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Abstract

In this work, a non-equiatomic Alo2Co15CrFeNi1sTi high entropy alloy was produced through
the vacuum induction melting process. The as-cast alloy was analyzed, then heat treated at
1000 °C for 5h, and subsequent heat treatment at 750 °C for an additional 5h took place, in
order to investigate the effect of heat treatment temperature and time on the phase composition,
microstructure, and mechanical properties of the alloy in all states. A pseudo binary phase
diagram (CALPHAD) was performed to evaluate the possible phases present in the alloy. The
alloy‘s microstructures were characterized and analyzed chemically by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS).
Microhardness and nanoindentation testing was performed to evaluate the hardness of the
material.

Keywords

high entropy alloy, characterization, heat treatment, microstructure, chemical composition,
hardness

Abstrakt

V tejto praci je Studovana neekviatomickd Alo2C015CrFeNivsTi vysoko entropicka zliatina,
ktora bola vyrobena pomocou vakuového indukéného tavenia. Zliatina v odliatom stave bola
analyzovana a tepelne spracovana pri teplote 1000 °C po dobu 5h, anasledne podrobena
tepelnému spracovaniu pri teplote 750 °C po dobu d’alSich 5h, s cielom skiimania vplyvu
teploty adoby tepelného spracovania na fazové zlozenie, mikrostruktiru a mechanické
vlastnosti. Na vyhodnotenie moznych faz pritomnych v zliatine bol pouzity pseudobinarny
fazovy diagram (CALPHAD). Mikrostruktara zliatin bola charakterizovana a chemicky
analyzovana pomocou rontgenovej difrakcie (XRD), elektronovej mikroskopie (SEM)
a energeticky disperznej spektroskopie. Vysledné vyhodnotenie tvrdosti materialu prebehlo
pomocou skusok mikrotvrdosti a nanoindentécie.

KPacéové slova

zliatina s vysokou entropiou, charakterizacia, tepelné spracovanie, mikrostruktara, chemické
ZloZenie, tvrdost’



RozSireny abstrakt

Vysoko entropické zliatiny predstavuji novy koncept vyvoja konstrukénych materialov, ktory
je zalozeny na zmieSani piatich a viacerych prvkov V priblizne rovnakych atomarnych
pomeroch. Za poslednych 17 rokov pritahuji Coraz vacsiu pozornost, kvoli jedineCnému
zlozZeniu a vysokému potencialu.

Prvé zmienka o vysoko entropickych zliatinach, pochadza z konca 18. storocia, kedy nemecky
chemik Franz Karl Achard pripravil sériu zliatin, ktoré sa skladali z piatich az siedmich
hlavnych prvkov srovnakym atomarnym pomerom. Bohuzial, tato pozoruhodné S$tudia
Z oblasti materialov bola od metalurgov avedcov z celého sveta véc¢Sinou ignorovana a
zabudnuta. A to az do roku 1963, kedy si tuto pracu v§imol britsky metalurg, Cyril Stanley
Smith.

Koncept zliatin s rovnakym atomarnym pomerom prvkov bol popisany az v 90 rokoch 20
storo¢ia, kedy prof. Brian Cantor na Universty of Cambridge a prof. Jien-Wei Yeh na National
Tsing Hua University zacali skimat’ ekviatomické zliatiny takmer v rovnakom case a nezavisle
na sebe. Navrhli novy koncept konstrukénych zliatin, ktoré obsahovali viacero hlavnych prvkov
aboli charakterizované vysokou konfigura¢nou entropiu mieSania. Domnievali sa, Ze ak
je konfigura¢na entropia mieSania viacerych prvkov v rovnakom pomere dostato¢ne vysoka na
to, aby prevladla nad entalpiou vzniku =zlacenin, tak by to viedlo k stabilizacii
jednoduchych/dvojitych faz tuhého roztoku. Preto sa tato nové trieda materidlov nazyva vysoko
entropické zliatiny, aj ked’ v literatare sa prileZitostne pouzivaju alternativne nazvy ako ,,multi-
principal element alloys* a ,,compositionally complex alloys®. Nedavno sa v8ak ukazalo, ze
tato myslienka neplati pre vd¢sinu vysoko entropickych zliatin. Aj ked’ vysoko entropické
zliatiny boli najprv definované ako zliatiny, ktoré sa skladaji z piatich alebo viacerych
hlavnych prvkov, pricom koncentracia kazdého hlavného prvku je priblizne v rozmedzi od 5-
35 at. %, nedavno sa tento koncept rozsiril aj na zliatiny s tromi (stredne entropické zliatiny)
alebo Styrmi hlavnymi prvkami.

