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ABSTRACT

DEVELOPMENT OF HIGH STRENGTH LIGHTWEIGHT HIGH
ENTROPY ALLOYS (LWHEAs)

Polat, G6khan
Doctor of Philosophy, Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Yunus Eren Kalay

January 2020, 132 pages

In this thesis, the HEA formation ability of low-density elements was carefully studied
in detail. In this respect, lightweight or relatively lightweight elements such as B, Mg,
Al, Si, Ti, V, Cr, Mn and combinations of these elements with high-density elements
such as Cu, Ni were used to produce novel lightweight high entropy alloys (LWHEAs)
relative to the density of steel parts (~7.86 g/cm?).

This thesis involves the design, production, and characterization of LWHEAs. The
design and selection of the proper elements to be used in such alloys were calculated
based on thermophysical calculations, Thermo-Calc HEA database and first-principle
calculation with Vienna Ab Initio Simulation Package (VASP). Firstly, the HEA
formation ability of selected elements and their compositions were determined by
these computational methods. Then, the selected compositions were produced by
copper heart arc-melting set-up adapted with suction casting technique. The LWHEASs
are investigated in detail by using electron microscopy (SEM, TEM), X-ray diffraction
(XRD) and thermal analysis techniques. The specimens were analyzed to determine
the corresponding mechanical properties under compression test. The most promising
alloy was found to be Cu2oNixAl14Ti14Cri4 with its relatively low density (6.76 g/cm?)
among the investigated LWHEAs. The suction cast LWHEA is annealed at 900 °C for

2 h. based on the phase diagram constructed by Thermo-Calc software. The annealed



Cu9NizAl4Ti14Cris LWHEA shows optimal mechanical behavior with 855 MPa
compressive strength, 22.6 % ductility and 338 HV hardness. Also,
Cu9NizAl4Ti14Cris LWHEA was produced from industrial grade raw materials at
scale-up using the induction casting technique. The 5 mm cylindrical samples
annealed at 900 °C for 2 h. show 902 MPa yield strength, 1332 MPa fracture strength
and 12.7 % ductility.

Keywords: High Entropy Alloys, Mechanical Properties, Characterization, Structure,
Lightweight
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YUKSEK MUKAVEMETLI HAFIF Y.I"JK_SE.K ENTROPi ALASIMLARININ
(HYEA) GELiSTIiRiILMESI

Polat, G6khan
Doktora, Metalurji ve Malzeme Miihendisligi
Tez Danigmani: Dog. Dr. Yunus Eren Kalay

Ocak 2020, 132 sayfa

Bu tez calismasinda diisiik yogunluklu elementlerin YEA olusturma yetenegi ayrintil
olarak incelenmistir. Bu baglamda, B, Mg, Al, Si, Ti, V, Cr, Mn gibi hafif veya
nispeten hafif elementler ve bu elementlerin Cu, Ni gibi yiiksek yogunluklu
elementlerle kombinasyonlari, celik malzemelerin yogunluguna kiyasla (~7,86

gr/cm?) yeni HYEA 'lar iiretmek i¢in kullanilmigtir.

Bu tez, HYEA larin tasarimini, iiretimini ve karakterizasyonunu icermektedir. Bu tiir
alagimlarda kullanilacak uygun elemanlarin se¢imi tasarimi, termofiziksel
hesaplamalar, Thermo-Calc YEA veritaban1 ve Vienna Ab Initio Simiilasyon Paketi
(VASP) ile ilk prensip hesaplamasi esas alinarak gerceklestirilmistir. ilk olarak, bu
hesaplama yontemleri ile secilen elementlerin HEA olusturma kabiliyeti ve bunlarin
kompozisyonu belirlenmistir. Daha sonra, segilen bilesimler, emisli dokiim teknigine
uyarlanmig bakir tablali ergitme diizenegi ile iretilmistir. HYEA'lar, elektron
mikroskobu (SEM, TEM), X-isin1 kirmimi (XRD) ve termal analiz teknikleri
kullanilarak ayrmtili olarak incelenmistir. Ayrica, basma testleri ile de bu numunelerin
mekanik ozellikleri incelenmistir. HEA’lar arasindan en umut vadeden alagim,
nispeten diisiik yogunluga sahip (6,76 gr/cm?) alasim Cuz9Niz9Al14Ti14Cri4 olmustur.
Emisli dokiimle tiretilmis HYEA, Thermo-Calc yazilimi yardimiyla olusturulan faz

diyagramina dayanarak 2 sa. boyunca 900 °C'de tavlanmigtir. Tavlanmig

Vil



Cux9NizAl4Ti14Cris HYEA, 855 MPa basma dayanimi, % 22,6 siineklik ve 338 HV
sertlik ile optimum mekanik davranis sergilemektedir. Ayrica, Cu2oNi2oAl14T114Cr14
HYEA, indiiksiyon dokiim teknigi kullanilarak endiistriyel saflikta hammaddelerden
biiyiik boyutta tiretilmistir. 900 © C'de 2 sa. tavlanmis 5 mm'lik silindirik numuneler,
902 MPa akma dayanimi, 1332 MPa kirilma dayanimi ve % 12,7 siineklik

gostermektedir.

Anahtar Kelimeler: Yiiksek Entropi Alasimlari, Mekanik Ozellikler, Karakterizasyon,
Yapi, Hafif
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CHAPTER 1

INTRODUCTION

Conventional alloy systems are based on one or two main components. The properties
such as mechanical, electrical, magnetic, corrosion can be improved by the addition
of minor alloying elements to the main component. That being said, such alloying
strategy restricts the researchers to increase the alloy configuration and forcing them
to study only in the regions close to the edge or corner of the multicomponent systems.
However, there is less knowledge about the center of phase diagrams of
multicomponent systems. In this manner, high entropy alloys (HEAs) concept which
was first proposed in 2004, makes it possible to study the center part of the phase
diagrams of multicomponent systems. HEA concept introduces a new area to produce
novel alloys with unique properties that cannot be achieved by conventional alloy
systems. HEAs are basically defined as a new type of solid solution that contains at
least five or more principal elements with a composition between 5-35 at. % for each
candidate element. As shown in Figure 1.1, these alloy systems are located at the
center or close to the center of the phase diagram [1] that it increases the
configurational entropy to its maximum. Thus, these HEAs are also called equiatomic
or near equiatomic alloys. Due to their higher configurational entropy (Sconf) stable
single or dual solid solution phases without any intermetallic can be produced

maintaining the phase stability even at elevated temperatures.
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solid solutions
here?

Ternary Quaternary

Figure 1.1. Schematic view of ternary and quaternary systems that showing regions
of the phase diagram [1]

Recently, there is great attention to HEAs to obtain new and superior physical and
mechanical properties. However, there are limited studies on lightweight high entropy
alloys (LWHEA) due to the difficulty to produce such alloys with single or dual solid
solution phases from low-density elements. So, the development of LWHEA is one of
the challenging topics in this field for industrial applications. In the present thesis, the
HEA formation ability of low-density elements will be studied. In this manner,
lightweight elements which are B, Mg, Al, Si, Ti, V, Cr, Mn and combinations of these
elements with high-density elements such as Fe, Co, Ni, Cu, Zn will be used to obtain
a LWHEA relative to the density of steel materials (~7.86 g/cm?). Such kind of alloys
can be applicable to the automotive industry, even in the high-temperature parts to
reduce the weight of a car with their low density and high strength. Thus, such a car
can save the consumed energy and decrease CO» emission that is regulated by

European Emission Standards (Euro6).

The thesis involves the design, production, and characterization of LWHEAs. The
design and selection of the proper elements to be used in such alloys are calculated
based on basic thermodynamics equations, Thermo-calc HEA database and first-
principle calculation with Vienna Ab-initio Simulation Package (VASP). Using these
techniques, the elements and their molar ratios are determined. Firstly, HEA ability of

selected elements and their compositions are determined by these computational



methods. Then, the selected compositions are produced with copper heart arc-melting
set-up. The effects of the cooling rate are determined using suction casting of the
produced alloys into cylindrical molds with different diameters. The HEAs are
investigated in detail by using electron microscopy (SEM, TEM), X-ray diffraction
(XRD) and thermal analysis techniques. These specimens are also analyzed to
determine their mechanical properties (compressive strength and ductility). HEAs
showing the best structural and mechanical properties are produced at large scale using
induction casting method to test their ability to be manufactured for the industrial

purposes.

This thesis begins with providing some basic concepts, phase formation rules, four
core effects of HEAs and a review of previous LWHEA studies in Chapter 2. In
Chapter 3, experimental procedure and characterization techniques are given in detail.
In Chapter 4, novel LWHEASs consist of B, Al, Si, Ti, V, Cr, Mn light elements are
designed and experimentally investigated. Novel Cu-Ni-Al-Ti medium entropy alloys
(MEAs) are designed and the effect of transition elements on the structure and
mechanical properties are investigated in Chapter 5. In Chapter 6, addition of Cr or V
as a fifth element on the structure and mechanical properties of Cu-Ni-Al-Ti MEAs
are investigated. Finally, this thesis is concluded in Chapter 7 by highlighting the
major contributions to the HEAs, LWHEAs and MEAs research fields in terms of
design, simulation, structure and mechanical properties and future recommendations

are emphasized in Chapter 8.






CHAPTER 2

THEORETICAL BACKGROUND

2.1. General Definition of HEAs

Conventional alloy systems are based on one or two principal elements that minor
alloying elements are added to improve the properties of the alloys. Due to the limited
number of elements on the periodic table, it restricts the combination of these elements
to produce new alloy systems and improve their properties. In this manner, a new alloy
system which is called as High Entropy Alloys (HEAs) was first proposed in 1995 that
there is no such a restriction in this new alloys system. HEAs contain at least five
principal elements with 5-35 at. % for each element that let us study in a wide range
to produce new alloys. Although HEAs were first proposed in 1995, it has been started
in 2004 by Yeh at al. Recently, there are many studies on mechanical, magnetic, and
thermal properties of HEAs [2]. According to Yeh et al. [3], an alloy is defined as high

entropy alloy when the following conditions are satisfied;

e Alloys show higher mixing entropy in liquid or solid solution,
¢ Containing at least five or more principal elements,
e The concentration of each element 5-35 at. %.
2.2. Prediction Formation of Solid Solution, Phases and Crystal Structure in

HEAs

Basically, HEA term is based on the highest configurational entropy (Sconf) of the alloy
system containing at least five principal elements. However, the traditional alloy
systems depend principally on one or two main components with the addition of small
amounts of alloying elements to improve the properties or processability of the
material [4]. According to the Gibbs phase rule, when the number of the main element

is increased, the formation of intermetallic compounds and complicated



microstructures, which could lead to brittleness and processing problems, may take
place [5]. However, studies conducted by Yeh et al. [6], [7] show that alloys with five
or more principal elements and the concentrations between 5 and 35 at. % can be
obtained without the formation of intermetallic phases. Solid solution phases have
usually higher entropy compared to intermetallics that can greatly decrease the Gibbs
free energy of the system [8]. Therefore, the HEAs generally form face-centered cubic
(FCC) and/or body-centered cubic (BCC) structures rather than many complex phases.
Moreover, hexagonal close-packed (HCP) structure, nano-sized precipitated and

amorphous phases can be observed in HEAs [9]-[12].

When equiatomic composition is prepared for each component of an alloy containing
five or more principal elements, it is shown that Skon/R = InN (N: number of elements
present in the alloy, R: gas constant). From this equation, when five principle elements
are chosen for a HEA (Figure 2.1), Scont/R will be equal to In5=1.61. If Skont/R is equal
or higher than this critical value, this alloy can be defined as a HEA. Another important
parameter for HEA formation ability of a system is the delta parameter (5) which is
defined as the atomic size difference between candidate atoms. In addition to these
parameters, enthalpy of mixing (AHmix) is important for the formation of HEAs rather

than intermetallic phases.
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Figure 2.1. An equi-atomic multicomponent system containing five elements a)

before mixing, b) randomly mixed solid solution form [13]

The general thermodynamic parameters are summarized as follows [14], [15]:

e  ASnix>13.38 J/ K mol
e §<6.6
e 22 klJ/mol < AHnix < 7 kJ/mol



AGmix=AHmix- ASmix Equation 2.1

where AGnmix is the Gibbs free energy of mixing, AHmix is the enthalpy of mixing, ASmix
is the entropy of mixing, and T is the absolute temperature. It is clear from the equation
that when equiatomic composition is selected for HEAs, ASmix reaches its maximum
value (Figure 2.2) for a specific AHmix, it will decrease the AGmix value of the system.

The lower AGnix will lead to the formation of stable phases [5].

TR
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Figure 2.2. The change of ASmix with changing composition for a ternary system [16]

The thermodynamic criteria AGmix, AHmix, ASmix, and & parameters are critical for the
formation of HEAs. Derivation and design of these parameters are other important
issues for HEA formation ability of selected candidates. According to Takeuchi et al.
[14], Sconfcan be calculated with the help of the concentration of each element in the
alloy system. In the same study, they showed that with counting the possible
interactions of solute and solvent atoms in a hypothetical system, Sconr value can be

calculated based on thermodynamic principles. That calculation is shown below [14]:

Scl(;nf - _ Zi\lzl G lnCi Equation 2.2
Sc;nf- = InN Equation 2.3



where ¢; is the concentration of i element in the alloy. In the same study, they

calculated AHmix, & and T for an alloys system [ 14]:

AHhix = 4x Z}‘LiZ%\Iﬂ AHj;cic; Equation 2.4
8= 100x_[¥N, ¢ (1— %)2 Equation 2.5
r=-YN.qgn Equation 2.6

Where rj is the radius of i element and T is the average value for all the atoms in the
system. By using these equations the most suitable composition for the formation of a

specific HEA can be determined empirically with thermodynamic calculations.

Another critical point for HEAs is the estimation of the resultant crystal structure. The
common crystal structures in the literature are face-centered cubic (FCC), body-
centered cubic (BCC) and hexagonal closed pack (HCP) for HEAs. The statistic
approaches conducted for possible structures of HEAs show that 50 % of solid solution
(ss) will be BCC, 49 % will be FCC and the remaining portion will be HCP structure
[15]. Valance electron concentration (VEC) (Table 2.1) is a good physical approach
to determine the final crystal structure of a HEA. Guo et al. [17] show that when VEC
is equal or higher than 8, the resultant crystal structure will be FCC; when this value
is lower than 6.87 the final crystal structure will be BCC. In the gap of 6.67 and 8 for
VEC, HEAs will have FCC+BCC composite crystal structure.



Table 2.1. Physicochemical properties of commonly used elements for the
production of HEAs [17]

Atomic

Element radius (A) VEC
Al 1.432 3
B 0.820 3
C 0.773 4
Co 1.251 9
Cr 1.249 6
Fe 1.241 8
Mn 1.350 7
Mo 1.363 6
Nb 1.429 5
Ni 1.246 10
Ta 1.430 5
Ti 1.462 4
A% 1.316 5
W 1.367 6

VEC of a multicomponent system can be calculated according to the following

formula [15]:
VEC = ), ¢; VEG; Equation 2.7
2.3. Four Core Effects of HEAs

There are so many factors that affect mechanical, microstructural and other properties
of HEAs. However, the most common factors are high entropy effect, sluggish
diffusion effect, severe lattice distortion effect, and cocktail effect which are called as

“core effects” [5], [12].
2.3.1. High Entropy Effect

High entropy effect is the most important parameter for HEAs. This effect differs
HEAs from conventional alloys that it leads to produce simple solid solution phases
[13]. This concept states that by increasing the Scont., the free energy of solid solutions

decreases. This situation promotes the formation of solid solution phases, especially



at elevated temperatures. Because of the increasing solubility among candidate
elements, the resultant number of phases decreases in HEAs. The mixing entropy of
solid solution phases is greater than intermetallic compounds in conventional alloy
systems (Table 2.2). In the case of HEAs, the difference of mixing entropy between
solid solution and intermetallic compounds is quite large due to the higher number of
principal elements in the alloy. Thus, HEAs have higher solid solution stability
particularly at higher temperatures [2], [13].

Table 2.2. Comparison of AGmix, AHmix, ASmix values for elemental phases,
compounds, intermediate phases and random solid solutions [13]

Comparative Elemental C d Intermediate Random Solid
States Phases ompounds Phases Solution
AHmix ~0 Large negative Less la}rge Medium negative

negative
ASmix ~0 ~0 Medium ASmix=—R TN, ¢ Ing;
AGmix ~0 Large negative Larger negative Larger negative

When the temperature is increased to elevated temperatures, the degree of ordered
structure in HEAs decreases. Therefore, although these alloys show ordered structure
in their as-cast state, the ordered structure transform to solid solution at elevated
temperatures. On the other hand, when the formation enthalpy of intermetallic
compounds is sufficiently high at higher temperatures, the effect of the enthalpy will
overcome the high entropy effect. In this case, instead of solid solution phases,

intermetallic compounds will be stable phases [2].
2.3.2. Sluggish Diffusion Effect

Sluggish diffusion effect was first proposed by Yeh etal. [15] in 2006 and it was based
on secondary observation. However, the first study on diffusion in HEAs was
published in 2013. This claim includes the formation of nanocrystal phases that the
presence of this nanocrystals cause a slow diffusion in HEA solid solution phases as

compared to the conventional alloys [2], [15].
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Sluggish diffusion effect can be explained with two major concepts. First of all, due
to the highest number of elements present with high at. % in HEAs, the neighboring
atoms in the lattice site of a crystal structure are different than each other. According
to recent studies [ 18], as shown in Figure 2.3, higher fluctuations in potential energies
of lattice sites cause slow diffusion in HEAs. When an atom jump from one site to a
vacancy, the interaction between atoms will be different than the first original case.
When an atom is replaced by another type of atom, this new atomic configuration will
cause a different bonding between atoms that the local energy will change. When an
atom jumps to a lower energy site, this atom will be trapped in the structure that the
probability of this atom leaving that site is very low. In this scenario, the atom will be
trapped in the structure. In contrast to the first case, when the final energy site of the
atom is high, it will have a higher probability to go back to its original site. Both of
these cases will slow down the diffusion kinetics [2], [18]. The second important case
for slow diffusion rates in HEAs is the different diffusion rates of each element present
in a HEA. Some atoms in HEA may be less active than the other type of atoms that
the chance of these atoms to jump to a vacancy is very low when these two types of
atoms are in competition. The atoms that have low diffusion rates will become the rate
limited atoms that they will prevent the transformations in the system [2].

