in several studies(Dong et al., 2014; Ham et
al., 2021; Yu et al., 2020).

The intermetallic Laves phase, which was seen to be formed by AB: stoichiometry,
was also detected in Ti0.8 and Til.0 HEA. The Laves phase principally comprises the
elements Fe, Ti, and Co. It was also observed that the B2 phase shifted towards a
higher angle in the Ti1.0 alloy. This situation occurred with the increase in the amount
of Laves phase formed in the structure. The Laves phases might form in non-
equilibrium circumstances when the stoichiometric quantity of titanium is more than
0.5, as seenin Fig. 4.3. Yet, Laves phase was not observed in the Ti0.6 HEA, in Figure
4.3. It is considered that this event arises due to the comparatively little quantity of
Laves phase generated in the structure compared to the other phases.

FCC phases in the alloy structure are also formed during non-equilibrium cooling
(Fig. 4.2), even in the alloy series containing low titanium (Ti0.2). This phase in the

alloy is also consistent with the XRD result (Fig 4.3).
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As for all series of alloys examined, it was determined by XRD analysis that the
Sigma phase was formed only in Ti0.6 alloy. When the studies in the literature are
examined, the formation of the sigma phase in the structure of the alloy is explained
with certain parameters(Tsai, Chang, Li, Tsai, & Cheng, 2015; X. J. Wang, Xu, Liu,
& Liu, 2021). These parameters are paired sigma phase forming elements (PSFE) and
valence electron concentration (VEC) that make up the alloy. These 2 parameters of
the alloy can divide the high entropy alloy into 3 different groups. In Ti0.6 alloy, these
parameters (VEC and PSFE values) were determined as 6.861% and 35.72%. These
values indicate that there is a possibility of the formation of the Sigma phase in the
alloy. It is also seen in Figure 4.2 that sigma phase can be seen during solidification
under balanced cooling conditions. In line with these analyses, the formation of the
Sigma phase can be explained as follows. It is the phase transformation of some of the
first B2 and BCC mixture phases formed during the solidification of the alloy. With
the phase transformation, FCC and sigma mixed phases were formed in the structure.

4.2.2 SEM/EDS Results

The microstructure of the Ti0.0 alloy is compatible with the XRD analysis. A single-
phase microstructure image was obtained. The only phase in the alloy is the B2 phase
(in Figure 4.3). Zhou et al. also obtained similar microstructure images in their
study(Y. J. Zhou, Zhang, Wang, & Chen, 2007). With the increase of titanium content
in the AICoCrFeNiTix alloy system, new phase morphologies were formed in the
structure. The phase formations obtained by the XRD result are also supported by the

SEM analysis.
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Figure 4.4 SEM micrographs of as-cast AICoCrFeNiTix based HEAs where (a) X = 0.0, (b) X = 0.2,
(c) X=0.4,(d) X=06,(e) X=0.8,and (f) X=1.0

In the Figure 4.4 above, it is seen that eutectic-like structures are formed in all of
the other series, except for Ti0.0 and Ti0.2 alloys. The phase diagram in Figure 4.2
shows that eutectic transformations occur in Ti0.6, Ti0.8, and Til.0 alloys with
titanium content between about 0.51 and 1.40. Scheil Solidification Simulation was
used to investigate why a eutectic-like microstructure was detected (Fig. 4.c) in the
microstructure of HEA at X=0.4, which is outside of these constraints. The titanium
element chosen as the fast diffuser showed that the Laves and FCC phases in the

structure consisted of the liquid phase at a temperature of about 1057 °C. In the
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literature review, Chen et al. stated that the titanium element has a lower diffusion
coefficient from the Al-Co-Cr-Fe-Ni based high entropy alloy than the other elements.
This is in line with our analysis. Therefore, titanium elements cannot act as a fast
diffuser in AICoCrFeNi based high entropy alloy systems. In other words, the titanium
element does not show rapid solidification in the structure(S. Chen, Li, Zhong, Xing,
& Zhang, 2019). According to Scheil solidification calculation in the casting method,
it was observed that there are several different reasons why the elements forming the
alloy form different phases. The reasons for this differentiation are the formation of
back diffusion in solid phases, diffusion not fast enough in liquid structure, and the
absence of probable phases due to the high nucleation energy of the structure. It has
also been described in the literature in this way(H. L. Chen et al., 2018). So to better
comprehend the distribution of components in the structure of Al-Co-Cr-Fe-Ni-Ti-
based high entropy alloys, X-ray mapping analysis using the EDS method at various

magnifications was done.

As seen in the EDS analysis in Figure 4.5, the microstructure differentiation has
occurred by the addition of the titanium element to the structure. This differentiation
also proves that new phases are formed in the structure. When the distribution of all
elements is examined in detail here, dendritic structures have been obtained in the
microstructure starting from the Ti0.4 alloy in Figure 4.5.c. After the alloys were
produced by arc melting, dendritic formations occurred in the morphology of the alloy
due to the solidification behavior. This behavior is compatible to microstructures in
the study of Ham et al (Ham et al., 2021). Likewise, Lobel et al. obtained similar
dendritic microstructures (Lobel, Lindner, Mehner, & Lampke, 2018). This situation
is completely related to the solidification behavior of the elements that make up the
alloy. In the arc melting method, this solidification behavior cannot be controlled. Due
to fast or slow solidification, inhomogeneous dendritic structures were obtained in the
structure of the alloy. The phase composition calculated under the equilibrium and
non-equilibrium cooling conditions obtained with Thermo-Calc software is given to
compare the EDS results. As an example, different regions have been selected in the
Ti1.0 alloy. These regions are shown in figure 4.4.f with dots of different colors. The

EDS data of the first phase (white dot) involved in the structure of the alloy was similar
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to the ordered+ disordered mixture composition analyzed with the Scheil module in
Thermo-Calc software. The light-colored region in this microstructure image is the
BCC + B2 mixture phase. Scheil's modulus, shows that phase transformation can occur
at about 1210°C of the alloy. At this temperature, peritectic transformation can occur
(BCC_B2+Liquid = BCC_B2#2). The compositions of the BCC phases at this point
differ from each other. The structure is composed of both an ordered and a disordered
structure. During the peritectic transformation, according to Scheil calculator, it was
determined that the amount of Al-Ni in the content of the newly formed BCC_B2#2
phase would decrease. However, it was determined that the amount of Cr-Fe in the
alloy would increase. The differences in the amount of Al-Ni and Cr-Fe in the structure
of the alloy were determined by the EDS result of the 2 different regions seen in Figure
4.4.f. When these regions were examined in detail, the phase in the red dotted region
was estimated to be the BCC_B2#2 phase.

According to Scheil calculator, Til.0 alloy performs eutectic phase transformation
at 1086°C. The theoretically calculated composition of the alloy at this temperature is
1.23 at.% Al, 29.06 at.% Co, 19.16 at.% Cr, 27.81 at.% Fe, 6.83 at.% Ni, and 15.52
at.% Ti. EDS analysis of the eutectic region (blue point) was measured 1.87 at.% Al,
13.62 at.% Co, 27.28 at.% Cr, 30.62% at.% Fe, 9.87 at.% Ni, and 14.96 at.% Ti.

According to the results of the EDS analysis, light-colored dendritic regions and
dark-colored block regions were demonstrated in Ti0.0 alloy. The dendritic structures
in the alloy indicate a eutectic solidification that occurs during the casting process. The
same microstructure images were obtained in many studies in the literature (L. Ma et
al., 2017; W. R. Wang et al., 2012; S. cheng Zhou et al., 2018). It is seen that Co-Cr-
Fe elements are clear in the light-colored region. Other region Al-Ni elements are
obvious. In Ti0.2 alloy, thin shiny dendrites and very dark regions are seen. Titanium
element added to the content of the alloy is seen as accumulated in the very dark region.
In addition, in the region of thin dendrites in the alloy, Cr-Co and Fe elements are more
dominant. Dark phase precipitates dispersed in brighter coarse columnar grains were
observed in Ti0.4 alloy. Dark phase sediments are regions rich in Al-Co-Ni-Ti. Coarse

columnar grains show the region rich in Cr-Fe. With the increase in titanium content,
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the distribution of titanium started to show a homogeneous behavior. In Til.0 alloy,
with the increase of titanium content, light-colored region, dark colored region, and
medium dark (grey) region were observed in the microstructure. It can be stated that
elements precipitated in the inner part of the medium-dark region. It has been
understood that more advanced characterization techniques should be used to analyze
the amount and crystal structure of these precipitated elements. These techniques have

not been realized at this stage.
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4.2.3 DTA Results