Pure element /
Dilute solid solution
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site energy

diffusional path

Figure 2.3. The difference in the lattice in lattice potential energy along with an
atomic diffusion profile for HEAs (bottom) and dilute solid solution (top) [18]
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2.3.3. Severe Lattice Distortion Effect

HEAs contain at least five principal elements. Each element in the alloy has a different
atomic radius. The probability of occupying the lattice sites for the different elements
is the same that a crystal structure contains all the atoms of principal elements. Due to
the difference in atomic radius, lattice distortion occurs in HEAs [19]. Yeh et al. [5]
show that a decrease in X-ray diffraction (XRD) intensities is observed in
CuNiAlCoCrFeSi HEA as seen in Figure 2.4. The effect of the systematic addition of
principal elements is investigated in this study. They observed that although
temperature decreases the intensities of XRD patterns, there is a further decrease in
the intensity due to the increasing number of constituent principal elements. When the
difference in the radii of the candidate elements are increased, a significant decrease

in intensity is expected.
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Figure 2.4. Effect of lattice distortion on XRD intensities a) perfect lattice consist of
the same atoms, b) distorted lattice due to the different atoms with various radii, ¢)
effect of temperature and lattice distortion on XRD intensities [20]

Besides the effect of lattice distortion on intensities of the phases, it also decreases
thermal effects on properties of HEAs. Mechanical properties such as hardness and
strength increase significantly due to the highly distorted lattice. For instance, studies
show that Vickers hardness of single FCC solid solution CoCrFeMnNi HEA is 1192
MPa when it is homogenized, although the value obtained from the rule of mixture is

864 MPa [13].
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2.3.4. Cocktail Effect

The cocktail effect is used for HEAs to define the improvement of properties of the
alloy by the addition of five or more constituent principal elements and all the resultant
properties of the phases present in the multicomponent alloy based on the properties
of constituent phases. This property can be considered as a composite effect on the
atomic-scale due to the contribution of each phase on the properties of HEAs [13].
However, although individual elements in HEAs affect the properties of the alloy, the
interaction among the constituent atoms is not a negligible effect on the properties.
According to a study conducted by Yeh et al. [4], the crystal structure of
AlxCoCrCuFeNi changes from FCC to BCC with an increasing amount of Al as seen
in Figure 2.5. In addition to the change in the crystal structure, the hardness of HEA
increases with increasing at. % of Al element dramatically but normally Al is a soft
metal and its melting point is low. This result occurs due to the formation of hard BCC

phases, cohesive bonding among Al and the other atoms, and large atomic size of Al

(4], [13].
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Figure 2.5. Effect of Al at. % on the hardness of AlCoCrCuFeNi HEA [4]
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2.4. Computational Materials Science for HEAs

It is clear that it is not possible to produce a HEA from randomly chosen five or more
principal elements. As mentioned previously, some thermodynamic properties
promote the formation of solid solution phases without intermetallic compounds that
only carefully chosen elements and compositions can form a single FCC, BCC or their
combination. The combination of elements and compositions to produce HEAs give
enormous number of phases that it cannot be possible to study this experimentally. In
conventional alloys, with the help of binary and ternary phase diagrams, it is possible
to estimate the resultant phases for a specific temperature and composition. However,
in literature, there is no phase diagram for a quaternary or higher system to predict the
phases. Recently, computational methods start to become widespread that instead of
studying for all the possible compositions and elements to produce HEA, a
computational prediction method can save time and decrease the cost for experimental
studies. The most common computational modeling techniques to predict HEA
formation ability among candidate elements and their variable compositions are
density functional theory (DFT) calculations, ab initio molecular dynamics (AIMD)
and acronym of Calculation of Phase Diagrams (CALPHAD) [2], [4], [5], [15].

2.4.1. Density Functional Theory (DFT) Calculations

Among the other modeling technique, DFT seems the most proper technique to apply
a multi-component system like HEAs. The main requirements for DFT as the input
are the atomic number and crystal structure of candidate elements to calculate the
electronic and cohesive properties of the alloy. With the help of these inputs, the DFT
technique transforms the electronic many-body problems into a set of many coupled
single-electron problems. An infinite number of alloys are processed by the software

and only the promising compositions are given to the user as an output to study [4],

[5].

Zaddach et al. [21] used DFT calculations to investigate the physical properties of

selected solid solution alloys. They used two methods which are the exact muffin-tin
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orbital (EMTO) and plane-wave pseudopotential approach adapted to the Vienna ab
initio simulation packages (VASP). In the same study, special quasi-random structures

(SQSs) method has been developed to investigate quaternary systems [5], [21].
2.4.2. Ab Initio Molecular Dynamics (AIMD)

AIMD technique is based on quantum mechanics that it makes it easier to predict the
atomic behavior of solid and liquid phases at constant elevated temperatures. Also,
this technique is a common computational method to predict structural, dynamic,

thermodynamic and diffusion constant at different temperatures [5].

Kivy et al. [22] used AIMD to determine crystal structures and phases of AlFeCoNi,
FeCoCu and AlFeCoNiCu alloy systems. The study shows that BCC AlFeCoNi and
FCC FeCoCu phases are stable at 0 K in this alloy. However, when the temperature
increased to 1073 K, it is predicted that this dual-phase transforms into a single

equiatomic FCC phase as shown in Figure 2.6 [22].
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Figure 2.6. Formation energies of AlIFeCoNi, FeCoCu and AlFeCoNiCu alloys at
different temperatures [22]
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2.4.3. Calculation of Phase Diagrams (CALPHAD)

CALPHAD is a common method in materials science to predict the possible phases in
an alloy. This method is based on Gibbs Free Energy that is derived from a function
of composition, temperature, and pressure for a specific system. Until quite recently,
CALPHAD was only applicable to binary and ternary systems and there was no useful
database for HEAs. However, a new database to predict HEA has been created in the
last few years based on scientific parameters indicated in recent publications [23]—
[25]. The TCHEA2 database of CALPHAD contains 15 elements which are Al, Co,
Cr, Cu, Fe, Hf, Mn, Mo, Nb, Ni, Ta, Ti, V, W, and Zr. The binary module of Thermo-
Calc is used to calculate the interaction between the elements in the range of

composition and temperature [24].

Mao et al. [24] used CALPHAD to predict the amount of the phases present in
NbTaTiV multicomponent system and the phase changes with the addition of Al to
the alloy which was experimentally investigated by Yang et al. [25]. As shown in
Figure 2.7, when Al is added to the AIKNbTaTiV (0<x<1) multicomponent system,
the resultant phase remain as BCC for all the possible x values. These results well

agree with the experimental studies [24], [26].
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Figure 2.7. Application of CALPHAD for predicting of a) mole fraction of phases
present in NbTaTiV quaternary system, b) stable phases with the addition of Al to
AlxNbTaTiV alloy [24]
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2.5. Fabrication Routes of HEAS

The production methods of HEAs can be divided into three main groups as shown in

Figure 2.8: liquid melting, solid-state mechanical alloying and gas state mixing.

Component elements

#Z | TN

Solid mixing Liquid mixing (Gas mixing
/ W \
Mechanical Arc melting, Bridgman solidification, Sputter,PLD,
alloying Laser cladding LENS ALD MBE
\ J
|

High Entropy Alloys

Figure 2.8. Production routes of HEAs [27]

The most common method is production HEAs of from the liquid state. It is shown in
Figure 2.9 that, almost 75 % of the publications on HEAs use this technique. This
method is applied by the help of arc melting, electric resistance melting, inductive
melting, laser melting laser cladding and Laser Enhanced Net Shape (LENS) forming
techniques. The second important method which is solid mixing includes mechanical
alloying with some additional compressing processes. The last production technique
for HEAs is gas mixing that includes sputter deposition, pulse laser deposition (PLD),
atomic layer deposition (ALD), molecular beam epitaxy (MBE) and vapor phase
deposition techniques [27], [28].
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Figure 2.9. Comparison of production routes for HEAs in publications [28]

2.5.1. Liquid Melting

Arc melting is a liquid melting technique that it is the most popular technique to
produce HEAs. In this technique, all the constituent elements are mixed and
homogenized in a liquid state and then it is cast into copper molds as shown in Figure
2.10, schematically. The homogeneity of the alloys in HEAs has major importance

that the melting process is repeated many times to ensure the chemical homogeneity.
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Figure 2.10. Schematic view of a typical arc-melter [5]
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The torch temperature of arc melting is sufficiently high (>3000 °C) that all the
candidate elements can be melted at these temperatures. However, the main drawback
if this method is the vaporization problems of elements with low melting points such
as Zn, and Mg. Due to the vaporization of these elements during the process, the
overall chemical composition of the final alloy cannot be controlled precisely. When
the elements with low melting points are required to use to produced HEAs, induction

melting can be a good choice to overcome the vaporization problem [5], [28].

In the arc melting technique, a heterogeneous microstructure with segregations can be
developed during solidification of the HEAs. The most common microstructure
obtained in HEAs produced by arc melting is dendrite regions with interdendritic
segregations [5], [27], [29]. Commonly, this kind of microstructure is observed when
slow cooling rates are chosen during the solidification. Course dendrites occur in the
alloy when slow cooling rates are applied, but when the cooling rates are increased
(10* K/s) transformation of dendritic structure to fine dendritic and degenerated
microstructure with further increasing cooling rates (10° K/s). Ultra-rapid
solidification leads to the formation of ultra-fine disordered structures as shown in

Figure 2.11 for CuFeNiSio.s and Alo2sCuFeNiSio2s HEAs [30].
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Figure 2.11. Microstructure of HEAs: CuFeNiSios cooled at cooling rates, a) ~102,
b) ~10%, ¢) ~10° K/s and Alp2sCuFeNiSio2s cooled at cooling rates d) ~102, (€) ~104,
() ~10® K/s [30]

A similar microstructure can also be seen when induction casting is used to produce
HEAs. Singh et al. [29] show that decomposition occurs in AICoCrCuFeNi HEA when
the alloy is solidified slowly in the as-cast state. The cooling rate is 10-20 K/s in this
case but when the cooling rate is increased to 10°%-107 K/s by splat quenching, the
increasing cooling rates promote the formation of single solid solution phases as

shown in Figure 2.12 [29].
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Figure 2.12. XRD patterns of as-cast and splat-quenched AICoCrCuFeNi HEA [29]
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2.5.2. Solid State Mechanical Alloying

The schematic view of the interaction between powder particles and balls in high
energy ball milling technique is seen in Figure 2.13. Mechanical alloying is a powder
processing technique that involves high energy ball milling of blended elements. This
technique mainly consists of three steps. First of all, the pure elements are combined
in a ball mill to decrease the particle size to very fine powders and to diffuse the
species into each other. Secondly, hot isostatic pressing (HIP) is applied to obtain
compressed and sintered powders. Finally, an additional heat treatment process can be
applied to remove internal stresses that occurred during the cold compacting. Only 5
% of all HEAs are produced by a solid-state mechanical alloying method in the
literature [5], [31].

Figure 2.13. Interaction of powder particles and balls in high energy ball milling
technique [28]

Wang et al. [32] prepared an equiatomic CoCrFeNiMnAl HEA by mechanical
alloying and they investigated alloying behavior of the alloy. The process was applied
from 6 h. to 60 h. durations with 6 h. intervals and the extracted powders for each
period of the time are characterized by XRD. The results show that in the first milling
period, the sample contains XRD patterns of alloying elements with decreasing
intensity. When the milling period is extended to 60 h., a single solid solution phase

is obtained as shown in Figure 2.14.
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Figure 2.14. XRD patterns of ball milled CoCrFeNiMnAl HEA with different
milling periods [32]

2.5.3. Gas State Mixing

Gas state mixing method involves various coating processes and almost 20 % of
studies published on HEAs uses this this technique. The most popular methods for gas
state mixing are magnetron sputtering and plasma nitriding. Researches apply these
methods to coat thin HEA layers on the different substrate surfaces to enhance wear

resistance, corrosion resistance and oxidation resistance of the surface [28].

The most common method for coating a substrate is sputter deposition. In this method,
the atoms are sputtered by the bombarded charged gas ions then the substrate material
is deposited with the target material as shown in Figure 2.15 (a). Another important
method for coating applications is magnetron sputtering (Figure 2.15 (b)) which is
based on applying electric and magnetic fields. Electric and magnetic fields are
applied to increase the electron path length. The main advantage of this method is to

obtain higher deposition rates at lower argon pressures [28].
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Figure 2.15. Schematic view of a) DC and RF sputtering, b) magnetron sputtering
[28]

Gao et al. [33] used the magnetron sputtering technique to produce CoCrFeNiAlo3
HEA film on silicon substrates as shown in Figure 2.16 (a-c). In this study, a
homogenous and smooth coating was performed on the substrate (Figure 2.16 (b)).
The XRD pattern of the film (Figure 2.16 (c)) shows that the film consists of only a
single FCC solid solution phase [33].
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Figure 2.16. a) Schematic illustration of thin film CoCrFeNiAlo; HEA production, b)
CoCrFeNiAlos HEA on a silicon substrate, c) XRD pattern of CoCrFeNiAlo3 HEA
film [33]

The mechanical and corrosion test results of CoCrFeNiAlos HEA film are shown in
Figure 2.17. The nano-indentation test results of CoCrFeNiAlo3 HEA film show that
it has superior mechanical properties with 201.4 GPa Young’s modulus and 11.5 GPa
hardness (Figure 2.17 (a)). Also, the potentiodynamic polarization test in 3.5 wt. %
NaCl was applied on CoCrFeNiAlp3 HEA and it is observed that the corrosion
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resistance of the HEA film is better than 304 stainless steel at room temperature as

seen in Figure 2.17 (b) [33].
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Figure 2.17. a) mechanical, b) corrosion test results of CoCrFeNiAlp; HEA film [33]

2.6. Evolution of Lightweight High Entropy Alloys (LWHEA5)

Recently, there is a continuing interest in the development of HEAs such as improved
structural [34], mechanical properties [35], corrosion [33], and electrical [36]
behaviors. However, HEAs with lightweight along with high strength for advanced
applications, there have only been a few reports of studies of lightweight high entropy
alloys (LWHEASs). The primary aim of the studies is to produce LWHEAs with a
density lower than 7.00 g/cm? [37]. The elements most frequently used in LWHEAs
are the ones with lower densities such as Li (0.53 g/cm?), Be (1.85 g/cm?), B (2.46
g/em?), Mg (1.74 g/cm?), Al (2.70 g/cm?), Si (2.33 g/cm?), Ti (4.51 g/cm?) and Ca
(1.55 g/cm?). Most of these elements have higher chemical activity, larger atomic
radius, an also larger difference in melting points and boiling points [38]. These
properties cause difficulty in the design and production of LWHEAs. For example, Al
and Ti elements tend to form ICs when they are mixed with transition metals.
Moreover, although some multicomponent systems containing Li and Mg reported in
the literature are defined as LWHEAs, in fact, various ICs are seen in their

microstructures [37], [39]-[41]. The presence of these phases causes low strength and
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ductility in the LWHEASs [40], [42]. Thus, the design and development of LWHEAs

alloys are more difficult than that of conventional HEAs.

Hommond et al. [39] produced AlFeMgTiZn LWHEA with a density of 4.34 g/cm?
by mechanical alloying (MA) method. The elements used in the HEA have a broad
range of melting and boiling points to be produced by conventional melt processing
methods. These differences cause evaporation of significant quantities of the lower
melting point elements during the melting of the HEAs [39], [43]. Therefore, a
homogeneous LWHEA almost without a reduction of the elements is achieved by

mechanical alloying after 10 h. of milling time [39].

(a) AlFeMgTiZn 1200 (b)

1000 A

800 A

2 hours 100 °C

600

Intensity (arbitrary units)

A A N 4 hours
6 hours 400
e 8 hours
A 200
10 hours
% 5,0 7‘0 9'0 11IO 1:;0 150 00;0 0.‘1 0:2 0?3 0;4 0j5 0.6

2 Theta (degrees) True Strain (mm/mm)

Figure 2.18. a) XRD patterns as a function of milling time, b) Compression stress-

strain curves for AlFeMgTiZn LWHEA [39]

AlFeMgTiZn LWHEA has an only solid solution, they also have ICs in the final
milling periods as seen in Figure 2.18 (a). It is shown in Figure 2.18 (b) that the
LWHEA has a limited ductility in the as-milled state. However, the elongation is

enhanced up to over 0.5 mm/mm upon annealing at 400 °C.

Youssef et al. [43] reported AlxLizoMgioScaoTizo LWHEA with a density of 2.67
g/cm? using the mechanical alloying technique. The LWHEA has a single-FCC solid
solution phase with nano-sized crystalline in as-milled conditions. Then, the as-milled

phase in the LWHEA transformed to HCP phase upon annealing at 500 °C. The
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LWHEA in as-cast and annealed conditions showed higher hardness values, 5.8 and

4.9 GPa, respectively [43].

It is clearly seen from the previous studies that the most common elements used to
produce LWHEAs are Al, Mg, Be, Li, Sc, Ti and most of these elements have low
melting and boiling points. Therefore, due to the evaporation problem during the
casting techniques such as indication and arc melting, these alloys are commonly
produced by mechanical alloying as pointed out in the literature [39], [43], [44].
However, there are many attempts to produce LWHEAs by melting and casting routes
[41], [44]-[47].

Li et al. [41], [47] produced MgMnAlZnCu and Mgx(MnAIZnCu)io0x (X: atomic
percentage; x=20, 33, 43, 45.6 and 50 respectively) multicomponent systems by
induction melting. Although these alloys have lower densities between 2.20 g/cm? and

5.06 g/cm?, they do not have a single or dual solid solution phase as shown in Figure
2.19 (a, b).
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Figure 2.19. XRD patterns of a) Mgx(MnAIZnCu)i00-x (x=20, 33, 43, 45.6 and 50)
and b) MgMnAIZnCu multicomponent systems [41], [47]

The formation of secondary phases directly affects the mechanical properties of the
low-density multicomponent systems. Although such systems show higher hardness
values around 450 HV, they exhibit lower fracture strength (<500 MPa) and also low
ductility (<6 %) [41], [47].
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Recently, due to the difficulty to produce HEAs with a single or dual solid solution, a
new term so-called complex concentrated alloys (CCAs) [48], [49] is used for the
multicomponent system that is not HEA. This term is also used for the LWHEAs
because of the ICs forms during the production. Jia et al. [50] designed and produced
novel  AligoLizoMgssSiioCasYo1  AlisLizsMgssCaioSis,  AlisLizsMgasCaiSi,
AlisLi3sMgagCaosSits, and AlisLizoMgssCaosSios CCAs by induction melting
followed by casting into a copper mold. As shown in Figure 2.20 (a), more than four
phases coexist in the Alig9Li3oMg35Si10CasYo.1 CCA. When the atomic amounts of Li
and Mg elements were increased systematically, the phases with higher intensities
were observed in the CCAs (Figure 2.20 (b-e)). Moreover, the mechanical properties
of the CCAs were increased by increasing their Li and Mg content as seen in Figure
2.20 (f) [50]. Although higher yield strength (300 MPa), ductility (>60 %) and a very
low density of 1.46 g/cm® is achieved for AlsLizoMgasCagsSio.s [50], the atomic

amount of the elements is far away from the basic definition of the HEAs.
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The results show that the production of LWHEAs with equiatomic or near equiatomic
by casting method is a challenging field for HEAs. However, LWHEAs consist of Al-
Ti-V-Cr elements that could be easily produced by melting and casting techniques
[51]. Qiu et al. produced equiatomic AITiVCr LWHEA (or MEA) with a density of
5.06 g/cm? by arc melting technique. They showed that the LWHEA had a single B2
(ordered BCC) phase in the XRD patterns [51]. The presence of such pure ordered
phases in the structure make the metals very brittle with low ductility values [52], [53].



CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Introduction

This thesis involves the production of lightweight high entropy alloys (LWHEAS)
with robust mechanical properties. It is aimed to produce LWHEAs with sufficiently
higher strength values, and lighter as compared to the steel parts used in the
automotive industry. The primary critical reference value has been taken as the density
of steel parts used in the automotive industry (~7.86 g/cm?). In this thesis, LWHEA
has been called for the HEAs with densities lower than the density of the steel.
Another critical criterion for element selection is the cost. In the light of these criteria,
the main elements selected in this study are Li, B, Mg, Ti, V, Cr, Mn, Al, and Si. These
elements are shown in the Periodic Table in Figure 3.1. Because of the toxicity of Be
and high costs of Sc elements, these elements are not considered in the study. At least
five principal elements are combined within the range of 5-35 at.% to produce
LWHEA solid solution. In the following steps of the study, additional elements such
as Cu and Ni are used to produce medium entropy alloys (MEAs) with four principal

elements to obtain the desired properties in terms of strength and ductility.
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Figure 3.1. The elements used to produce LWHEAs
3.1.1. Design of LWHEA

The main consideration to design new HEAs are the melting temperature, density, and
strength of the resultant alloys. After the selection of elements based on these essential
criteria, the most critical step is to determine the elements to produce HEA from the
selected elements. In this step, empirical calculations and computational methods are
used to determine the best combination among the candidate elements and their

compositions.
3.1.1.1. Empirical Calculation Methods

The critical thermodynamic parameters used to define the conditions of solid solutions
in HEAs are given in Chapter 2. It is obvious that ASmix and AHmix parameters are two
critical factors to predict solid solution formation in a multicomponent system. In

addition to these parameters, Yang et al. [54] defined a new parameter, which is Q.

TmASmix

0=
[AHmix|

Equation 3.1
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In this equation, T, is a useful term due to the formation of phases near the melting
temperature of the alloys that it is adopted to entropy term. The hypothetical value of

Tm is calculated according to the rule of the mixture as shown below [54]:
T = 2it1 6 (T Equation 3.2

In addition to general thermodynamic criteria which are ASmix > 13.38 J/ K mol, 8 <
6.6 and —10 kJ/mol < AHmix < 5 kJ/mol, Q term is a critical point to predict solid
solution formation of a multi-component system. If Q > 1.1, the contribution of T
ASnix will be higher that entropically stabilized alloys could be produced [54]. These
empirical calculations are used to design LWHEAs. VEC is tried to arrange higher
than 6.87 to avoid the formation of brittle BCC phases. However, when VEC is
between 6.87 and 8, FCC+BCC composite phases will occur that a ductile HEA with
high strength could be produced. However, the main challenge to obtain FCC phases
in LWHEA is low VECs in light elements. Because of this limitation, rather than FCC
phases, BCC and FCC+BCC are more probable phases for the LWHEAs. In this
manner, the HEAs with BCC and FCC+BCC phases are produced in the present study.

3.1.2. Computational Methods

Because of the limitation in analytical calculations, there is an increasing interest in
computational modeling of HEAs. In this respect, Thermo-Calc TCHEA2: TCS High
entropy alloy database and MedeA-VASP 5.2 software are used to predict solid

solution formation of candidate elements.
3.1.2.1. CALPHAD Simulation

CALPHAD method adopted to Thermo-Calc software with TCHEA?2 database is used
to predict the phases with respect to composition and temperature. This software
makes it possible to estimate the resulting properties from structural and
compositional dependence of the HEAs. Therefore, chosen HEAs based on the
thermophysical calculations are simulated by Thermo-Calc. An example phase

diagram constructed for AITiVCr HEA by Thermo-Calc software is shown in Figure
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3.2. If both thermophysical calculation and Thermo-Calc simulation give the same

outputs, the HEAs are simulated by VASP to construct an atomic arrangement in a

box.
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Figure 3.2. A typical example phase diagram for AITiVCr HEA

3.1.2.2. Vienna Ab initio Simulation Package (VASP) Simulations

VASP is used to determine the properties of the final crystal structures of the alloys
after solidification. The software provides a crystal structure under equilibrium
conditions that it is performed to predict the final atomic distribution and crystal
structure of the HEAs without experimental studies. An output data can be seen in

Figure 3.3.

The temperature scale is chosen as a calculation parameter in order to be able to

determine the crystal structure and atomic positions when the alloy is solidified from
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the liquid state to the room temperature. Theoretical melting points are adopted from
thermophysical calculations and/or Thermo-Calc results. The initial temperature of
the liquid is chosen above 150 K of the exact Tm (Tmt150 K) to ensure the liquid
phase. The effects of the magnetic moments of the elements, used in the simulation,
on the crystal structure have been underestimated. Default molecular dynamics
parameter which is 4.0 femtoseconds is selected as the simulation time interval. If the
periods below this value are selected, it would be difficult to find the exact equilibrium
phase of the alloys. Therefore, the simulation time periods equal to or above 4.0
femtoseconds should be chosen to have more precise results. However, further
increasing the simulation time will increase the total simulation time dramatically. If
a box with 500 atoms is chosen, the simulation may take around a month with a very
high-performance computer. Thus, 4.0 femtoseconds is chosen as an optimum default
simulation time interval in the present study. The number of maximum geometric step
is chosen as 30 to find a crystal structure with minimum energy. Although further
increasing the simulation step gives more stable phases, it will increase the total

simulation time.
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Figure 3.3. An example screenshot image of MedeA software a) A simulated box
consists of 108 atoms, b) Symmetry and cell parameters, c) Atomic coordinates

The most promising LWHEAs are identified by using computational methods.

Afterward, the selected alloys are produced experimentally to compare the theoretical

and experimental results of LWHEAs.
3.2. Production Methods

LWHEAs are produced using high purity raw materials (>99.9 at.%) in the form of

pieces and shots by mixing appropriate amounts of the elements identified by the

thermophysical calculations and computational methods. The accuracy of the

composition has significant importance for HEAs. Because of this reason, each

element has been weighted carefully with at least three digits and then they are

combined for alloying. Two major production methods are used in the present study;

arc melting and induction melting techniques.
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3.2.1. Arc-Melting

The selected LWHEAs are prepared by arc melting of pure elements in a high-purity
argon atmosphere to avoid the oxidation. Edmund Biihler Arc-melter MAM-1 is used
with the suction casting stage as shown in Figure 3.4 (a-c). This system is the most
proper technique to produce alloys with small amounts of raw materials for
preliminary experiments. The torch temperature of the system is 3500 °C that lets us
melt the elements with higher melting points. This temperature could be arranged by
tuning the applied voltage. Low voltages are used for elements with low melting points

and it is increased with increasing melting points of the elements.

In this technique, the melting chamber is flashed by argon gas to remove the air present
in the chamber. This procedure repeated three times. Then, the alloys are re-melted at
least three times and reversed for each step to ensure chemical homogeneity. Finally,
a homogenous alloy with around 2 gr weight is obtained for suctions casting. Suction
casting stage is combined with the melting stage in this device as seen in Figure 3.4
(b). The suction stage and copper mold are cooled with water that the effect of cooling
rates on the alloys could be investigated. Also, the diameter of copper molds in Figure
3.4 (c) changes from 1 mm to 5 mm with 0.5 intervals that the cooling rates decrease
with increasing diameters. Therefore, rapidly solidified samples can be produced by
using the molds with smaller diameters. When the molds are filled with the alloy,

samples up to 30 mm height and 1-5 mm diameters could be produced.

Figure 3.4. a) Edmund Biihler Arc-melter MAM-1, b) Suction casting stage, c)
Cylindrical copper mold
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3.2.2. Induction Casting

The capacity of the arc-melter is deficient that only subsize samples could be produced
by this method. Moreover, the high torch temperature may not be suitable for elements
with low melting points because of the vaporization problem. In this case, induction
melting is the most proper technique to overcome these challenges. Indutherm MC
15+ induction melting device (Figure 3.5 (a)) is used in the experiments to produce
the most promising LWHEA. The temperature of the device to melt the elements could
be arranged by tuning the power applied to the system. The melting process is carried
out under a high purity argon atmosphere. During the melting process, the melt is also
stirred by the magnetic field that it leads to obtain chemically homogenized alloy with
just one step. The melted alloys are cast into a copper mold (Figure 3.5 (b)) with a 5
mm diameter and 80 mm height. The final sizes of the samples produced by the
induction casting technique are sufficiently large that it will be easier to investigate

HEASs mechanically.

(b)

Figure 3.5. a) MC 15 Induction melter, molds adapted to the melter, b) copper mold
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3.2.3. Heat Treatment

The as-cast LWHEASs are homogenized in a tube furnace up to 1150 °C under vacuum
(~102 mbar pressure) followed by furnace cooling. The homogenization temperature
and period are chosen based on the Thermo-Calc results, and similar studies reported

in the literature.
3.3. Characterization Techniques

3.3.1. X-ray Diffraction (XRD)

The structure of the samples is identified by XRD technique. It is the most critical step
of characterization for the present study. The samples are determined whether they
have solid solution HEA phases or not. If the samples contain single or dual solid
solution phases, detailed analyses are performed. First of all, Rigaku D/Max-2200
diffractometer with Cu-K, radiation of a wavelength of 1.54056 A is used to determine
phases. Data are collected between 10° and 100° with 2°/min scanning rate and 0.02°
step size. Also, in-situ high-temperature XRD (HT-XRD) analysis are performed by
Anton Paar HTK 16N High-Temperature Chamber adopted to Rigaku D/Max-2200
diffractometer. The XRD equipment does not have a monochromator optic device and

hence the K,-2 diffractions are suppressed by DIFFRAC.EV A software.

3.3.2. Electron Microscopy

SEM micrographs are used to determine the morphology and distributions of the
phases in the samples. Also, Energy Dispersive X-ray Spectrometry (EDS) analysis
is applied to check the chemical composition of the samples. FEI 430 NanoSEM-30
kV Field Emission Scanning Electron Microscope (FESEM) equipped with an energy
dispersive X-ray spectrometer (EDAX SSD Apollol0 Detector) is used for the
microstructural and elemental examination. For SEM investigation, samples are
ground up to 2000 grit Si papers then polished with 6 and 1-micron diamond paste,
respectively. Polished samples are etched in the aqua regia (a mixture of HNOj3 and

HCI in a molar ratio of 1:3) between 15 and 120 seconds.
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The selected samples are investigated by JEOL JEM-2100F 200 kV Transmission
Electron Microscope (TEM). The samples are prepared through Focus [on Beam (FIB)

microscope technique to be investigated under TEM.

3.3.3. Mechanical Testing

The room temperature compression tests of the as-cast and homogenized alloys are
investigated by Instron 5582 universal testing machine. The test performed according
to ASTM E9-09 standards (Standard Test Methods of Compression Testing of
Metallic Materials at Room Temperature) with 10 strain rate. The cylindrical
samples with 3 and 4 mm diameter are subjected to the mechanical test. At least 3
samples are used for each set of the test to increase the accuracy of the tests. The yield
stresses are determined by taking into account the offset yield point (proof stress) as

0.2 %.

A high-speed tabletop precision cutter is used to arrange the sample sizes for the
compression test, followed by grinding. The top and bottom of the samples are well

parallelized that require for the test.

3.3.4. Microhardness Measurements

The hardnesses of the specimens are measured from side to side with the Vickers
microhardness (HV) test. Shimadzu-2 Micro Hardness Tester with a diamond pyramid
indenter is used under 4.903 N (0.5 kgf) force. The mean hardness values are taken by

averaging at least 6 measurements on each sample.
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CHAPTER 4

DESIGN AND PRODUCTION OF HEAs
CONSIST OF LOW DENSITY ELEMENTS

In this chapter, studies regarding to novel LWHEAs are represented. The LWHEAs
are designed based on the thermophysical calculation and VASP simulations. The
LWHEAs are produced by casting and detailed structural and mechanical

characterization are performed on the samples.
4.1. Design and Characterization of AITiVCrMnBx (x=0, 0.3, 0.6, 1.0) LWHEAs

The elements are initially chosen based on density, abundance and costs. As a result,
AITiVCrMn has been chosen as a precursor LWHEA. Boron (B) element is gradually
added (from 0 to 1.0) to AITiVCrMn LWHEA to investigate the effect of B on the
properties of the LWHEA. At first, the thermophysical parameters of the LWHEAs
are calculated and shown in Table 4.1. Although B addition decreases the density of
the LWHEA from 5.34 g/cm? to 5.06 g/cm?, a dramatic increase in & is observed from
4.53 (%) to 12.11 (%). The lower atomic radius of B (87 pm) compare to Al (118 pm),
Cr (166 pm), V (171 pm), Si (111 pm) and Mn (161 pm) atoms causes the increase of
O parameter. As previously stated in literature [55], [5], if the & parameter is higher
than 6.6 (%) value single or dual solution HEAs are not expected. Also, large negative
AHnix values are seen with increasing atomic amount of B. This situation promotes
the formation of intermetallic compounds (ICs). ASmix of the system increases with
increasing B content due to increasing type and number of atoms affecting the entropy
of the system [7]. However, ASmix of the LWHEAs are equal or higher than the
theoretical lower limit of ASmix [7] (13.38 kJ/mol.K) to be defined as a HEA. Further
increase in ASmix does not have a dramatic effect to produce HEAs. The VEC value

of the alloys decreases from 5 to 4.67 with increasing B content due to lower
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individual VEC value of B atoms. If the VEC value of the system is lower than 6.87,
it promotes the formation of HEA with BCC phases [17]. Therefore, the expected
dominant phase is BCC for the AITiVCrMn LWHEAs consist of B. The increasing
amounts of B in the alloy prevent the formation of a single BCC phase and promote

ICs formation along with BCC phase due to the higher atomic size differences.

Table 4.1. Thermophysical calculations of LWHEAS consist of Al, Ti, V, Cr, Mn
and B elements

Density AHmix ASmix

LWHEAs @emy 0 aymoy  YEC  molky Tm®
AITiVCrMn 534 453 -14.88 5 13.38 1735
AITiVCrMnBo, 531 605 3466 496 13.92 1751
AITiVCrMnBaos 5.25 813 3307 489 14.43 1782
AITiVCrMnBos 5.16 1022 3092 479 14.78 1825
AITiVCrMnB 5.06 1211 2844 467 14.9 1874

VASP simulation of AITiVCrMnB LWHEA is shown in Figure 4.1. The simulation
initiated just above the melting point of the system (Tn+50 K) and cooled down to
room temperature. The final simulation box is shown in Figure 4.1 (a). The
corresponding XRD pattern of the box shown in Figure 4.1 (b) is simulated based on
the atomic positions of each atom in the box and the simulated XRD pattern consists
of BCC and ICs. The simulation outputs reveal that there is a well agreement between

thermophysical calculations and VASP simulation in terms of the phases of the
LWHEA.
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Figure 4.1. VASP simulation of AITiVCrMnB LWHEA a) 3x3x3 simulation box, b)
Simulated XRD pattern based on the atomic position in the box

The simulated AITiVCrMnBx (x = 0, 0.3, 0.6, 1.0) LWHEAs are then produced by
arc melting and suction casting method with 3 mm cylindrical copper mold. XRD
patterns of the cylindrical LWHEAs with 3 mm diameters are shown in Figure 4.2. It
is seen in the figure that AITiVCrMn LWHEA has a pure BCC crystal structure.
However, minor ICs form together with the main BCC phase with the addition of B.
The XRD patterns of the LWHEAs well agree with the predicted phases from
thermophysical calculations (Table 4.1).
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Figure 4.2. XRD patterns of AITiVCrMnBx (x =0, 0.3, 0.6, 1.0) LWHEAs
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Vickers hardness values of AITiVCrMnBy (x =0, 0.3, 0.6, 1.0) LWHEASs are shown
in Figure 4.3. It is seen from the XRD patterns (Figure 4.2), AITiVCrMnBx (x = 0,
0.3, 0.6, 1.0) LWHEAs have a dominant ordered BCC (B2) phase with its
characteristic (100) reflection and ICs. The nature of the B2 phases is very hard and
brittle. The ductility of these phases is limited as compared to disordered solid solution
phases [56]-[58]. Also, disordered BCC solid solutions have relatively higher
hardness and lower ductility because of the small number of slip systems in BCC [59].
Therefore, the presence of ordered and disordered BCC phases deteriorates the
mechanical properties and causes brittleness in the HEAs. A similar trend can be seen
for the ICs. As seen in Figure 4.2, the amount of ICs increase with increasing B content
in AITiVCrMnBx LWHEAs. The effect of both B2 and ICs cause increasing
brittleness and hardness in the LWHEAs. The effect of increasing ICs on hardness is
shown in Figure 4.3. The hardness of the LWHEASs increases from 564 (+4) HV to
901 (x11) HV with increasing B content. The increasing hardness values can be also
attributed to the increasing lattice distortion in the LWHEAs with higher B content. It
is seen from thermophysical calculations (Table 4.1) that the increasing B content also
increases the atomic size difference of the lattice that causing higher lattice distortion,
gradually. In the case of higher atomic size differences, the atoms are pinned in their
preferred lattice site that causes lower energy levels in the lattice. Also, each solute
atom in the lattice acts as an obstacle for the dislocation movement [62]. These effects

result in an increase in resistance to plastic deformation and higher hardness values.
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Figure 4.3. Hardness values of AITiVCrMnBx (x =0, 0.3, 0.6, 1.0) LWHEAs
4.2. Design and Characterization of AITiVCrSi and AITiVCrMnSi LWHEAs

Thermophysical properties of the AITiVCrB, AITiVCrSi, and AITiVCrMnSi HEAs
designed among low-density elements are shown in Table 4.2. The densities of these

HEAs are between 4.26 and 4.68 g/cm? and they can be called LWHEAs.