DTA analysis was performed to predict the melting point of the alloy and the
reactions that would occur. As seen in Figure 4.6, a significant endothermic peak
formation was observed in the Ti0.0 alloy at a temperature of about 620°C. This peak

may indicate that there is melting in the structure of the alloy at this temperature and
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that a new phase formation begins. It has been observed that a small amount of melting
will occur in the structure of the alloy up to about 1200°C. Similarly, melting points

were determined by DTA analysis in the study of Liu et al(Y. Liu et al., 2020).

When examined Fig. 4.6, Fig. 4.7, and Fig.4.8, there are distinct endothermic peaks
for each curve. These peaks represent the initial melting points of AICoCrFeNiTi
based HEAs. With the increase of titanium content in this alloy series, the melting
point of the alloy reached higher temperatures. While its initial point was 620°C, it
reached approximately 914°C with the addition of titanium. This is theoretically due
to the high melting point of the titanium element. A temperature range for the
transformation of the phases formed in the structure can be determined by looking at

these graphs.

In the study of Fan et al., Ag element added to BiSbTe1sSeis HEAS had the
opposite effect(Fan, Wang, Wu, Liu, & Lu, 2016). It lowered the melting point. Based
on this situation, the melting points of the elements that make up the alloy are highly
important. By looking at the result of the DTA analysis, the heat treatment parameters
to be applied to the alloy were determined. The critical temperatures were determined
by looking at the endothermic peaks. In this case, heat treatment was carried out to
determine the phase transformations in the structure and the different microstructures
that will occur. According to the endothermic peaks in the DTA graph, the heat
treatment temperatures were determined as 500°C, 750°C, and 1000°C. Here, the
lower, intermediate, and upper parts of the peaks at approximately 600 °C and 900 °C
were examined. Wang et al. also applied heat treatment at the same temperatures using

a similar alloy series(Y. Wang et al., 2013).
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4.2.4 Hardness Results

In Figure 4.9, 0.2 kg load was applied to the surfaces of AICoCrFeNiTix high
entropy alloys prepared after metallographic processes for about 10 seconds. Regions
with different microstructures (as light and dark regions) in the alloy system were
analyzed separately. Approximately 12 measurements were taken from each region.
In line with the result obtained, the mean and standard deviation of 12 measurements

were calculated.

It was seen in both XRD and SEM analyzes that Ti0.0 alloy has single-phase
ordered BCC (B2) phase. During the hardness analysis, measurements were taken
from the alloy with a single-phase microstructure image. As a result of the
measurements, the average hardness value of the alloy was calculated as 519 +4 HV.
With the addition of titanium element to the alloy system, the hardness value of the
alloy increased. In the study of Wang et al., it was observed that the number of phases
increased with the increase of aluminum content in AIXCoCrFeNi based HEAs.
Similarly, the hardness value of the alloy increased after casting(W. R. Wang et al.,
2012). In the high entropy study of AICoCrFeNi produced by Zheng et al. produced
by laser melting deposition method, AICoCrFeNi HEAs was observed hardness value

as approximately 548HV at a load of 0.3 kilograms(J. Zhao et al., 2022).
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Figure 4.9 The microhardness values of AICoCrFeNiTix HEAs
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In particular, the hardness value reached 794+38 HV. HV with the formation of
the Sigma phase in addition to the B2, BCC, FCC phases in the Ti0.6 alloy. In Ti0.8
alloy, on the other hand, the hardness value due to the formation of Laves phase(C15)

in the structure and the phases in the alloy reached the highest value of 827+15 HV.

In the Ti1.0 alloy, the hardness value decreased to 778 £22 HV, due to forming a
different type of Laves phase (C14). This phase structures compare with the Scheil
solidification modulus in Figure 4.2. With the increase of titanium content from 0.8 to
1.0, the C15 laves structure formed in the alloy turned into C14 laves. C14 laves phase
contains less titanium composition. In Table 4.2, hardness results from different parts
of all alloy series are given. It was observed that the hardness increased with the effect

of eutectic-like structures and different phases formed from Ti0.4.

Table 4.1 Microhardness values of AICoCrFeNiTix HEAs from different phase regions (Area 1:Dark

area, and Area 2: bright area)

Sample Area l Area 2

Ti0.0

Ti0.2
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Table 4. 1 Contiunes

Ti0.4

Ti0.6

Ti0.8

Til.0




4.3 Heat Treatment Result of AICoCrFeNiTix HEASs

4.3.1 XRD Results

Heat treatment was applied to Ti0.0, Ti0.2 and Til.0 high entropy alloys at
temperatures determined as a result of DTA analysis (500°C, 750°C and 1000°C).
After the heat treatment, the phases in the structure were determined by XRD analysis
(In Fig.4.10). According to the Ti0.0 casting alloy, no phase transformation occurred
in the water cooling process after the heat treatment at 500°C. Only the B2 phase was
seen in Ti0.0 alloy structure. After the heat treatment at 750°C, as a result of the phase
transformation in the water cooling process, besides the B2 phase, FCC and Sigma
phases were formed. Sigma phase disappeared from the structure in the process at
1000°C as a result of further increasing the temperature. Only the B2 and FCC phases
were obtained. Likewise, B2 and FCC phases were obtained at similar angles in the
sample, which was cooled in the furnace atmosphere after the heat treatment at
1000°C. In this study, the phase transformations that occur after the heat treatment
processes in the Ti0.0 alloy are similar to the results of other studies (He et al., 2014;
C. Li, Li, Zhao, & Jiang, 2010; Sistla, Newkirk, & Frank Liou, 2015; J. Zhao et al.,
2022).
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Figure 4.10 The XRD patterns of as-heat treated a)Ti0.0-based HEA
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When Figure 4.11 is examined, the same phases obtained from casting resulting
from the heat treatment carried out at 500°C in the Ti0.2 alloy are seen. Different
stages did not occur. However, it was observed that the Sigma phase was formed in
the structure of the alloy as a result of heat treatment at 750°C. The formation of the
Sigma phase in the Ti0.2 alloy at this temperature is supported by DTA analysis. In
DTA analysis, it can be expressed by the formation of distinct endothermic and
exothermic peaks in the Ti0.2 alloy at a temperature of about 620°C to 1000°C. In the
heat treatment procedure carried out at 1000°C, it was determined that there were

similar phases under different cooling conditions. (B2, BCC, FCC and Sigma phase).

As for Til.0 alloy, as a result of XRD obtained after casting, B2, FCC, BCC, and
Laves phases in the structure of the alloy were determined. However, as a result of the
heat treatment at 500°C, it was determined that there was no Laves phase in the
structure. It can be said that a phase transformation takes place at this temperature. If
it is evaluated according to the heat treatment of Ti0.0 alloy at 500°C, BCC and FCC
phases were formed in the structure with the increase in titanium content. Similar
phases were formed at 750°C as in the other alloy series. When the temperature reaches
1000°C, the sigma phase in the structure disappears, instead, there are only B2, BCC,
FCC phases.

In order to observe these phase differences resulting from heat treatment in more

detail, SEM-EDS analysis was performed on these 3 selected alloys. The resulting
microstructures are shown in detail under 4.3.2 SEM results.
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4.3.2 SEM Results

Microstructure images formed as a result of heat treatment are shown in Figure
4.12. Compared to the post-cast condition (Fig. 4.4), changes in the microstructure
could be noticed. In the Ti0.0 alloy, differentiation occurred from 750°C. This was
also seen when the XRD analysis after heat treatment was examined. As a result of
XRD, it was determined that Sigma and FCC phases were formed in addition to the
B2 phase in the structure. When the heat treatment temperature reaches 1000°C, it is
seen that the coarse columnar bright grains in the microstructure turn into a more

regular structure.

Figure 4.12 The SEM micrographs of as-heat treated Ti0.0, Ti0.2, and Til.0-based HEA
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When the Ti0.2 alloy is examined in the figure above (Fig4.12.b), dendritic bright
regions formed in the structure with increased heat treatment temperature. It is known
that the effect of the Sigma phase, which is also seen as a result of XRD, is in these
regions. Similar microstructures were obtained from cooling both in water and in the
oven at 1000°C. It is estimated that the formed phases have a more homogeneous
distribution. Similar microstructure images were obtained as a result of heat treatment
ina study by Cheng et al(L. Chen et al., 2018).