Table 4.2. Thermophysical calculations of AITiVCrB, AITiVCrSi and

AlTiVCrMnSi LWHEAs
. Expected
Density o AHmix ASmix
LWHEAs — wemd) 9 aamony  VEC  amorxy T StCrl;lycstt::e
AITiVCrB 4.62 13.27 -31.68 4.2 13.38 1946 BCC
AITiVCrSi 4.26 4.82 -37.92 4.4 13.38 1768 BCC
AITiVCrMnSi 4.68 4.45 -34.22 4.83 14.9 1726 BCC
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XRD patterns of AITiVCrB, AITiVCrSi and AITiVCrMnSi LWHEAs produced by
arc melting are given in Figure 4.4. It is seen in the figure that the dominant phase in
the LWHEAs is BCC and increasing amount of Si in the LWHEAs promotes the
formation of ICs. Although texture can be an effective parameter on the intensities of
the peaks, the general trend shows that replacement B with Si in the AITiVCrB
LWHEA causes a relative increase in the intensities of ICs as seen in Figure 4.4. This
situation well agrees with the thermophysical calculations given in Table 4.2 when B
is replaced with Si in AITiVCrB LWHEA, AHmix value decreases from -31.68 kJ/mol
to -37.92 kJ/mol. It is known that larger negative AHmix values promote the formation

of ICs [15]. Also, the addition of Si causes B2 phase formation (BCC-2) in the alloy.
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Figure 4.4. XRD patterns of AITiVCrB, AITiVCrSi, and AITiVCrMnSi LWHEAs

When equiatomic Mn added to AITiVCrSi LWHEA the relative intensities of ICs
increase for AITiVCrMnSi LWHEA as seen in Figure 4.4. The thermophysical
parameters of AITiVCrMnSi are given in Table 4.2. The atomic size difference (3 %)
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is higher than the 6.6 limit of HEA formation region [60]. Also, similar to AITiVCrSi
LWHEA, AITiVCrMnSi LWHEA has larger negative AHmix value that increases the
formation of ICs. Guo et al. [9] pointed out that, although solid solution phases form
either slightly positive or insignificantly negative AHmix, ICs can form in the

intermediate conditions.

Table 4.3. EDS analyses of AITiVCrSi, AITiVCrMnSi and AITiVCrB LWHEAs

at. %

LWHEAs Al Ti V Cr Mn Si B
AITiVCrSi 19.7 202 193 195 - 213 -
AITiVCrMnSi 145 165 171 176 174 16.9 -
AITiVCrMnB 16.5 176 17.1 16.7 15.5 - Balance

Energy dispersive spectroscopy (EDS) analysis of AITiVCrB, AITiVCrSi and
AITiVCrMnSi LWHEAs produced by arc melting are given in Table 4.3. The amount
of B in AITiVCrB LWHEA could not be measured due to its lower atomic number

[61]. On the other hand, B peak is seen in the EDS spectrum as shown in Figure 4.5.

AITiVvCrB

<<

0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10 keV

Figure 4.5. EDS spectrum of AITiVCrB LWHEAs
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As seen in Table 4.3, the final composition of AITiVCrSi and AlTiVCrMnSi
LWHEAs slightly deviate as compared to their initial state. However, these
differences in the composition do not significantly affect the properties of the
LWHEAs. Thermophysical properties of the LWHEAs are calculated based on the
EDS analyses (Table 4.3) to verify this situation. The overall EDS analysis of the
AITiVCrSi and AITiVCrMnSi LWHEAs corresponds to Alig7Ti202V193Cr19.55121.3
and Al145Ti16.5V17.1Cr17.6Mn17.4Si16.9, respectively. When the initial thermophysical
properties of designed LWHEAs (Table 4.2) and the corresponding alloys produced
by arc melting (Table 4.4) are compared, negligible differences are seen for all the
calculations. These minor differences do not affect the expected crystal structure and

phases in the LWHEAs.

Table 4.4. Thermophysical calculations of AITiVCrSi and AITiVCrMnSi LWHEAs
based on the EDS analyses

. Expected
Density ) AHpix ASmix Tm
LWHEASs 3 o VEC Crystal
(g/em’) (%) (kJ/mol) (kJ/molLK) (K) Structure
Al197Ti202V193Cr19.5Si213 4.22 4.83 -39.05 4.39 13.38 1765 BCC
A114,5Ti16,5V17,1Cl‘17,6Mll17,4si16,9 4.76 443 -33.94 49 14.88 1747 BCC

Scanning electron microscope (SEM) secondary electrons (SE) images of AITiVCrB,
AITiVCrMnB, AITiVCrSi, AITiVCrMnSi LWHEAs are shown in Figure 4.6 and it is
seen from XRD patterns of the LWHEAs (Figure 4.4) that they have ICs besides BCC
solid solution phase. The main matrix phase of the AITiVCrB LWHEA shows bright
flower-like BCC dendrites (bright regions) and a small amount of ICs (dark regions)
that distributed in the matrix as seen in Figure 4.6 (a). In the AITiVCrMnB LWHEA,
microstructure has high amounts of sharp phases (gray regions) and intergrain phases
(dark regions) as shown in Figure 4.6 (b). It is known from the XRD pattern of
AlITiVCrMnB LWHEA (Figure 4.4) that the alloy has mainly B2 phase with minor
ICs. Therefore, the gray regions correspond to B2 phases whereas dark ones are ICs

due to the low amount of dark regions. Similar microstructures are observed for
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AITiVCrSi (Figure 4.6 (¢)) and AlITiVCrMnSi (Figure 4.6 (d)) LWHEAs. It is known
from XRD patterns of the LWHEAS (Figure 4.4) that they have additional ICs and B2
structure in the matrix besides the disordered BCC phase. However, it is not possible
to label each phase present in the alloys from the SEM images. An assumption can be
done for the dark regions that the small amount of these regions may correspond to

the BCC patterns which have smaller relative intensities as seen in Figure 4.4.

50 pm ————

METE-METU

50 pm g
METE-METU 7.4 mm |2 000 x| 20.0 k\

Figure 4.6. SEM images of as-cast LWHEAs (2000x) a) AITiVCrB, b)
AlITiVCrMnB, ¢) AITiVCrSi, d) AlITiVCrMnSi
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4.3. Design and Characterization of AITiVCrMn, Al3sTizsV20CrsMns and
AlsTisV20CrssMnss LWHEASs

The LWHEAs consist of Al, Ti, V, Cr, and Mn are chosen in terms of density and
thermophysical properties to produce LWHEAs with a single/dual solid solution. Our
previous simulations and results show that AITiIVCrMn LWHEA has a single solid
solution with a BCC crystal structure with a density of 5.34 g/cm?. Therefore, this
LWHEA is termed as LWHEA due to its unique structure and density. Also, the
atomic amounts of Al, Ti, V, Cr, and Mn are changed to have lower and higher density
limits under HEA formations criteria. Thus, AlssTissV20CrsMns and
AlsTisV20Cr3sMn3s LWHEAs are designed with densities of 4.34 g/cm? and 6.57
g/cm’, respectively. Thermophysical calculation results of the LWHEAS are given in
Table 4.5. All the results are in the limit parameters [62] to form a solid solution for
HEAs. VEC values of AITiVCrMn, AlssTizsV20CrsMns and AlsTisV2oCrzsMnss
LWHEAs are between 4.1 and 5.9. Therefore, the expected crystal structure of the
LWHEASs is BCC due to their relatively low VEC values (<6.87).

Table 4.5. Thermophysical calculations of AITiVCrMn, AlzsTizsV20CrsMns and
AlsTisV20Cr3sMnszs LWHEAS

. Expected
Density o AHmix ASmix Tm
LWHEASs 3 o VEC Crystal
(g/em’) (%) (kJ/mol) (kJ/molK) (K) Structure
AITiVCrMn 5.34 453  -14.88 5 13.38 1735 BCC
AlsTissV20CrsMns — 4.34 396  -22.92 4.1 11.28 1618 BCC
AlsTisV20Cr3sMnss 6.57 32 -3.96 5.9 11.28 1852 BCC

VASP simulations of AITiVCrMn, Als3sTizsV2CrsMns and AlsTisV2oCrzsMnss
LWHEAs are shown in Figure 4.7, Figure 4.8, and Figure 4.9, respectively. VASP
with molecular dynamics (MD) module is used in MedeA interface for these
simulations. The initial temperatures of the simulations are chosen just above the
melting points (in liquid phase) of the LWHEAs and they solidified to room
temperature (298 K). Final atom positions are revealed for each LWHEA and the XRD
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patterns are simulated based on these atom positions. Simulated XRD patterns of
AlITiVCrMn, Als3sTizsV20CrsMns and AlsTisV2oCr3sMniss LWHEAs are shown in
Figure 4.7 (c), Figure 4.8 (c), and Figure 4.9 (c), respectively. It is seen in the
simulated XRD patterns that the final crystal structure of the LWHEAs is BCC. These
results well agree with the phases predicted from thermophysical results (Table 4.5).
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Figure 4.7. VASP simulation of AITiVCrMn LWHEA; a) 4x4x4 simulation box, b)
Zoom-in view of BCC crystal structure, ¢) Simulated XRD pattern based on atom
positions obtained from VASP simulation

49



Intensity (a.u.)

(200) (211)

[ ]
(220)
T ¥ T Y T T T T
20 40 60 80 100
2 Theta (Degrees)

Figure 4.8. VASP simulation of Al3sTi3sV20CrsMns LWHEA; a) 4x4x4 simulation
box, b) Zoom-in view of BCC crystal structure, ¢) Simulated XRD pattern based on
atom positions obtained from VASP simulation
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Figure 4.9. VASP simulation of AlsTisV20Cr3sMnszs LWHEA; a) 4x4x4 simulation
box, b) Zoom-in view of BCC crystal structure, c) Simulated XRD pattern based on
atom positions obtained from VASP simulation

The thermophysical calculations and VASP simulation show that AITiVCrMn,
Al3sTi3sV20CrsMns, and AlsTisV2oCrssMn3s LWHEAs are proper candidates to
produce LWHEASs with single solid solutions (BCC) and low density to achieve the
goals of the study. Therefore, these LWHEAS are chosen to produce and investigate
experimentally. The LWHEAs are produced by arc melting and suction casting. A
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cylindrical copper mold with 4 mm diameter is used to produce samples with a
cylindrical shape. The melting voltages are arranged to the low values to suppress the
possible vaporizations of the pure elements. Also, the melting processes are performed
under positive argon pressures to minimize the vaporizations. EDS analysis results of

the LWHEAS are shown in Table 4.6.

Table 4.6. EDS analyses of AlITiVCrMn, AlzsTizsV20CrsMns, and AlsTisV20Cr3sMn3s

LWHEAs
at. %

LWHEAs Al Ti v Cr Mn
AITiVCrMn 21.1 21 20 19.4 18.4
AlsTissV20CrsMns 34.6 36.6 20 4.4 4.5
AlsTisV20CrssMnas 4.8 5.4 20.1 34.8 349

As seen in Table 4.6, final compositions of AITiVCrMn, Als3sTi3sV20CrsMns, and
AlsTisV2oCr3sMnss LWHEAs slightly deviate as compared to the initial alloy
compositions. However, it is known that approximately 1-5 % of deviations in EDS is
acceptable for this technique [63]. Also, Mn may oxidize [64] even at low oxygen
pressures that may decrease Mn amount in the final alloy. Even so, the EDS analysis
results of the LWHEAS are very close to the initial alloy compositions. These minor
deviations may not affect the phases and properties of LWHEAs significantly. It is
known that the formation of single solid solution phases may lie in a large field on the
phase diagrams [24]. Thus, the same solid solution phases can be observed in some

LWHEASs even for the minor deviations in the final compositions.

XRD patterns of AITiVCrMn, AlzsTizsV20CrsMns, and AlsTisV20Cr3sMn3s LWHEAs
are seen in Figure 4.10. These LWHEAs have BCC phases without any secondary
phases. The positions (diffraction angles) of AITiVCrMn and AlssTi3sV20CrsMns
LWHEAs are very close to each other and they have lattice parameters with 3.035 A,
3.033 A, respectively. These experimental lattice parameters are very close to the

theoretical lattice parameters obtained from VASP simulations (Figure 4.7 and Figure
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4.8). However, the diffraction angles of AlsTisV20Cr3sMnss shift to the right-hand side
as compared to the other LWHEAs. This means that the lattice shrinkage occurs in
AlsTi5V20Cr3sMn3s LWHEA because of the smaller atomic radii of Cr and Mn atoms
in the alloy. Thus, the lattice parameter of AlsTisV20Cr3sMn3s LWHEA decreases to
2.922 A due to the high amounts of Cr and Mn elements in the alloy.
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Figure 4.10. XRD patterns of AlITiVCrMn, AlzsTizsV20CrsMns, and
AlsTisV20Cr3sMnzs LWHEASs

Transmission electron microcopy (TEM) investigation is done on 4 mm
Al35Ti35V20CrsMns LWHEA rod as shown in Figure 4.11. High resolution TEM
(HRTEM) images and Fast Fourier Transformation (FFT) image of the LWHEA is
seen in Figure 4.11 (a), and Figure 4.11 (b), respectively. Each sets of planes in FFT

is labeled as seen in Figure 4.11 (b). This analysis is done to reveal the missing ordered
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(100) reflection for B2 phase which is not clear in the XRD patterns of the
Al35Ti35V20CrsMns LWHEA rod.

Figure 4.11. TEM images of 4 mm Al35Ti35V20CrsMns LWHEA rod a) HRTEM
image, b) FFT image of the HRTEM

The measured interplanar spacing (d spacing) distances are in the reciprocal space so
their inverses are taken to convert it into real space. Therefore, the inverse FFTs are
taken to measure d spacing values for each plane. The planes and corresponding d
spacing values in Als3sTizsV2oCrsMns LWHEA rod are given in Table 4.7. Each

individual d spacing values obtained in FFT analysis are matched with the d spacing
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values obtained from XRD based on the diffraction angles. After correlation between
FFT and XRD analysis is done, it is observed that the first sets of the spots in FFT do
not match with any d spacing values seen in XRD analysis. It is known that, if the
amount of a phase is lower than approximately 1 vol. %, it may not possible to see it
in XRD [65]. Therefore, it can be interrupted that 100 reflection in XRD is not seen
due to the lower amount of 100 reflection in Al3sTi35V20CrsMns LWHEA rod. These
show the existence of 100 reflection in TEM analysis, although it is not clear in XRD
results.

Table 4.7. Comparison of XRD diffraction angles, d spacing values with the
corresponding d values obtained from TEM analysis

TEM d spacing Corre.spondmg . XRD-
hkl alues (A) d spacing values diffraction
vaiu in XRD (A) angles (20)
100 3.145 - -
110 2.272 2.146 42.06
200 1.531 1.528 60.54
211 - 1.243 76.56

SEM and OM images of AITiVCrMn, AlssTizsV20CrsMns, and AlsTisV20CrzsMnss
LWHEAs-cast into 4 mm water-cooled copper mold are shown in Figure 4.12. It is
seen in the images that LWHEAs have a dendritic microstructure in the as-cast state.
It is known that these types of materials have a brittle structure in as-cast state and

ductility of the alloys can be improved by heat treatment processes [66].
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Figure 4.12. a) SEM (2000x), b) OM (500x) images of AITiVCrMn LWHEA;
¢) SEM (2000x), d) OM (500x) images of Al3sTi35V20CrsMns LWHEA; ) SEM
(2000x), f) OM (500x) images of AlsTisV20Cr3sMn3s LWHEA
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Hardness values of 4 mm AITiVCrMn, AlzsTizs5V20CrsMns, and AlsTisV2oCrzsMnss
cylindrical LWHEAs are given in Figure 4.13. The hardness values are taken from
side to side of the specimens along the diameters. The average hardness values of
AITiVCrMn, Al3sTi35V20CrsMns, and AlsTisV20CrssMnss are 583 (+10), 552 (x4), 505
(x17) HV, respectively.
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Figure 4.13. Hardness values of 4 mm AITiVCrMn, Al3sTi35V20CrsMns, and
AlsTisV20Cr3sMnss cylindrical LWHEASs

AITiVCrMn LWHEA fractures while it is cast to copper mold as seen in Figure 4.14
(a) that shows a very brittle nature. Compression test is applied to the AITiVCrMn
LWHEA to reveal the fracture behavior. However, the LWHEA fracture even at low
compression pressures Figure 4.14 (b). Thus, a compression stress/strain profile could

not be obtained for the AITiVCrMn LWHEA.

57



Figure 4.14. Fracture of AITiVCrMn LWHEA a) after it is cast to 4 mm copper
mold, b) while compression test is applied

Compression stress-strain curves of AlzsTi3sV20CrsMns and AlsTisV2oCr3sMnss 4 mm
cylindrical LWHEAs are given in Figure 4.15. Although AlsTisV20Cr3sMn3s LWHEA
fracture at low-stress values, AlzsTi35V20CrsMns LWHEA has maximum 387 MPa
stress value. Elastic modulus of the Al3sTi3sV20CrsMns LWHEA is 28 GPa whereas
AlsTi5V20Cr3sMn3s LWHEA is 26 GPa with its low mechanical values. Thus,
Al35Ti35V20CrsMns is the most promising LWHEA with its relatively good mechanical
properties and low density (4.34 g/cm?).
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Figure 4.15. Compression stress-strain curves of 4 mm AlzsTizsV20CrsMns and
AlsTisVzoCr35Mn35 LWHEASs
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Fracture surfaces of AITiVCrMn, AlssTizsV2oCrsMns, and AlsTisV2oCrssMnss
LWHEAs after compression test are seen in Figure 4.16. A catastrophic failure is
observed in the fracture analysis of AITiVCrMn LWHEA as shown in Figure 4.16 (a).
However, transgranular brittle fracture (cleavage) is seen for AlssTi3sV20CrsMns
(Figure 4.16 (b)) and AlsTisV20Cr3sMn3s (Figure 4.16 (c)) LWHEAs. When the
fracture surfaces are investigated in detail, river patterns are seen in
Al3sTi35V20CrsMns LWHEA that cracking started from a grain boundary whereas
AlsTisV20Cr3sMn3s LWHEAS has fine faceted cleavage. These characteristic fracture
surfaces are also seen in BCC containing AlICoCrCuFeNi HEAs. Ghassemali et al.
[67] observed transgranular crack propagation throughout the BCC grains in dual-
phase AlCoCrFeNi HEA. A similar trend is also pointed out by Roy et al. [68]. The
transgranular fracture behavior is attributed to the BCC grains in the matrix and at the
grain boundary interrupted as an obstacle for the crack propagation [67]. Therefore,
the fractography of Al3sTizsV2oCrsMns and AlsTisV20Cr3sMn3s LWHEAs (Figure
4.16 (b, c)) shows higher strength in the intergrains as compared to the grains that

causing a transgranular fracture.