In the Til.0 alloy, on the other hand, the effect of sigma and laves phases formed
by the increase in titanium content is observed. It is known that this situation coincides
with the XRD result. Some sediments were observed inside the coarse dendritic
structures, which are light in color. It is observed that the Laves phase transforms into
a different phase at 500°C, thus increasing the dark columnar regions in the structure.
It was observed that the light-colored dendritic regions increased in volume after
cooling in water at 750°C. As a result of cooling in the oven at 1000°C, it is seen that

the dendritic regions decrease, and the structure exhibits a homogeneous distribution.

When all alloy series were evaluated, it was determined that the phase in the bright
(light color) region formed in all microstructure images as a result of the heat treatment
performed with water cooling at 750°C was the sigma phase. In the EDS analysis, the
compositions of these bright regions were found to be close to the theoretical
composition of the Sigma phases seen under equilibrium conditions. For instance, the
chemical composition of the bright (light colored) region at 750 °C in the Ti0.0 alloy
after heat treatment was measured by EDS analysis as 9.41% Co, 44.76% Cr, and
37.85% Fe. The average of the theoretical composition of the Sigma phase obtained
under equilibrium cooling conditions using the Thermo-Calc software is 5.75% Co,
53.46% Cr, and 40.24% Fe.
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4.3.3 DSC Results

DSC analysis was performed to determine the thermal stability of AICoCrFeNiTix
high entropy alloys. So as to determine the thermal stability of AICoCrFeNiTix high
entropy alloys and the transformations in the structure, DSC analysis was performed
on the samples. The endothermic peaks at the transformation points of the alloys that
were heated up to approximately 1000°C and cooled were determined. Microstructure
images obtained from SEM analysis were added to the graph to understand these

transformation points more easily.
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Figure 4.13 DSC curve of Ti0.0, Ti0.2, and Til.0-based HEAs
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In the Ti0.0 alloy, the DSC curve 1 (Fig4.13.a) exhibits two major endothermic
peaks around 680°C and 980°C. The endothermic peak at 680°C corresponds to Al
melting (Tm = 660°C), while the second peak at 980°C is predicted to coincide with
the melting of the entire AICoCrFeNi high entropy alloy composition. AICoCrFeNi
HEAs can be explained by the differentiation of internal stresses resulting from low
and wide exothermic peaks (at 895-925-955 °C), lattice stress and structural
deformation, etc. in the temperature range of about 895-1000°C. In this case, N.F. The
research of Shkodich et al. has also been observed in the CoCrFeNiCu HEA(Shkodich
etal., 2022).

In the Ti0.2 alloy, the DSC curve 1 (Fig. 4.13.b) exhibits three major endothermic
peaks around 540°C and 998°C. Endothermic peaks are observed at 550°C, 650°C,
and 997°C. In addition, it was compared with the microstructure images formed as a
result of heat treatment in this temperature range. The phase transformation resulting
from the heat treatment started in the region close to 750°C and continued up to
1000°C. With the effect of the Sigma phase formed, the endothermic peaks became
deeper. Also, in Til.0 alloy, the DSC curve (Fig. 4.13.c) exhibits three main
endothermic peaks around 680°C and 990°C. Endothermic peaks were observed at
approximately 680°C, 810°C, and 990°C. A slight shift was observed in the
endothermic peaks with increasing titanium content. In general, having a high melting
point of the titanium element gave the alloy an advantage. It increased the melting

temperature of the alloy.

77



4.4 Phase Diagram Result of AICoCrFeNiTix HEAs

Thermo-calc was calculated for the AICoCrFeNiTix high entropy alloy system with
Thermo-Calc software. The phase diagram, including the transformations depending
on the titanium content and the temperature of the alloy under balanced cooling
conditions, is given in Figure 4.14. Here, the ranges in which the phases formed in the
alloy structure are demonstrated from about 1600°C to 25°C. Using Thermo-Calc
software, phase diagrams of AICoCrFeNiTix alloys were produced for the first time.
There is no phase diagram in the literature describing the phases that will occur with
the addition of titanium elements into AICoCrFeNi HEA systems. Within the scope of
this thesis, phase diagrams of AICoCrFeNiTix high entropy alloys were obtained in
light of both theoretical and experimental data. A contribution to the literature has been
made. In this way, the usage areas of these alloy series in industrial applications will

be increased.
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In according within Fig. 4.14, the melting temperature of HEASs is decreasing as the
titanium concentration rises. According to the phase diagram of HEAs consisting of
Al-Co-Cr-Fe-Ni-Ti elements, the first solidified phase from the liquid phase is the
BCC(B2) phase. At about 1400°C, the BCC phase occurs. In cases where the titanium
content added to the Al-Co-Cr-Fe-Ni alloy was above about 1.62, the Laves phase in
the structure was the second solidified phase at 1225°C. When the titanium content is
below about 1.62, it is seen that the disorder structure of BCC phase is formed in the
structure. This phase diagram shows that the alloy may undergo two peritectic and two
eutectoid transformations. It was observed that at about 1320°C and titanium content
of 0.03, a peritectic transformation to Lig. + B2s = BCCs phase could occur. It was
observed that at approximately 1213°C and 0.74 titanium content, a peritectic
transformation to Lig. + B2s = BCCs phase could happen. The temperature and
composition at which eutectoid transformations can occur are as follows. It can occur
at approximately 1187°C where the titanium content is 1.60 (B2s = BCCs + Laves).
Another cutectoid transformation can occur at 814°C, where the titanium content is

0.74 (BCCs = Laves + Sigma).
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The data obtained in the studies with the AICoCrFeNiTix based system and the
thermal analyzes (red dots) performed in this study are shown together in Figure 4.15.
The results obtained here are compared. The difference between the liquidus and
solidus temperatures of the experimental data (black dots) obtained in the studies was
higher than in our study(Z. Fu & Koc, 2017; W. H. Guo, Li, Qi, Xu, & Ezatpour, 2021,
Ldobel et al., 2018; Strumza & Hayun, 2021; Uporov, Bykov, Pryanichnikov, Shubin,
& Uporova, 2017; D. Zhao, Yamaguchi, Shu, Tokunaga, & Danjo, 2020)
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CHAPTER 5

CONCLUSION

In this thesis, AICoCrFeNiTix was produced by high entropy vacuum arc melting
method. In addition, AICoCrFeNiTix high entorpy alloy was designed by
thermodynamically modeling with TermoCalc software. In line with the data obtained,
heat treatment was applied to AICoCrFeNiTix alloys. The phase morphology,
microstructure images, thermal behavior and mechanical properties of the alloys were
investigated. With the software used, the phase diagram of the AICoCrFeNiTix alloy
series (0 < x < 2) was revealed both theoretically and experimentally. In this context,
AICoCrFeNiTix is the first study of high entropy alloys in the literature. All the data

obtained as a result of this study are presented below.

The following are the general findings of this research based on the outcomes of
the tests conducted:

1. The phase amounts of AICoCrFeNiTix high entropy alloys and the
temperatures at which they formed were determined under non-equilibrium
and balanced cooling conditions obtained by using TermoCalc software.
These determined diagrams are also compatible with phase data obtained
experimentally.

2. A single-phase ordered BCC solid solution was detected in the Ti0.0
alloy.As the percentage of titanium in the alloys rises,irregular BCC and
irregular FCC phases were also formed. These observations were made in
the XRD results of the cast HEAs. In addition to the B2, FCC, and BCC
phases formed in the structure of Ti0.6 alloy, the Sigma phase was formed.
2 parameters explained this in high entropy alloys. The sigma phase forming
elements (PSFE) and valence electron concentration (VEC) values in the
alloy were investigated with TermoCalc software. VEC and PSFE are
calculated at 6.86% and 35.7%. It was stated that the formation of the sigma

phase in the alloy is likely. Low density newly formed Laves phases were
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detected in Ti0.8 and Ti1.0 alloys. No sigma phase was observed except for
Ti0.6 alloy.