Figure 4.16. Fracture surfaces of a) AITiVCrMn, b) Al3sTi35V20CrsMns and
¢) AlsTisV20Cr3sMn3s LWHEAS after compression test

Differential thermal analysis (DTA) analysis was performed on 4 mm AITiVCrMn,
Al3sTi35V20CrsMns and AlsTisV2oCrssMn3s LWHEASs to reveal the possible phase
transformations and measure melting points of the LWHEAs. The specimens are

heated up to 1300 °C in a nitrogen gas environment with a 10 °C/min heating rate.
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DTA curves of the LWHEAS are shown in Figure 4.17. DTA curves of the LWHEAs
are similar to each other without any peaks. These curves indicate that there is not any

phase transformation or melting up to 1300 °C in the LWHEAs.
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Figure 4.17. DTA curves of 4 mm AlTiVCrMn, Al3sTi35V20CrsMns and
AlsTisV20Cr3sMnszs LWHEAS

Heat treatment processes are applied to increase the mechanical properties of the most
promising LWHEA which is 4 mm cylindrical Al3sTizsV20CrsMns LWHEA. The
LWHEA is heat-treated at 1000 °C for 12 h. and 24 h. duration under a vacuum
environment (10 mbar) in a tube furnace. XRD patterns of heat-treated samples are
shown in Figure 4.18. It is seen in the figure that secondary phases (ICs) take place at
elevated temperatures. The relative intensities of ICs for 24 h. are higher than 12 h. at

1000 °C. Thus, the amount of the secondary phases increases with increasing
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annealing time at 1000 °C. However, the intensities of BCC phases for both annealing

times are dramatically higher than ICs.
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Figure 4.18. XRD patterns of heat-treated Al3sTi3sV20CrsMns LWHEA

The diffraction angles of BCC 4 mm Als35Ti3sV20CrsMns LWHEA phases shift to the
left-hand side after the annealing at 1000 °C as seen in Figure 4.18. This means that
an extension in crystal structure occurs after annealing. This situation may take place
due to the rejection of the atoms with relatively small atomic radii such as Al and Mn.
The rejected atoms form secondary phases (ICs) besides BCC phases. Thus, it is
predicted that the most probable ICs are the compounds of Al and Mn elements.

Based on the prediction done by thermophysical calculations, as shown in Table 4.5,

the expected (equilibrium) phases are observed for the 4 mm Al35TizsV20CrsMns
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LWHEA heat-treated at 1000 °C for 24 h. Thus, these samples are chosen to compare

their as-cast and heat-treated conditions and further investigations are done on them.

SEM and OM investigation of 4 mm AlzsTi35V20CrsMns LWHEA for as-cast and heat-
treated at 1000 °C for 24 h. conditions are performed. The corresponding images are
shown in Figure 4.19. As-cast 4 mm Al3sTi35V20CrsMns LWHEA has dendritic
microstructure substantially (Figure 4.19 (a) and (b)). This dendritic morphology is
removed by the annealing process as seen in Figure 4.19 (c, d). After the heat
treatment, fine canals are observed in the microstructure along with large grains. The
amount of the fine canals is very low as compared to the matrix phase and it is known
from the XRD patterns that (Figure 4.18) 4 mm AlssTissV20CrsMns LWHEA has
minor ICs and major BCC phase. Therefore, it can possible to match these canals with
the ICs in the XRD patterns whereas large grains (matrix) corresponds to the BCC
phase.
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Figure 4.19. As-cast a) SEM (1000x), b) OM (500x); Heat treated at 1000 °C for 24
h. ¢) SEM (1000x), d) OM (500x) images of 4 mm cylindrical Al3sTizsV20CrsMns
LWHEA

Hardness profiles of as-cast and heat-treated (1000 °C for 24 h.) of 4 mm
Alss5Ti3sV20CrsMns LWHEA are given in Figure 4.20. The hardness values are taken
from corner to corner of the cylindrical samples. The average hardnesses of as-cast
and heat-treated 4 mm AlzsTi3sV20CrsMns LWHEA are 505 (£4) and 552 (£17) HV,
respectively. It is seen that the average hardness of the heat-treated sample is lower
than the as-cast samples. The morphological distribution of the dendritic structure is

more dominant to increase the hardness of the samples over the ICs.
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Figure 4.20. Hardness values of as-cast and heat-treated 4 mm cylindrical
Al35TizsV2oCrsMns LWHEA

Compression stress-strain curves of as-cast and heat-treated (1000 °C for 24 h) 4 mm
cylindrical Al3sTi3sV20CrsMns LWHEA is seen in Figure 4.21. As-cast and heat-
treated samples have 386 and 357 MPa fracture strength; 29 and 26 GPa elastic
modulus, respectively. The samples have the same (approximately 1.6%) fracture
strain. However, decrease in hardness (Figure 4.20), fracture strength and elastic
modulus indicate that 4 mm AlzsTizsV20CrsMns LWHEA can be softened by heat
treatment processes. Therefore, the ductility of the Al3sTi3sV20CrsMns LWHEA can

be improved by optimizing heat treatment processes.
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Figure 4.21. Compression stress-strain curves of as-cast and heat-treated 4 mm
cylindrical Al3sTizsV2oCrsMns LWHEA

SEM secondary electron (SE) analysis of Al3sTi3sV2CrsMns LWHEA after the
compression test is given in Figure 4.22. Characteristics of transgranular brittle

fractures are seen in the images and river patterns present along the grains.
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Figure 4.22. Fracture surface of 4 mm cylindrical Al3sTi3sV20CrsMns LWHEA after
compression test

4.4. Conclusion

In this part of the study, AITiVCrMnBx (x=0, 0.3, 0.6, 1.0), AITiVCrSi,
AITiVCrMnSi, AITiVCrMn, AlssTizsV20CrsMns, AlsTisV2oCr3sMnss LWHEASs are
designed by thermophysical calculations and Vienna Ab initio Simulation Package
(VASP). The primary alloy design criterion is to produce LWHEAs that low-density
elements such as B, Al, Si, and Ti are widely used. The LWHEASs are produced by
arc-melter and their structural, mechanical properties are investigated. These
LWHEAs are cast to 3 and 4 mm water-cooled cylindrical copper molds to investigate
their structural and mechanical properties. Lower density value is obtained in
AlssTizsVaoCrsMns LWHEAs with a density of 4.34 g/cm® and heat treatment
processes are applied to the Al3sTizsV2oCrsMns LWHEA to reveal the effect of heat
treatment on structural and mechanical properties of the LWHEA. Although a
sufficiently enough density is achieved in the LWHEAs, the results show that ordered
BCC (B2) phase present in the LWHEAs that make them very brittle even at low

forces.
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CHAPTER 5

DESIGN AND PRODUCTION OF DUAL PHASE MEAs
CONSIST OF Cu-Ni-Al-Ti ELEMENTS

5.1. Introduction

In some cases, single or dual solid solution phases can be achieved in multicomponent
systems when the number of elements is less than 5. Yeh et al. [12] pointed out that a
relatively higher configurational entropy (Sconf) between IR (8.314 kJ/mol.K) and
1.5R (12.471 kJ/mol.K) can be achieved when the number of elements are less than 5.
These systems are called medium entropy alloys (MEAs). The HEA and MEA systems
generally form in single or dual FCC, BCC and HCP phases rather than
multicomponent phases [9]-[12], [69] when the phases have higher Scont values as

compared to IC counterparts [7], [70].

It has been demonstrated that these new types of alloys have superior mechanical [71],
magnetic [72], and thermal properties [ 73] as compared to their traditional equivalent.
In terms of mechanical strength, single phase FCC HEAs are ductile but not
sufficiently strong, on the other hand, single phase BCC HEAs are strong enough with
low ductility. In that sense, novel HEAs with dual solid solution phases are adopted
to further improve the mechanical properties [74]—[76]. In many cases, it is shown that
the strength of the HEAs can be enhanced with BCC and FCC dual phases over single
phase. For example, Gangireddy et al. [77] show that the yield strength of the
AlxCoCrFeNi with single FCC phase has dramatically increased from 160 MPa to 830
MPa by inducing BCC phase. Li et al. [78] have developed a novel dual-phase high-
entropy alloy (TRIPDP-HEA) by combining FCC and HCP phases to optimize the
yield strength (350 MPa) and ductility (72 %) of the alloy. Also, Guo et al. [79] have
investigated the structure and hardness properties of dual phase Co free AlxCrCuFeNi»
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HEA. They report that the hardness of the BCC phase can be softened from 600 HV
to 325 HV with its BCC and FCC dual phases. Moreover, the mechanical behavior of
dual phase HEAs are also investigated at cryogenic [80] and high [81] temperatures.
It is shown that the dual-phase AICoCrFeNi HEA offers significant potential for high-
temperature applications with its 1075 MPa yield strength and 29.3 % plastic strain at
873 K [81].

These studies all suggest that the dual solid solution phases rather than a single solid
solution act better to achieve better mechanical properties. For the prediction of the
HEA crystal structure, the VEC has been widely used. The predicted phases in the
HEAs can be composed of a single to dual solid solution by adjusting the VEC values
of the alloys [82]. The elements with low VEC values promote the formation of BCC
phases, whereas high VEC values promote FCC phases. The medium-entropy-alloys
have reduced configurational entropies at random states as compared to HEAs. On the
other hand, they may even possess better mechanical properties with their quite simple
crystal structure as compared to HEAs without any restriction of equiatomic or near-
equiatomic compositions [83]. For instance, CrFeCoNi MEA has similar tensile
behavior under various test temperatures compared to CrMnFeCoNi HEA [84]. while
the reported CrCoNi MEA shows better yield and fracture strength over CrMnFeCoNi
HEA [85]. Although similar thermodynamical criteria have been proposed, the effects
of tuning VEC values to create single or dual phases have not been studied thoroughly

in MEAs.

In this part, a series of Cuz0Ni20Al30Ti30, CuzsNizsAlasTizs, CuzaNinAl2Tiz and
CussNiosAloTizo MEAs have been investigated. These alloys are designed and
produced based on the VEC values to produce single BCC and BCC/FCC composite
MEA structures. Cu and Ni elements are used due to their higher VEC values to form
FCC phases, whereas Al and Ti are selected because of their low VEC values to
promote BCC phases. These MEAs are then produced using suction casting and its

structural and mechanical properties are investigated in details.
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5.2. Design and Simulation of the MEAs

The alloys produced in this study consist of Cu, Ni, Al and Ti elements with VEC
values of 11, 10, 3 and 4, respectively. If the VEC value of the alloys is less than 6.87
BCC, if it is higher than 8 FCC phase is predicted. On the other hand, if the VEC is
between 6.87 and 8 BCC/FCC dual phase structure is expected. In that sense, among
these elements, Cu and Ni promote FCC type of structure, Al and Ti promote BCC
type of structure, based on their VEC values. VEC value of equiatomic
Cu2sNizsAlxsTizs MEA is found to be 7.00. This value is just above the critical lower
limit of BCC and FCC composite structure region. While it is far from complete and
reliable, VEC criterion is helpful in some aspects of alloy design. It requires
comprehensive experimental evaluations to verify the concept [86]. Therefore, our
experimental results are also compared with the VEC based structure prediction to

reveal its reliability.

The other critical parameters for MEAs are; i. atomic size difference (6) which is
expected to be less than 6.6 and ii. enthalpy of mixing (AHmix). In most of the previous
studies, AHmix was reported being between - 22 kJ/mol and 7 kJ/mol for single solid
solutions [14], [15]. Critical thermophysical parameters calculated for Cu-Ni-Al-Ti
MEA are shown in Table 5.1.

Table 5.1. Thermophysical parameters MEAs

: VEC

MEAs D S0 g VEC  ute el hase(s)
Cuz0Niz20Al30 Tiso 649 693 2624 630 11.36 1207 BCC
CuzsNizsAlsTias 7.00 7.16  -2325  7.00 11.53 1207 BCC+FCC
Cuz4Ni2AL:Tiz 7.29 7.00  -18.64  7.48 11.36 1201 BCC+FCC
CussNizsAloTio 746 699  -17.60  7.75 11.29 1209 BCC+FCC

As shown in Table 5.1, VEC values of the CU25Ni25A125Ti25, Cu34Ni22A122Ti22, and
CussNizsAloTizo MEAs are 7.00, 7.48 and 7.75, respectively. Increasing the amounts
of Cu and Ni in the MEAs promotes the formation of FCC structure. In that sense,
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atomic amounts of Cu, Ni, Al and Ti atoms can be arranged to have a series of MEAs
with various amounts of BCC and FCC phases. For this purpose, Cu20Ni20Al30Ti3o,
MEA is produced to represent BCC structure; CuzsNiasAlasTizs, CuzsNiza Al Tizz, and

CussNizsAlzoTio are produced to represent dual BCC and FCC composite structure.

Thermo-Calc software is used to simulate the solidification path for Cu20Ni20Al30Ti30,
CuzsNizsAlxsTizs, CuzaNiznAloTiz, and CussNizsAloTizo MEAs. The corresponding
solidification products were simulated using equilibrium stepping calculation to
predict the relative amounts of primary and secondary phases that solidify from the
liquid.

Mole fractions of the solid phases with respect to temperature are shown in Figure 5.1.
The equilibrium stepping calculation for CuxoNi2AlzTi30 shows ordered BCC (B2)
and intermetallic Laves phases (C14 Laves) at lower temperatures as seen in Figure
5.1 (a). The ICs predicted in the simulation should be correlated to the relatively low
AHmix which is calculated to be -26.24 kJ/mol Cuz0Ni2Alz0Tiz0. These values are
calculated based on the binary AHmix values given in Table 5.2 [87]. The predicted
range for a single solid solution is given as — 22 kJ/mol<AHumix<7 kJ/mol [14], [15].
Therefore, Cuz0Ni2Al3Tizo MEA is expected to contain ICs in their as-cast
conditions. On the other hand, the simulation of CuzsNi2sAlxsTis MEA (Figure 5.1
(a)) has a single BCC phase at lower temperatures without ICs due to relatively

increasing AHmix value.

Table 5.2. Chemical enthalpy of mixing AHmix (kJ/mol) of the atom pairs [87]

Cu Ni Al Ti

Cu 0 4 -1 -9
Ni 0 22 35
Al 0 -30
Ti 0

The equilibrium stepping calculation of Cu3sNixAlxsTizn and CussNizsAlyTizo MEAS
are given in Figure 5.1 (c, d), respectively. In both cases, FCC and BCC composite
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phase mixtures are present after solidification. The amount of FCC phase is higher in
Cuss5Ni2sAlxoTizo MEA (Figure 5.1 (d)) as compared to Cu3sNio2AloTizo MEA (Figure
5.1 (c)). This is in good agreement with the statement of having more FCC concerning
the increase in VEC due to higher Cu and Ni amounts. Equilibrium stepping
calculations do not predict any formation of ICs for Cu34NinAl»Tin and
CussNizsAloTizo. The calculated AHmix values for CussNinAl»Tiz and

Cu3s5Niz2sAl2oTizo (Table 5.1) are well above the expected range for IC formation.
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Figure 5.1. Equilibrium stepping calculation of a) Cu20Ni2Al30Ti30,
b) CuzsNizsAlasTizs, ¢) CuzaNinAlxrTizg, d) CuzsNizsAlxTizo MEAS
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5.3. Experimental Analyses of the MEAs
5.3.1. Structural Characterization at Room Temperature

XRD patterns of CuxoNiaAlzTizo, CuzsNizsAlasTizs, CuzsNinAlnTin, and
Cu3s5Ni2sAl2oTizo MEAs are shown in Figure 5.2. The Cu20Ni2oAl30Tizo MEA consists
of BCC and AINiTi IC phases. This result verifies the equilibrium stepping calculation
of the MEA (Figure 5.1 (a)) for this specific composition. The low mixing enthalpy
of Cu20Ni20Al30Ti30 MEA (-26.24 kJ/mol) promotes the formation of ICs. The increase
in Cu and Ni content results in the formation of single BCC and later dual BCC and
FCC structures. These results are again in good agreement with equilibrium stepping
calculation simulations. The increasing amount of Cu and Ni elements in the
Cu34Nin2Al22Tizz and CussNizsAlzoTizo MEASs increase the VEC value as indicated in
Table 5.1. Higher VEC values (>6.87) stabilizes FCC phases with BCC phases [17].
Therefore, these MEAs have BCC and FCC phase mixtures as shown in Figure 5.2.

The calculated lattice parameter of the BCC phase in Cu-Ni-Al-Ti MEAs decreases
from 2.973 A to 2.942 A when the amounts of Cu and Ni elements in the MEAs are
increased. The lattice parameter of the FCC phase follows a similar trend changing its
values from 3.651 to 3.630 A. This is due to the lattice parameter regression in MEA
solid solutions as a result of the cocktail effect observed in MEAs [13], [18].
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Figure 5.2. XRD patterns of Cu20Ni20Al30Ti30, CuzsNizsAlasTizs, CuzaNizoAl2oTizz

and CussNizsAlxoTizo MEAS

5.3.2. Mechanical Properties

The average hardness value of 3 mm as-cast CuxoNi2oAl30Tiz0 MEA rod is 734 HV

(£9). This alloy consists of BCC and AINiTi IC according to XRD analyses. The

presence of these two phases makes the alloy hard and brittle. Similar behavior is also

observed in CuzsNi2sAl2sTizs with a hardness value of 693 (£12).

The average hardness values of these MEAs are decreased with increasing Cu and Ni

content. The hardness for Cu3zsNiznAl2Tiz and CussNizsAlxgTiz are measured as 537

related to the formation of a relatively soft FCC phase.

HV (£13) and 427 HV (£6), respectively. The decrease in hardness values should be

Cu20Ni20Al30Ti30 and CuzsNizsAlxsTizs MEAs fracture easily without any ductility
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out of these specimens. The corresponding fracture surface of CuzoNixAl3oTizo and

CuzsNiz2sAlxsTizs MEAs are shown in Figure 5.4 (a), (b), and (c), (d), respectively.

The results of compression tests are shown in Figure 5.3. It is seen in the figure that
the stress value of CuzsNiznAl2Tiz2 MEA is close to 184 MPa with 1.3 % strain. The
lower strain values originate from the BCC crystal structure of the MEA. It is not
possible to define an elastic limit for this alloy due to its very brittle structure.
However, it is seen Figure 5.3 that CuzsNizsAlxoTizo suction-cast MEA rods have
sufficient strain to define the elastic limit. The strain value of CuzsNi2sAlxoTizo MEA
rods is 13 %. The yield and fraction stresses of the alloy under compression are

determined as 820 and 1338 MPa, respectively.
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Figure 5.3. Compression test results of 3 mm Cu34Ni22Al22Tizz and CussNizsAlaoTizo

MEA rods

The fracture surfaces of the CU20Ni20A130Ti30, CU34NizzAlzzTi22, and CuzsNizsAlxoTizo
MEAs after compression test are shown in Figure 5.4. Cu20Ni2oAl30Tizo MEA has a
brittle nature due to the distorted BCC phases with low slip systems and ICs in the
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alloy. The samples fracture easily even at low forces in the compression tests with the
river lines by cleavage mode. From the fracture surface of the MEA (Figure 5.4 (a, b))
it is seen that the faceted regions are surrounded by the river lines. A similar fracture

nature can be often seen in amorphous materials [88].

FCC phases beside BCCs are induced into the Cu34Nix»Al»Tiz2 MEA by decreasing
the atomic amounts of Al and Ti atoms as seen in Figure 5.1 and Figure 5.2. The
fracture surface of this MEA is shown in (Figure 5.4 (c, d)). A cleavage mode
dominated fracture is seen in the sample with lenticular dimples and tear edges. This

type of fracture surface is seen in previous studies [89].

The fracture surface CussNi2sAloTizo MEAS is shown in Figure 5.4 (e, f). The sample
has mainly two regions: cleavages and dimples. The cleavage regions are colored with
gray color, whereas dimples are whitish. Zoom-in view of the fracture surface (Figure
5.4 (f)) shows that the sample has dimples and tear edges with the characteristic
appearance of ductile MEAs [88]. These regions with dimples correspond to the FCC
phases in the samples due to their higher slip system compared to BCC phases. In
other words, FCC phases have more ductility than BCC ones [31, 32]. Therefore, it is
possible to match the ductile regions with the FCC phases present in the
CussNizsAlxoTizo MEA.
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It seen in Figure 5.3 that Cu3sNi2sAlxoTizo MEA has better mechanical properties in
terms of strength and ductility over the CuxoNixAl3oTi30, CussNizoAlxTiza MEAs.
Thus, this MEA is further investigated structurally and mechanically.

The microstructure of the 3 mm CussNizsAloTizo MEA suction-cast rods from corner
to center are shown in Figure 5.5 (a) and (b), respectively. It can be clearly seen that
the comner of the cylindrical samples which is in contact with cold Cu mold has fine
dendrites due to local rapid solidification conditions. However, the fine dendrites
slightly transform into the course dendrites and almost equiaxed grains at the center
due to decreased cooling rates. As shown in Figure 5.5, two phases are present in the
3 mm Cu3sNizsAlTizo MEA rod samples with bright and dark contrasts. The
existence of two phases observed in optical microscope images is also confirmed with
XRD results of the MEA (Figure 5.2). The phases observed in the optical microscope
correspond to BCC and FCC dual solid solution. As seen in the XRD pattern (Figure
5.2), the integrated intensity ratios of BCC phases are higher than FCC phases.
Moreover, it can be revealed that the ratios of the bright field are higher than the dark
one in the optical microscope images. Therefore, it can be concluded that the bright

and dark fields in Figure 5.5 correspond to BCC and FCC phases, respectively.

Figure 5.5. Optical microscope images (1000x) of 3 mm Cu3sNizsAloTizo MEA

suction-cast rods c) corner, d) center
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EDS mapping and compositional analysis of the CuzsNi2sAloTi2o MEA are given in
Figure 5.6. The MEA has two phases: grains and intergrains as seen in Figure 5.6 (a).
High amount of Cu is segregated (Figure 5.6 (b, ¢)) in the intergrain regions, whereas
grains are Cu-lean (Figure 5.6 (d-f)). The intergrain regions correspond to FCC phases
as shown in Figure 5.5 with the help of XRD analysis (Figure 5.2). VEC value of the
intergrain regions are calculated based on the EDS analysis of these regions (Figure
5.6 (b)). Calculated VEC value of the intergrain regions is 8.8. This value is higher
than the critical FCC formation limit of the MEAs. Therefore, the expected phase of
the intergrain regions because of the 8.8 VEC value, well agrees with the experimental
analyses. The same calculations are performed for the grains based on the EDS
analysis. The calculated VEC value of the grain regions are 6.85 which very close to
upper limit of BCC formation limit. Therefore, this value proves that grains

correspond to BCC phases.
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Figure 5.6. a) SEM image (6000x), b) Overall EDS spectrum, distribution of ¢) Cu,
d) Al, e) Ni, f) Ti elements for CussNizsAlxoTi2o MEA

Crystal lattices of the MEAs are distorted due to the different types of atoms in the
structure [91]. Therefore, annealing can be done for stress relieve [92]. This process

affects the mechanical properties of the MEAs. We have done annealing on the most
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promising CuzsNizsAloTizo MEA in terms of structural properties. The annealing
temperature is decided based on the in-situ XRD analyses (Figure 5.8). In-situ XRD
analyses reveal that the formation of ICs and grain growth occurs in a temperature
interval of over 600 °C. We have chosen this critical temperature for annealing for 90
min. duration. The annealing time is the same as the total in-situ XRD analysis time

at 600 °C to well discuss the results.

SEM image of 3 mm CussNi2sAl20Ti2o MEA rod of after annealing at 600 °C for 90
min. is Figure 5.7 (a). The microstructure has almost the same morphology as-cast
CuzsNizsAloTizo MEA 3 mm rod in terms of grain size and shape of the dendrites. It
can be interpreted from compression tests (Figure 5.3) that only stress relief is

achieved 600 °C for 90 min. because of the increasing fracture strength and ductility.

The compression test result of the annealed Cu3sNizsAlxoTizo MEA rods is shown in
Figure 5.3. The sample has a yield point of around 791 MPa and maximum stress
value up to 1750 MPa with 15 % ductility. The yield point of the annealed sample is
close to the as-cast state. However, maximum stress is dramatically higher than as-
cast state due to the strain hardening of the softened samples by removing the stresses

during annealing.

The fracture surface of the CuzsNixzsAlooTizo MEA annealed 600 °C for 90 min. is
shown in Figure 5.7 (b, ¢). The sample has a fracture surface with river lines, dimples
and tear edges. The river lines cause due to the brittle BCC phases in the matrix,
whereas dimples and tear edges are due to the ductile FCC phases. This fracture
behavior is similar to the as-cast Cuzs4Ni22AlzTizz and CuzsNizsAloTizo MEAs.
However, high amounts of the tear edges are observed in the annealed samples

because of the stress relief.
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Figure 5.7. SEM images of CussNiz2sAl20Ti2o MEA a) annealed at 600 °C for 90 min.
(4000x), b) fracture surface after compression test (1000x), ¢) Zoom-in view of the

fracture surface (15000x)
5.3.3. In-situ High-Temperature XRD Analyses of Cu3sNi2sAl20Ti2o MEA

The phase stability in CuzsNi2sAlaoTizo MEA rods is further analyzed using XRD with
in-situ high-temperature attachment. The corresponding in-situ XRD results are
shown in Figure 5.8 (a). It can be seen that 3 mm CussNi2sAl2oTizo MEA rods consist
of BCC and FCC phases with minor ICs at room temperature in as-cast form. Although
the grain sizes of each phase increase with increasing temperatures, there is not any
phase transformation in CuzsNizsAlxTizo MEA up to 600 °C. After 600 °C, Bragg's

reflections of ICs (with very low intensities) are started to appear on the XRD.

The broadening of the peaks at room temperature is quite higher than high-temperature
XRD peaks. The sharpness of the peaks increases with increasing temperature due to
the growth of the grains by thermal annealing [93]. This also results in the
deconvolution of overlapping BCC(110) and FCC(111) at higher temperatures.
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Figure 5.8. In-situ high temperature XRD analysis of 3-mm CuzsNi25AlTizo MEA

rod

5.4. Conclusion

In this chapter, a series of Cu-Ni-Al-Ti MEAs are designed using thermophysical
calculations and Thermo-Calc software with Scheil simulation module then produced
by suction casting. The MEAs are designed based on their ability to form single BCC
and BCC/FCC dual-phase composite structures according to VEC values. The
structural, mechanical and high-temperature stability of the produced MEAs are

investigated.

The experimental results show that CuxoNi20Alz0Ti30 and CuzsNizsAlasTizs MEAs have
BCC phase, while CuzsNi22Al2Tiz2 and CussNizsAloTizo have BCC and FCC
composite structure. The average hardness values of as-cast 3 mm Cu20Ni20Al3Ti30,
CuzsNizsAlxsTizs, CuzaNizAlnTiz, and CussNizsAlaoTizg MEA rods are 734 (£9), 693
(x£12), 537 (£13), and 427 HV (+6), respectively. Also, compression tests are applied
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on the MEAs to investigate their mechanical behaviors. Although Cuz0Ni20Alz0Ti30,
CuzsNizsAlxsTios MEAs fracture easily at low pressures, the mechanical properties of
the CussNixnAl»Tiz» MEA rods are increased to 184 MPa compressive stress with 1.3
% compressive strain. Moreover, 840 MPa compressive stress and 13 % compressive
strain are achieved in Cu3sNi2sAl20Tizo MEA rods with relatively higher amounts of

Cu and Ni elements.

The mechanical performance of extremely brittle Cu2sNi2sAlzsTizs was significantly
improved by introducing FCC interdendritic region through adjusting the VEC values.
The ductile FCC structure act as a glue phase between relatively brittle BCC dendrite
resulting in improved ductility. This strategy of creating dual BCC/FCC phase

composite MEAs represent an effective alloying technique for industrial applications.
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CHAPTER 6

EFFECT OF V AND Cr ELEMENTS
ON THE PROPERTIES OF DUAL PHASE LWHEAs

6.1. Introduction

Cr is commonly used in HEAs to improve their mechanical properties such as
hardness, yield strength, and compressive strength [94]-[96]. The relatively small
atomic radius of Cr that causes solid-solution strengthening [97], tendency to form
high volume fraction of the hard ¢ phase [94] and its grain refinement effect [98] make
it critical to use in HEAs. V is also preferred to improve the hardness and strength of
the HEAs [99]-[101]. Effect of V can be divided into three groups [102]; phase
transformations [100], solid-solution strengthening [99], and precipitation
strengthening [100]. Therefore, the novel Cu2sNiz2sAlisTii6Vie, CuoNizgAl14Ti14V14,
Cu2sNi2sAlisTi16Cri6, and CuzoNizoAli4Ti14Cris LWHEAS are designed to investigate
the effect of Cr and V elements on the properties of the LWHEAs. The Cu and Ni
contents are increased systematically to increase the VEC value of the LWHEAs due
to the influence of this critical value on the formation of the FCC phase amounts [17].

The thermophysical results of these LWHEAs are given in Table 6.1.

Table 6.1. Thermophysical parameters CuxsNi2sAlisTii6Vie, Cu2oNizgAl14Ti14V14,
CU25Ni25A118Ti16CI'16, and CuzoNixAlj4Ti114Cria LWHEAS

Densit AHmix ASmix Tm VFfC

LWHEAs (g/cm% 3C%)  amony  VEC  (/molK) (C) I;fﬁ:;g:g’
CusNisAlsTiVis 620 650  -17.76 7.3 1321 1323 BCCHFCC
CunNinAluTiVie 661 641  -1541  7.77 1284 1327 BCC+FCC
CusNisAlisTiCris  6.36 661 -1470  7.39 1321 1318 BCC+FCC
CunNinAluTiuCris 676 644  -1241 791 1284 1322 BCCHFCC
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Relatively lower density values up to 6.20 g/cm? are calculated for the HEAs to consist
of V as compared to LWHEAs with Cr element as seen in Table 6.1. These values are
just above the density of relatively LWHEAs indicated in the literature [103]-[105].
All the AHmix values for the LWHEASs are between -12.41 and -17.76 kJ/mol that is in
a sufficient range to produce the alloys without ICs as indicated in the previous studies
[16], [17]. A similar critical range is seen in 6 (%) of the LWHEAs that is proposed to
be less than 8.5% [106]. These two parameters let us define the alloys as the HEA.
The systematic increase in the VECs is seen with respect to the higher amount of Cu
and Ni elements due to their higher individual VEC values [106]. Therefore, a higher
amount of FCC phases is expected in BCC and FCC composite structures based on

these increasing VECs.
6.2. Experimental Analyses of the LWHEASs
6.2.1. Cu2sNi2sAlisTiieVie and Cuz2oNi2oAli4Ti1aVia LWHEASs

XRD analyses results of the CuxsNizsAligTiisVie and CuxoNizgAli4Ti14Vi4a LWHEAs
are given in Figure 6.1. As seen in the figure, the LWHEAs have BCC and FCC
composite phases with a higher amount of FCC based on their relative intensities. The
FCC phases are also increased as the Cu and Ni content are increased for the
Cu9NiAl4Ti14Vi4. Also, the relative intensity of BCC(100) ordered Bragg’s
reflection decrease in Cu2oNizAli4T114V14 as compared to the CuasNizsAlisTiicVie
LWHEA. It is expected to have better mechanical properties with higher ductility
when the reflection of ordered phases is decreased. Ma et al. investigated the effect of
BCC/B2 phase on the mechanical properties of AlxNiCoFeCr HEA. They revealed
that the amount of BCC/B2 phase was decreased with a decreasing amount of Al. They
observed 255 MPa yield strength and ductility value was increased from 14 % to value

without fracture under compressive load [53].

It is shown in Figure 6.1 that the lattice parameters of the LWHEAs decrease for both
BCC and FCC phases with increasing Cu and Ni amounts due to their relatively lower

atomic radii in the alloy. The lattice parameters of phases decrease from 2.961 A to
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2.946 A for the BCC and from 3.636 A to 3.626 A for FCC phase. The decrease in

lattice parameters is attributed to the change of the alloying composition as seen in

CoCrFeNi HEAs [107].
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Figure 6.1. XRD pattern of 3 mm CuzsNi2sAlisTii6V16, and CuzoNi2gAl14T114V 14
LWHEA rods

The simulated phase diagram of the CuzsNixsAlisTiicVie LWHEA by Thermo-Calc
software is given in Figure 6.2 (a). The LWHEA has BCC-1, BCC-2 and FCC phases
up to a temperature around 990 °C and liquid phase are seen just above this
temperature. Therefore, the annealing temperature is chosen just below 950 °C to
prevent the melting. The homogeneous suction cast rods are milled in a high energy
ball milling device (SPEX) to be able to use these samples in the powder diffraction
attachment Anton Paar HTK 16N high-temperature module adapted to Bruker
Advanced D8 XRD machine. The HT-XRD results of the CuzsNizsAligTiisVie
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LWHEA are shown in Figure 6.2 (b). The initial room temperature (25 °C) XRD
analysis shows that the sample has BCC-1, BCC-2, and FCC phases. Also, the broad
peaks are seen in this pattern that indicating the decrease in the grain size due to the
ball milling. When the temperature is increased to 950 °C, the peaks of the phases are
seen explicitly with the decreasing broadening (increasing sharpness and intensity) in
the peaks that showing an increase in the grain size upon in-situ annealing. The same
phases which are BCC-1, BCC-2 and FCC are observed at this temperature, which
agrees well with the simulated phase diagram. Also, no phase transformation is seen
up to 950 °C. The final room temperature XRD pattern after cool down from 950 °C
shows that CuzsNixsAligTiisVie LWHEA preserve its high-temperature phases

without any phase transformation.
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Figure 6.2. a) Simulated phase diagram, and b) high-temperature XRD analysis of
CuzsNizsAlisTiisVie LWHEA

EDS mapping of as-cast 3 mm CuzsNi2sAli4Ti14V14 rod without etching is shown in
Figure 6.3. It is seen in Figure 6.3 (a) that the LWHEA consist of mainly two regions:
grains and intergrains. Cu element is segregated in the grain boundaries with some
amount of the other elements (Figure 6.3 (b)) due to its positive AHmix. The EDS
analysis of this region reveals that it includes Cu element over 80 % at. On the other

hand, approximately 12 % at. of Cu is seen in the grains with the balanced distribution
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of the Ni, Al, Ti, and V elements, as seen in Figure 6.3 (c-f). Although the
compositional changes are seen in the microstructure of the LWHEA, these deviations
promote the formation of the FCC phase. Pradeep et al. [108] reported that the
mechanical properties in terms of strength and ductility can be improved by dual phase
HEAs. Therefore, the formation of secondary phases in the LWHEASs can enhance the
ductility of the samples.

Figure 6.3. 3 mm unetched CuzsNixsAlisTiisVie LWHEA a) SEM image (8000x),
distribution of b) Cu, ¢) Ni, d) Al,e) Ti, f) V

SEM images of CuxsNixsAligTiisVie and Cuz9NizoAl14Ti14Vis LWHEAS in as-cast
conditions and heat-treated at 950 °C for 2 h. are shown in Figure 6.4. It is seen in the
figures that grain growth is observed in the LWHEASs upon annealing. Also, the
secondary gray phases are accumulated in the grains and grain boundaries for the heat-
treated CuzsNi2sAlisTi16Vie (Figure 6.4 (b)) and CuzoNi2oAl14Ti14V 14 (Figure 6.4 (d))
LWHEAs. It is known from the as-cast microstructure of CuzsNizsAligTiisVie
LWHEA that mainly Cu is segregated in the grain boundaries. Thus, a higher amount
of the Cu segregation is expected into intergrains upon annealing. As seen in Figure
6.4 (b, c), some voids with a size of lower than 1 um present in the grains in both
CuzsNizsAlisTii6Vie and CuzoNizgAl14T114V14 LWHEAS. These voids are seen due to

the gray phases observed in the grains. Our experimental results show that the Cu-rich
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intergrains (Figure 6.3 (b)) are more reactive as compared to Cu-lean grains (Figure
6.3 (a)) against aqua regia. Therefore, it can be interpreted that the voids correspond

to Cu-rich regions similar to intergrains.