Microstructure images were examined by SEM analysis of Ti-doped
AICoCrFeNi high entropy alloys produced by arc melting method. The
microstructure images of the formed phases were similar to the XRD results.
A single matrix phase was seen in the microstructure in Ti0.0 HEA. It was
determined that with the increase of titanium content in the alloy, multiple
phases with different contents were formed. Eutectic-like structures (X=0.4,
0.6, 0.8, and 1.0) and peritectic-like structures (X=0.8 and 1.0) were seen in
the microstructures by SEM analysis. According to the EDS results, the
content of the first solidified phase matched the content of the ordered BCC
and disordered BCC mixture phases. The composition of the peritectic-like
structure was found to belong to the mixed phase of regular BCC and
irregular BCC with different content. In addition, the content of the eutectic-
like structure was found to be compatible with the content of Laves,
disordered FCC and disordered BCC mixture phases. These eutectic and
peritectic transformations are congruous perfectly with the phase diagram
that was obtained using the Scheil Calculator under circumstances of non-
equilibrium cooling.

Endothermic peaks were observed in the DTA results of all AICoCrFeNiTix
high entropy alloys produced by arc melting. According to the DTA results,
shifts were observed in the endothermic peaks with the increase of the
titanium content in the alloy. This supported the formation of new phases
by adding the element of titanium to the phases forming the alloy. It was
thought that phase transformation took place at temperatures with these
endothermic peaks.

. As a result of the measurements, the average hardness value of the Ti0.0
alloy was calculated as 519 10 HV. With the addition of titanium element
to the alloy system, the hardness value of the AICoCrFeNIiTix alloy system
reached a maximum 827+15 HV.

. According to the DTA results, the alloys and temperatures for the heat

treatment experiments were determined. The heat treatment was carried out
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at 3 different temperatures (500 °C, 750 °C, and 1000 °C) and under
different ambient conditions (water cooling, oven cooling). When XRD
analyzes were examined after heat treatment, no significant phase change
was observed in the structure of Ti0.0, Ti0.2, and Ti1.0 alloys at 500 °C. It
was determined that the Sigma phase was formed at 750 °C in all heat-
treated alloys. No different phases were determined in the alloys in the heat
treatment carried out at 1000 °C with both water cooling and furnace
cooling.

By DSC analysis, the melting point of the alloy and the temperatures at
which the phases forming the alloy can undergo structural deformation were
determined. The structures of the endothermic and exothermic peaks in
alloys allowed us to comment on the phase transformations that may occur.
It was determined that phase transformations would occur in the
temperature range of approximately 550 to 998°C in these 3 selected alloy
series.

The phase equilibrium diagram calculated by the CALPHAD method under
equilibrium cooling conditions was plotted. The predictions for the phase
transformations were made with the help of this phase diagram. The
findings of both the previous studies and present study were compared with
the phase diagram proposal. It was determined that the formation and
dissolution temperatures of the Sigma phases are in good agreement with
the theoretical calculations.In addition, it was observed that the Sigma and
Laves phases that would form in the structure were formed with the increase
in titanium content. Critical transformation points of all phases in the alloy

were determined and this phase diagram was drawn.
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CHAPTER 6

FUTURE RECOMMENDATIONS

This study is a pioneering study in its field with the design and production of
AlCoCrFeNiTix-based high entropy alloys in Turkey and revealing the phase diagram.
This work's findings might be examined in the following areas:

The use of the AICoCrFeNiTix high entropy alloy system, produced within the
scope of the thesis, in various applications for medical biomaterial tools is investigated.
In this context, biocompatibility tests were carried out on the alloy produced. The
results showed that the biocompatibility was high. In the future, it is planned to
produce alloys in which biocompatible phases can be formed by looking at the phase

diagram we have created.

In addition, the produced AICoCrFeNiTix was applied to Ti0.0 alloy, one of the
high entropy alloy series, by pack boriding method. The surface hardness values that
may occur due to the boron atom that may occur in these alloys were examined. An
increase in the hardness values of the alloy was detected. In this context, it is predicted
at which temperatures surface modification can be made using the Ti0.0 alloy system.
The results of the study will be brought to the literature as a research article in the near

future.

Considering all these, knowing the phase diagrams formed depending on the
elements forming the alloy in detail will enable the estimation of the phases to be
formed in other studies. It is thought that the usage areas of high entropy alloys can be
increased by estimating the phases to be formed.
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