Figure 6.4. a) CupsNi2sAligTiisVis-as-cast, b) CusNizsAligTiieVis-900 °C-2 h.,
¢) Cux9NiAl14Ti14V1s-as-cast, d) Cur9oNizAli4T114V14-900 °C-2 h.

Compression test results of as-cast and heat-treated (900 °C-2 h.) CuasNizsAlisTii6Vie
and Cu9NizAli14Ti14V14 LWHEAS are shown in Figure 6.5. It is seen in the figure that
higher mechanical properties in terms of yield strength and ductility combination are
achieved in CuoNixAli4Ti14Vi4 LWHEA due to its high Cu and Ni content that
increase the ductility. However, the mechanical properties of these LWHEAs could
not be improved upon annealing. Further annealing times or higher temperatures can
be applied to enhance at least the ductility of the LWHEASs due to improvement in the

microstructure and stress relief in the crystals.
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Figure 6.5. Compression test results of as-cast and heat-treated (900 °C-2 h.)
CuzsNizsAligTiieVie and CuzoNizoAli4Ti14Via LWHEAS

Mechanical properties of the CuasNizsAlisTiisVie and CuoNixAli4Ti14Visa LWHEAS
retrieved from Figure 6.5 are summarized in Table 6.2. It is seen in the table that as-
cast CuzsNizsAligTiisVie LWHEA has 1400 MPa yield strength, 1760 MPa fracture
strength, and 7.3 % ductility. After annealing at 900 °C for 2 h., a decrease is observed
in yield strength, fracture strength and ductility which are 990 MPa, 1200 MPa and
6.5 %, respectively. This can be attributed to the formation of the secondary ordered
BCC phase (BCC-2/B2) as seen in Figure 6.2 (b). Also, this phase is seen in the
simulated phase diagram of the CuxsNi2sAlisTiieVie LWHEA. However, no clear
evidence of BCC-2 phase is seen in as-cast CuasNizsAlisTiisVie LWHEA. Zadeh et
al. [109] performed MD simulations to reveal the effect of cooling rate on the phases
during rapid solidification. They revealed that the phases can be controlled in rapidly
solidified HEAs to change their properties [ 109]. Thus, it can be interpreted that rapid
solidification of the LWHEA during suction casting suppress formation of BCC-2

phase. Also, higher amounts of FCC phases are seen in as-cast state that retard the
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fracture of the LWHEAs under compressive load due to its relatively higher slip
system as compared to BCC. The similar behavior is seen in the case of
Cu9NiAl4Ti14Vi4a LWHEA. The LWHEA has 1285 MPa yield strength, 1890 MPa
fracture strength, and 12 % ductility. These properties drop to 1000 MPa yield
strength, 1295 MPa fracture strength, and 9 % ductility after annealing at 900 °C for
2 h. due to the formation of higher amounts of BCC phases in equilibrium conditions
Figure 6.2 (a, b) as compared to the as-cast state. In both as-cast state and after
annealing, the strength of the Cu29Ni2oAli4Ti14Via LWHEA is lower than
CuasNizsAligTiigVie. The decrease in the strength can be attributed to the relatively
lower amount of BCC phases [110] in the Cu29Ni29Al14T114Vi4a LWHEA as compared
to CuzsNi2sAlisTii6Vie. On the other hand, higher ductility values are seen in
Cux9Ni2Al4Ti14aVi4 LWHEA due to the presence of relatively higher FCC phases.
Tang et al. [110] pointed out that increasing VEC values promotes the formation of

FCC phases and their formation increase the tendency towards plasticity.

Table 6.2. Mechanical properties of the as-cast and heat-treated (900 °C-2 h.)
Cu25NizsAlisTii6Vie and CuoNizoAli4Ti14Via LWHEAS

LWHEAs YS (MPa) FS (MPa) Ductility (%)
Cu2sNizsAlisTiieVie-as-cast 1400 1760 7.3
Cu2sNi2sAlisTii6V16-900 °C-2 h. 990 1200 6.5
Cu29Ni29Al14Ti14V14-as-cast 1285 1890 12.0
Cu29Ni29Al14Ti14V14-900 °C-2 h. 1000 1295 9.0

Fractographic studies are done on 3 mm as-cast and heat-treated (900 °C for 2 h.)
CuzsNizsAligTiie Vi, Cuz9NizgAl14T114 V14, CuzsNizsAlisTii6Cris, and
Cu9NizoAli4Ti14Cri4s LWHEA rods after compression test using SEM technique.

Fractographic analyses of CuasNi2sAlisTii6Vie, CuzoNi2oAl14Ti14Vis LWHEASs in
both as-cast and heat-treated conditions are shown in Figure 6.6 (a-h). It is seen in
Figure 6.6 (a, b) that as-cast CuxsNixsAlisTiisVie LWHEA has a characteristic brittle
appearance by cleavage mode [88]. As shown in Figure 6.6 (c, d) after heat treatment,
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tear edge regions are seen in the copper segregated regions (intergrains) with a
dominant cleavage appearance in transgranular mode. However, it is known from the
XRD pattern (Figure 6.1 (b)) of the CusNi2sAlisTiisVie HEA that secondary BCC
phases (B2) are observed after the annealing process. The formation of these phases

prevent to have sufficiently enough ductility in the HEAs [110].

As seen in Figure 6.6 (e, f) Cu2oNi2oAl14Ti114V14 LWHEA has a brittle fracture surface
with facets by cleavage mode [111]. Also, this sample has an intergranular fracture
and tear edge appearance in the grain boundaries due to the Cu-rich FCC phases. After
annealing at 900 °C for 2 h., fracture lines are seen along with the grain boundaries as
seen in Figure 6.6 (g, h). It can be interpreted that after the annealing, the grain
boundaries get weaker as compared to the grains. Therefore, the transgranular fracture
transforms into intergranular fracture upon annealing. This makes the alloy more

brittle with relatively low ductility as seen in the compression test (Figure 6.5).

Figure 6.6. Fracture surface SEM images of a) CuzsNi2sAligTii6Vis as-cast (1000x),
b) CuzsNizsAligTii6Vis as-cast (8000x), c¢) CuzsNizsAligTiisV16-900 °C for 2 h.
(1000x), d) CuzsNi2sAlisTi16V16-900 °C for 2 h. (8000x), €) Cu2oNizoAl14Ti14V14 as-
cast (1000x), f) Cuo9gNizAl14Ti14V 14 as-cast (8000x), g) CuxoNizAl14Ti14V14-900
°C for 2 h. (1000x), h) Cu29Ni20Al14Ti14V14-900 °C for 2 h. (8000x)
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6.2.2. Cu25Ni2sAli8Ti16Cri6, and Cu29Ni20Al14Ti14Cris LWHEAS

XRD pattern of the Cuz5Ni25Al18Ti16Cri6, and Cu2oNi2gAli4T114Cr14 3 mm suction cast

LWHEASs rods are shown in Figure 6.7. Both samples consist of two BCC phases
(BCC-1 and BCC-2) and an FCC phase. The BCC-1 phase corresponds to ordered

BCC (B2) due to its (100) reflection. The lattice parameters decrease from 3.640 A to
3.628 A for the FCC, from 2.957 A to 2.949 A for the BCC-1, and from 2.891 A to
2.883 A for the BCC-1 with increasing Cu and Ni content in the LWHEAs because of

the relatively smaller atomic radii of these elements.

The relative intensity of the FCC phase in the Cuz9Niz20Al14Ti14Cr14 is higher than in

CuzsNizsAlisTii6Cris. This result proves that increasing amounts of Cu and Ni in the

LWHEA promote the formation of the FCC phases as predicted in Table 6.1.
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Figure 6.7. XRD pattern of 3 mm CuxsNizsAlisTi16Cri6, and CuzgNizeAl14Ti14Cr14

LWHEA rods
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Simulated phase diagram of CuzsNi2sAlisTi16Cris HEA is shown in Figure 6.8 (a). The
phase diagram shows that the LWHEA composed of two BCC phases (BCC B2 and
BCC_B2-2) and FCC phases approximately below 950 °C up to room temperature.
These results are verified experimentally by HT-XRD and the patterns are shown in
Figure 6.8 (b). A similar experimental procedure with CuxsNizsAlisTii6V16 is done for
in-situ HT-XRD experiments due to their similar phase diagrams. The experimental
results reveal that the sample preserves its room temperature phases up to 925 °C. The
broadening of the peaks decreases at 925 °C due to the increasing grain size of the
LWHEA. The sample is cooled down to room temperature (25 °C) in a few minutes.
As seen in Figure 6.8 (b), the sample has the same phases and similar XRD patterns
at 925 °C and 25 °C.
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Figure 6.8. a) Simulated phase diagram, and b) high-temperature XRD analysis of
CuzsNizsAlisTi16Crie LWHEA

EDS mapping of unetched 3 mm as-cast CuzsNi2sAlisTi16Crie LWHEA is seen in
Figure 6.9. The sample has grains and intergrains in the microstructure as shown in
Figure 6.9 (a). Intergrain regions (Figure 6.9 (b)) are composed of Cu element higher
than 77.50 % at. due to its positive AHmix value that causes segregation. This Cu-rich
region promotes the formation of FCC phases like Cu solid solution. Despite this,
almost a homogenous distribution of the Ni, Al, T, and Cr with lower than 10.50 at.

% Cu is seen in the grain regions (Figure 6.9 (c-f)). These regions correspond to the
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BCC phases due to the lower VEC value of the elements accumulated in these regions
that cause a lower overall VEC value below 6.87. It is known that if the VEC value is
lower than this critical value, BCC phases are expected in the HEAs [17]. Therefore,
it is expected to have higher yield and fracture strength due to BCC and also higher
ductility due to the Cu-rich FCC phases.

Figure 6.9. 3 mm unetched CuzsNixsAligTii¢Cris LWHEA a) SEM image (8000x),
distribution of b) Cu, ¢) Ni, d) Al, ¢) Ti, f) Cr

The microstructure of as-cast and heat-treated (at 900 °C for 2 h.) 3 mm
CuzsNizsAligTii6Cris, and CuzoNizoAl14Ti14Cris LWHEA rods after etching are shown
in Figure 6.10. The grain size of these samples increases after the annealing for both
samples. The unetched microstructure and its EDS mapping (Figure 6.9) show that the
intergrain regions composed of a Cu-rich composition. Therefore, the etched regions
correspond to the FCC regions and it is seen that these regions have low resistance in
aqua regia. Also, it is expected to have Cu diffusion to grain boundaries or Cu
accumulation in the grains during the heat treatment process. Higher Cu segregation
is seen in Cuz9oNizAl4Ti14Crisa LWHEA (Figure 6.10 (c, d)) due to its higher Cu
content as compared to the CuasNixsAlisTii6Crie LWHEA (Figure 6.10 (a, b)).

Therefore, the etched regions (voids) in the grains can be interpreted as Cu-rich
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regions. These composite structures with BCC and FCC phases can enhance both the

strength and ductility of the LWHEAs.
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Figure 6.10. a) Cu2sNizsAligTiieCris-as-cast, b) CuzsNizsAligTii¢Cri6-900 °C-2 h.,
¢) Cu9NizgAl14Ti14Cri4-as-cast, d) Cur9oNiz2oAl14T114Cr14-900 °C-2 h.

Compression test results of CuzsNiasAligTi16Cris and CuzoNizoAl14T114Crisa LWHEAS
in as-cast state and heat-treated at 900 °C for 2 h. are seen in Figure 6.11. The strength
of the LWHEA is increased with their low Cu and Ni content. On the other hand,
ductility values are increased with increasing Cu and Ni content due to the formation
of higher amounts of FCC phases (Figure 6.7). In general, the heat treatment process
causes a softening in the LWHEASs that increase in the ductility with a slight decrease
in yield strength for both the CuxsNixsAlisTiiCris and Cu29NizgAli4Ti14Cri4
LWHEAs.
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Figure 6.11. Compression test results of as-cast and heat-treated (900 °C-2 h.)
Cu2sNi2sAligTii6Cris and Cu29oNizgAl4Ti14Crisa LWHEAS

The mechanical properties of the CusNixsAligTiieCris and CuxoNizgAl14Ti14Cri4
LWHEASs are summarized in Table 6.3. It is seen that CuzsNi2sAligTiisCrie LWHEA
has 1170 MPa yield strength, 1685 MPa fracture strength and 11.2 % ductility in the
as-cast state. These strength values drop to 1050 MPa yield strength, 1555 MPa
fracture strength and, however, the ductility increased slightly to 12 %. The decrease
in the strength occurs because of the stress relief in the LWHEA during annealing. In
the case of as-cast Cuz9Niz9Al14Ti14Cri4 LWHEA, although it has lower yield strength
with a value of 1080 MPa as compared to CuzsNi2sAlisTii6Crie LWHEA, it has a
higher fracture strength up to 1870 MPa. Also, the ductility of the
Cu9NizAl4Ti14Cri4 LWHEA is increased to 17.3 % because of the higher amount of
the relatively soft FCC. Upon annealing, the strength wvalues of the
Cu9NiAl4Ti14Cris LWHEA decrease to 855 MPa yield strength and 1485 MPa
fracture strength. However, the ductility of the LWHEA increases to 22.6 %
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dramatically that improves its forming ability. The decrease in the strength and
increase in ductility can be attributed to the stress relief and Cu segregation upon
annealing. Also, Cu segregation promotes an increase in FCC phases in the grain

boundaries that has a critical effect on the ductility.

Table 6.3. Mechanical properties of the as-cast and heat treated (900 °C-2 h.)
Cu25NizsAlisTi16Cri6 and CuoNizoAli4T114Crisa LWHEAS

LWHEAs YS (MPa) FS (MPa) Ductility (%)
CuzsNizsAlisTi16Crie-as-cast 1170 1685 11.2
Cu2sNiz2sAlisTi16Cr16-900 °C-2 h. 1050 1555 12.0
Cu29Niz29Al14Ti14Cr14-as-cast 1080 1870 17.3
Cu29Ni290Al14Ti14Cr14-900 °C-2 h. 855 1485 22.6

The fracture surfaces of as-cast and annealed (900 °C for 2 h.) Cu2sNizsAligTii6Crie
and Cux9oNi20Al14T114Cri4a LWHEAS are shown in Figure 6.12 (a-h). It is seen in Figure
6.12 (a, b) that as-cast CuzsNi2sAligTii¢Cris LWHEA has transgranular river lines in
the grains tear edges in the grain boundaries. This characteristic appearance [112]
indicates that the crack propagates along either grain boundaries or transgranular
cleavage planes. After the annealing process, distinct tear edge formations are seen in
Cu2sNizsAlisTiieCrie due to the Cu segregation that promotes the higher amount of
FCC phases which is inconsistent with other reports in the literature [98], [113], [114].
As shown in Figure 6.12 (c, d), CuzsNizsAligTii¢Cris LWHEA has dimples in the
fracture surface. This makes the LWHEA more ductile as seen in the compression test
(Figure 6.11). The annealing process forms distinct dimples in the
Cuz9NixAl14Ti14Cri4 due to the high volume ratio of the Cu-rich FCC ductile
intergrains. Therefore, when the Cu and Ni content of the LWHEA is increased to
produce Cu9oNi2oAl14Ti14Cri4 LWHEA, more ductile fracture surfaces with tear edges
and dimples are seen in as-cast and heat-treated Cu2oNizoAli4Ti14Cri4 LWHEA as
compared to CuzsNiz2sAlisTi16Crie LWHEA. These images also well agree with the

compression test results (Figure 6.11).
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Figure 6.12. Fracture surface SEM images of a) CuxsNizsAlisTi16Cri6 as-cast
(1000x), b) CuasNixsAlisTiieCris as-cast (8000x), ¢) CuasNizsAligTiisCri6-900 °C
for 2 h. (1000x), d) CuzsNi2sAligTii6Cri6-900 °C for 2 h. (8000x),

e) CuzoNizAl14Ti14Cr14 as-cast (1000x), f) CuxoNizoAli4Ti14Cri4 as-cast (8000x),
g) Cu29Ni2gAl14Ti14Cr14-900 °C for 2 h. (1000x), h) Cu29Ni29Al14Ti14Cr14-900 °C for
2 h. (8000x)

6.3. Hardness Comparison of the LWHEAs

Hardness comparison of CuzsNizsAlisTi16Vis, Cu29NixAl14T114V 14,
Cu2sNi2sAligTi16Cris, and CuzgNizgAli4Ti1aCria LWHEAs in as-cast state and
annealed at 900 °C for 2 h. is given in Figure 6.13. It is seen in the figure that the
hardness values of the LWHEAs decrease after annealing. The average hardness
values of as-cast CuzsNi2sAligTii6Vis, CuoNi2oAl14Ti14Vi4a LWHEASs are 514, 434
HV, respectively. These values drop to 412, 406 HV after annealing. Although a
dramatic decrease is seen in the hardness of CuxsNixsAlisTiisVie, a slight decrease is
observed in Cuz9Ni2oAl14Ti14V1s LWHEAS. These decrease can be correlated with the
stress relief and phase transformation from (ordered) BCC-1 (B2) to BCC-2 upon
annealing in the LWHEAs as seen in Figure 6.2 (b). It can be interpreted that BCC-2

phase has a relatively soft structure as compared to the BCC-1.

As seen in Figure 6.13 the hardness values of CuzsNixsAligTiieCris,
Cux9oNizAli4Ti14Cris LWHEAs drop from 436 to 392 HV, and 420 to 338 HV,
respectively after annealing. The phase transformation from BCC to FCC (Figure 6.7)
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affect the decrease in hardness because of the relatively soft FCC phases. It is shown

in Figure 6.2 and Figure 6.8 that the relative amount of FCC phases increases upon

annealing. Cux9Ni2Al14T114Crisa LWHEAS include higher Cu content that promotes

the formation FCC phases dramatically as compared to the CuzsNiz2sAligTii6Cris.

Therefore, a significant decrease in hardness is observed in Cu2oNi2oAli4Ti14Cri4

LWHEAs.
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Figure 6.13. Hardness values of as-cast and heat-treated Cu2sNi2sAligTii6Vis,
CU29Ni29A114Ti14V14, CuzsNizsAhgTimCrle, and CuzoNixAl14Ti14Cris LWHEAS

6.4. Comparison of Cu29Ni29Al14Ti14Cri« LWHEA and Most Common Alloys

The room temperature yield strength and density comparison of the CCAs (HEAs)

with commercial alloys such as Mg, Al, Ti, Fe, Ni based and refractory alloys for

structural applications are given in Figure 6.14 using logarithmic scale. The dashed

lines indicate the performance index for three loading conditions: uniaxial loading
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(slope, s = 1), beam bending, (s = 3/2), panel bending (s = 2). If the properties of the
materials are above these lines, stronger structures can be made from that alloys. In
fact, all the data are below these lines due to the differences between the loading
conditions causing the differences different results. Therefore, the best alloy for
uniaxial tension whereas Mg alloys are for the beam and panel bending at room

temperature [48].

The most promising LWHEA in this thesis is 3 mm Cu29Ni20Al14Ti14Cris LWHEA
rod produced by arc meting and suction casting. The LWHEA has a BCC and FCC
composite structure with 855 MPa yield strength and 6.76 g/cm?® (6760 kg/m?) density
and 22.6 % ductility. This LWHEA shoes better mechanical properties as compared
to Mg, Al, Ti and also most of the Fe, Ni alloys and 3d transition metal (TM) CCAs
as seen in Figure 6.14. The light CCAs indicated by Gorsee et al. [48], are between Al
and Ti alloys. Although the Cux9NixAli4Ti14Crisa LWHEA has relatively higher
density as compared to light CCAs, the yield strength of the LWHEA is higher than
CCAs, significantly.
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Figure 6.14. Comparison of yield strength and density of conventional metal alloys,
CCAs (HEAs) and Cu2oNi2oAl14Ti14Cri4 LWHEA at room temperature [48]
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6.5. Scale-Up Production of Cu29Ni20Al14Ti14Cri4s LWHEA

Cu29oNizoAl14Ti14Cris LWHEASs showing better mechanical properties in arc-melter
and suction casting experiments are produced by induction casting. The alloy mixture
are prepared from industrial grade Cu (99.0 wt.%), Ni (99.0 wt.%), Al (99.0 wt.%), Ti
(99.0 wt.%), and Cr (98.0 wt.%). The melting is done in an alumina crucible under
vacuum up to (10"! mbar). The homogenization of the alloys is done by eddy current
during induction melting. The alloys are cast into a cylindrical copper mold with 5
mm diameter and solidified under vacuum environment without any further cooling
operation. The same experimental analysis and heat treatment procedure (900 °C for
2 h.) with the samples produced from high purity raw materials by arc-melter is
performed. Then, compression tests are carried out on the samples according to ASTM
E9-09 standard. Compression tests results of 5 mm Cu9NizAl14Ti114Cria LWHEA
rods are shown in Figure 6.15. This LWHEA has 944 MPa yield strength, 1347 MPa
fracture strength and 8.25 % ductility in as-cast condition. Annealing at 900 °C for 2
h. is performed on the LWHEA to investigate the effect of heat treatment processes.
As stress relief is observed in the samples, yield strength slightly drops to 902 MPa
with 1332 MPa fracture strength and 12.71 % ductility. The impurity elements present
in the industrial grade raw materials may cause additional small amount of phases (i.e.
intermetallic compounds) causing a decrease in the ductility as compared to the
samples produced from high purity raw materials. However, higher yield and fracture
strength are observed as compared to the CuzoNizgAli4Ti14Cri4 LWHEASs produced

form high purity raw materials by arc-melter and suction casting.
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Figure 6.15. Compression test results of as-cast and heat-treated (900 °C-2 h.)
Cu29Ni2oAl4Ti14Cri4a LWHEAS produced by induction casting

6.6. Conclusion

Novel LWHEASs are designed with the addition of V and Cr elements in Cu-Ni-Al-Ti
MEAs and CuzsNizsAlisTiieVie, CuzoNizgAliaTiaVia, CuzsNizsAlisTii6Cris, and
Cu29Ni2gAl14Ti14Cris LWHEAS are produced.

The 3 mm CuzsNizsAligTi16Vie, CuzoNizoAl14aTi114Via LWHEA rods have BCC and
FCC in cast state. An additional BCC-2 (B2) phase is seen upon annealing at 900 °C
for 2 h. that makes the LWHEASs brittle and decrease the ductility as compared to the
as-cast state. However, the decrease in hardness is observed after annealing process

due to the stress relief.
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3 mm CuzsNizsAligTi16Cri6, Cu2oNizgAl14Ti114Cri4 LWHEA rods have FCC, BCC-1
and BCC-2 phases at room temperature in the as-cast state. The samples preserve their
phases upon annealing up to 925 °C. However, Cu segregation occurs in the samples
in as-cast and heat treated samples that forms the FCC phases. The increasing FCC
amount after the annealing process causes the softening in the LWHEAs and makes
them more ductile. Thus, Cuz9NixAli4Ti14Cri4 LWHEA shows the most promising
mechanical properties with 855 MPa yield strength, 1485 MPa fracture strength, and
22.6 % ductility after annealing at 925 °C for 2 h. The yield, fracture strength and
ductility of this LWHEA changes to 902 MPa, 1332 MPa and 12.71 %, respectively,

when it is produced from industrial grade raw materials by induction casting.
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CHAPTER 7

CONCLUSION

In this study, firstly, various combinations including Al, Ti, V, Cr, Mn, B, Si, Cu, Ni,
and Cr elements are designed with four or five elements. The primary aim is to have
a lightweight high entropy alloy (LWHEA) with low density, high strength and
ductility as compared to density (~7.86 gr/cm?®) and mechanical properties steel parts
used in the industry. Thermophysical calculations, Vienna Ab initio Simulation
Package (VASP) and Thermo-Calc software with HEA database are used to design
LWHEAs. The LWHEAs are produced by copper-hearth arc-melter and suction
casting in cylindrical shapes with 3 or 4 mm diameters. The structural investigation
electron microscopy (SEM, TEM) and X-ray diffraction (XRD) techniques. Thermal
analysis (TGA) are performed to reveal phase transformation and melting behavior of
the LWHEAs. Mechanical tests (compression and hardness) are conducted on the
LWHEAs. The most promising LWHEA in terms of density, structure, and

mechanical properties is produced in-scale up by induction casting.

In the first part of the thesis, novel AITiVCrMnBx (x=0, 0.3, 0.6, 1.0), AITiVCrSi,
AlITiVCrMnSi, AITiVCrMn, AlssTizsV2oCrsMns, AlsTisV20Cr3sMnss LWHEASs are
designed and produced. The structural characterization analysis results showed that
the addition of B element destroys the crystal and promotes the formation of
intermetallic compounds (ICs) that makes the LWHEA quite hard and brittle. When
B element was replaced by Si, larger negative enthalpy of mixing (AHmix) values were
seen in the new set of the LWHEAs. The larger negative AHmix values caused the
formation of ICs with increasing peak intensities in XRD patterns. Therefore, the most
promising LWHEA in this group is AlssTi3sV20CrsMns LWHEA in terms of density
(4.34 g/cm?), structure. However, the formation of ordered BCC phase (B2) made the
alloy very brittle.
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In the second part, we have designed novel MEAs (Cu2oNi2oAizoTis0,
Cu2sNizsAlsTios, CuzaNinzAlpTizz, and CussNizsAloTiz) using thermophysical
calculations. These MEAs were then produced using copper heart arc melting and
suction cast into cylindrical rods with 3 mm diameters. The corresponding results
reveal that the CuoNi20AoTiz0, MEA consists of a BCC phase with some amount of
ICs whereas CuxsNizsAlsTios has single BCC phase. When the amounts Cu and Ni
are increased in the Cu3aNi22Al2Tiz and CussNizsAl2oTizo MEAs, the system drives
itself towards a FCC structure. The mechanical results show that the most promising
MEA among the others is Cu3sNi2sAlxoTizo rods having 13 % compressive strain with

820 and 1338 MPa yield and compressive strengths, respectively.

Alternatively, LWHEAs with relatively low density (6.20-6.76 g/cm?) were designed
using Cu, Ni, Al, Ti, Cr, and V elements. Although Ni and Cu elements have higher
densities, these are used due to their higher VEC values to produce samples with BCC
and FCC crystal structures. Therefore, CuxsNizsAlisTii6Vie, CurgNizgAli4Ti14V14,
Cu2sNizsAlisTiisCris, and CuoNizgAliaTi14Crisa LWHEAS were designed and cast to
cylindrical 3 mm water-cooled copper mold. The effect of V and Cr elements was
investigated in details in terms of structure and mechanical properties. Experimental
results showed that hard ordered BCC (B2) was present together with the soft FCC
phase in all the LWHEA sets consist of V and Cr elements. However, Cr containing
Cu2sNi2sAligTii6Cris, and CuaoNizgAl4Ti14Cri4a LWHEASs showed better mechanical
properties as compared to V containing LWHEAs. Higher amount of FCC phases in
Cu2oNizgAl14Ti14Cria LWHEA caused higher ductility in-as-cast condition and it was
further increased to 22.6 % upon annealing at 900 °C for 2 h. with 855 MPa yield
strength, 1485 MPa fracture strength.
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CHAPTER 8

FUTURE RECOMMENDATIONS

8.1. High Entropy Bulk Metallic Glasses (HE-BMGs)

Bulk metallic glasses (BMGs) have received significant attention due to their unique
properties such as high strength, high hardness, wear resistance, high corrosion, and
excellent soft magnetic properties compared with their crystalline counterparts since
it was first discovered in 1960 [115]-[119]. A significant number of glass-forming
alloys have been reported up to date based on empirical calculations [120]. Most of
these alloys are based on or two constituent elements. The rest of the elements in the
periodic table are used for the alloying to have a composition near deep eutectics in
binary and ternary systems [121]. However, very few thermodynamic data are
available to construct deep eutectic compositions of metallic glasses (MGs) in

quaternary and higher-order systems [122].

High-entropy bulk metallic glasses (HE-BMGs) are a novel class of materials that
include the bulk form of MGs, namely BMGs with the compositional features of
HEAs [120], [123]. It can be seen that both HEAs and BMGs have a common
characteristic complexity with their compositions involving more elements.
Therefore, The HE-BMGs can be defined as a mathematical intersection of BMGs and
HEAs [124], [125]. In general, HEAs consist of five or more principal elements with
equiatomic or near equiatomic composition that causes single or dual solid solutions
phases such as FCC, BCC or HCP structures [49], [110]. On the other hand, BMGs
are composed of two or more constituent elements with a nonstoichiometric
composition that form monocrystalline structures. These alloys show glass transition

with increasing temperatures [116], [119], [120].
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Bizhanova et al. [126] developed novel near-equiatomic Zr31 Ti27Be2sCuioMs (M=Ag,
Al Ni, V, Cr, Fe) and Zr3Ti24Be3sCugNioNs (N=V, Cr, Fe, Ag, Al) HE-BMGs by
applying empirical calculations rules of HEAs. They investigated the relationship
between 6 and AHmix to reveal the critical HE-BMGs formation regions. It was pointed
out that the HE-BMGs have larger 6 and AHmix values in their amorphous state as
shown in Figure 8.1. They also investigated the crystallization kinetics of near
equiatomic HE-BMGs that the samples showed characteristics of both equiatomic HE-
BMGs and conventional BMGs.
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Figure 8.1. & and AHmix regions of a) Zr31Tiz7Be2sCuioMs (M=Ag, Al, Ni, V, Cr,
Fe), b) Zr28Ti24Be2sCuoNijoNg (N=V, Cr, Fe, Ag, Al) HE-BMGs [126]

8.2. Our Preliminary Experiments on HE-BMGs

We have designed Zr-Cu-Al based (ZrsoCus0Al10)100xSmx (x=0, 2, 4 at. % Sm) MGs
produced by arc melting and subsequently melt-spun into 40 pum thick ribbons. The
crystallization kinetics of the MGs are investigated using differential scanning
calorimetry and XRD analysis under isothermal and non-isothermal conditions. The
primer crystallization phase of ZrsoCu40Alio MG (without Sm addition) is found to be
CuioZr; under both isothermal and isochronal annealing condition. However,
isothermal annealing of Zrs9Cuzg2AlosSmo and ZrsgCusgsAlosSms MGs primarily
yields CuzSm crystallization, while CuzSm and Cuj0Zr7 phases form under isochronal

annealing as seen in Figure 8.2 [127].
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Figure 8.2. XRD patterns of a) ZrsoCu4oAlio, b) ZraoCuszg Al sSmy,
¢) ZragCusg 4Alo ¢Smy as-spun ribbons under isothermal and isochronal annealing
conditions [127]
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Also, kinetics analysis is done on the ZrsoCuaoAlio, ZrsoCuzo2AlesSmo, and
Zr48Cuss4AlosSms MGs and crystallization activation energies are calculated by
Kissinger and Ozawa methods. As seen in Table 8.1, Sm addition increases the

activation energy required for the crystallization of CuioZr7 phase [127].

Table 8.1. Crystallization activation energies of CuioZr7 for ZrsoCusoAlio,
Zr49Cu39.2Al9 8Smy, and ZragCusg aAlesSma as-spun MGs ribbons calculated with

Kissinger and Ozawa methods [127]

Composition Exissinger (KJ/mol)  Eozawa (kJ/mol)
Zrs0Cu40Alr0 347+13 342+13
Zr49Cu39.2Al0.8Sm2 396+11 388+11
Zr43Cuss.4Alo.cSm4 390+6 38246

Johnson-Mehl-Avrami (JMA) model is applied to the MGs to reveal their isothermal
crystallization kinetics. The calculations are done for the first crystallized phases in
the alloys that ZrsoCu4oAlio represents the crystallization of CujoZr;, while
Zr49Cu392AlosSmy  and  ZrsgCussaAlosSms compositions mainly represent the
crystallization of CuxSm phase. The calculated local energies of the MGs are 387
kJ/mol, 438 kJ/mol, and 457 kJ/mol for ZrsoCusoAlio, ZrsoCuzg2AlosSmy, and
Zr48Cuss4AlosSm4. The increase in the local activation energies under isothermal
conditions can be attributed to the crystallization of Cu,Sm that depleting Sm atoms
within the amorphous matrix. Therefore, decreasing amount of Sm in the amorphous

matrix can make it more stable that causing the crystallization process to be more

difficult [127].

Recently, many related works about HE-BGMs consist of Cu, Zr, Al elements with
remaining alloying elements such as Ti, Ni, Hf, Co are reported by experimental and

simulation techniques [122], [128]-{131]. For instance, Pi et al. [128] and Fang et al.
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[129] investigated the mechanical behavior of CuxoZr3;TiisAisNig HE-BMG
produced by suction casting into a water-cooled copper mold. They pointed out that,

the alloy has good plasticity and also hardness and Young’s modulus values higher

than 7.45 GPa, and 93.1 GPa, respectively.

A preliminary experiment is done on HE-BMGs based on our previous MG study
[127] and the studies in the literature [122], [125], [129]-[134]. We have produced
equiatomic CuZrAlTi HE-BMG by arc melting and suctions casting. XRD analysis is
done on the samples in as-melt state and suction cast rods with 3 mm diameter. XRD
analysis results are shown in Figure 8.3. The sample has BCC, (AlosCuos)2Zr,
Cui0Zr7, and CusiZri4 multiphase in the as-cast condition. However, when the alloy is
cast into 3 mm water-cooled copper mold by suction casting, a dominant
(Alp5Cuo.5)2Zr phases are seen in the XRD pattern. On the other hand, the relative
intensities of the remaining phases are decreased after suction casting. Therefore, it
can be interpreted that rapid solidification techniques can improve the alloys towards
decreasing the number of phases in the alloys. Also, unmatched peaks are seen in the

XRD pattern of the CuZrAlTi HE-BMG.
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Figure 8.3. XRD results of as-cast and suction cast 3 mm CuZrAlTi HE-BMG

The crystal structure determination done on these peaks reveal that these peaks
corresponds to BCC crystal structure with an almost constant lattice parameter (2.938
A). This phase may be referred to a HEA phase in the CuZrAlTi alloy. Thus, it may
be possible to produce HEAs from Cu-Zr-Al-Ti elements with additional multiphase
such as crystal and amorphous phases based on the cooling rates. These alloys will be
verified in terms of composition and cooling conditions (suction casting, melt

spinning, and magnetron sputtering) to tune the phases of the alloys.
8.3. Additive Manufacturing Technique

Most of the studies done on HEAs are based on casting techniques such as are melting
and induction casting. The microstructure of the HEAs produced by these methods is
commonly required to improve by post-processing methods, such as cold rolling,
forging, or annealing treatment [49], [102]. In some cases, further processing is
required to remove the casting defects (i.e. shrinkages and pores) in as-cast materials

[135]. However, additive manufacturing (AM), also known as three-dimensional (3D)
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printing, the technique is a flexible method to produce HEAs with complex shapes as
compared to conventional methods. This technique has received dramatic attention in
scientific and industrial studies to produce materials without any additional post-
processing methods [135]. Currently, many engineering alloys such as Al [136], Ti
[137], Fe [138] are produced by AM technique. This technique increases the
production efficiency, decrease the cost, and enable to design and produce materials
with net-shape manufacturing [139]. Recently, the studies focused on production
HEAs by AM technique and many HEAs are produced successfully [140], [141]. Brif
et al. [142] produced an equiatomic FeCoCrNi HEA by selective laser melting (SLM)
as a production route of AM. They used pre-alloyed, gas-atomized FeCoCrNi powders
for the production and the same HEA is also produced by arc-melter. The comparison
of the mechanical properties shows that the mechanical properties of the AM HEAs
were significantly enhanced as compared to the as-cast samples due to their fine
microstructure achieved by SLM method. A uniform chemical distribution without
segregations was seen in the EDS mapping of the FeCoCrNi HEA as shown in Figure
8.4. Upon annealing at 1000 °C, the HEA shows 433 MPa yield and 682 MPa tensile
strength, and 42 % ductility.
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Figure 8.4. a) SE image of as-deposited 20 pm FeCoCrNi HEA with EDS inset

showing elemental distribution, b) Representative tensile curves of the HEA [142]

As summarized above, AM will be a major production technique due to its cost and

time effective and also net-shape manufacturing capability without any additional
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post-processing procedure. Therefore, the LWHEAs produced by arc-melter and
induction casting techniques can be also produced by AM method. The comparison of

the methods can be done in terms of structure and mechanical properties.
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APPENDICES

A. Software for Calculation of Thermophysical Properties of HEAs

Python based software is created by Res. Assist. Doguhan Saritiirk to calculate the
basic parameters to design HEAs. The citation details and doi number of the software

as follows:

Doguhan Saritiirk. (2019, December 20). HEACalculator (Version v.0.1-alpha).
Zenodo. http://doi.org/10.5281/zen0d0.3590319
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