Vysoko entropické zliatiny mozno pripravovat’ pomocou niekol’kych metod, ktoré je mozné
rozdelit’ na odlievanie z taveniny, mechanické legovanie a praSkovu metalurgiu. Aby sa mohla
zabezpecit’ vysSia konfiguracnu energia zliatiny, tak kazdy prvok z ktorého sa zliatina sklada si
musi zachovat vys§$iu koncentraciu. Z tohto dovodu, je v procese pripravy vysoko entropickych
zliatin zdsadnou otazkou, ako legovat’ r6zne kovové prvky s réznymi vlastnostami, Struktirou
a teplotami tavenia, aby sa vytvorili homogénne zliatiny a bola zachovana vysoké konfiguracna
entropia systému. Pri vybere vhodného vyrobného postupu vysoko entropickych zliatin je
potrebné zohl'adnit’ morfologiu a mikroStruktiru daného systému.

V doésledku rozdielneho chemického zlozenia, vysoko entropické zliatiny vykazuji vynikajiice
vlastnosti ako je pevnost’, taznost’ a mimoriadna odolnost’ vo¢i opotrebeniu, korozii a oxidacii.
Z vyssie uvedeného dovodu su vysoko entropické zliatiny zaradené medzi pokrocilu triedu
materidlov s aplikaCnym potencialom v roznych priemyselnych odvetviach. Okrem toho bolo
vydanych viacero S§tadii, ktoré¢ dokazuju Ze fazové zlozenie, mikroStruktira a vysledné
vlastnosti mézu byt ovplyvnené tepelnym spracovanim, tak ako v tradi¢nych systémoch.



Experimentalna Cast’ bakalarskej prace, sa zobera stadiom fazového zlozZenia, mikrostruktiary
a mechanickych vlastnosti vysoko entropickej zliatiny v odliatom stave a v stave po tepelnom
spracovani. Vysoko entropicka zliatina Alo2C015CrFeNiisTi, bola podrobena tepelnému
spracovaniu pri teplote 1000 °C po dobu 5h, a nasledne pri teplote 750 °C po dobu d’alsich Sh.

Experimenty tepelného spracovania boli uskutocnené so zamerom zlepSenia mechanickych
vlastnosti, ktoré je mozné¢ dosiahnut' zniZenim obsahu intermetalickych fdz pritomnych
Vv zliatine. Na vyhodnotenie moznych faz v zliatine bol pouzity vypocet pseudobinarneho
fazového diagramu metédou CALPHAD s vyuzitim programu ThermoCalc. Okrem toho sa
experimentalna Cast’ uskutocnila pomocou rdntgenovej difrakcie (XRD), skenovacej
elektronovej mikroskopie (SEM) a analyz energetickej disperznej spektroskopie (EDS). Tieto
experimentalne metddy boli pouzité pre odhalenie faz, mikroStruktar, chemického zloZenia
a krystalografickych vlastnosti Alo2Co15CrFeNiisTi HEA v stave odliatom av stave po
tepelnom spracovani. Hodnotenie mechanickych vlastnosti suvisiacich s réznymi
mikrostruktarami zliatin, bolo charakterizované meranim tvrdosti materialu pomocou
mikroindenta¢nich a nanoindenta¢nich skusok.

Z vyssie uvedenych experimentov, je mozné vyvodit’ nasledujice zavery: priemerné chemické
zlozenie pre Alo2Co015CrFeNiisTi HEA v odliatom stave, uréeného pomocou analyzy EDS,
zodpoveda pozadovanému teoretickému zlozeniu, pre Alp2Co15CrFeNiisTi HEA vyrobent
pomocou vakuového indukéného tavenia.

Vysledky rontgenovej difrakcie potvrdili rovnaké fazové zlozenie U Alo2C015CrFeNiysTi
HEA, ktora bola tepelne spracovana pri teplote 1000 °C po dobu 5h, anasledne tepelne
spracovana pri teplote 750 °C po dobu dalSich 5h, ako bolo predpokladané ThermoCalc
simulaciou. Naopak, Alo2Co15CrFeNiisTi HEA, ktora bola tepelne spracovana pri teplote
1000 °C po dobu 5Sh, sa mala skladat’ podl'a ThermoCalc-u len z tuhych roztokov FCC a BCC,
ale podla rontgenovej difrakcie obsahovala fazy FCC, BCC, Lavesovu fazu a tiez sigma fazu.
V obidvoch pripadoch tepelne spracovanych zliatin bola potvrdend aj pritomnost’ novej
hexagonalnej faze D024, ktora sa vylucila pocas ochladzovania. Hexagonalna faza D024 nebola
zistena v odliatom stave. Na to, aby bolo mozné potvrdit’ pritomnost’ faz v zliatine, ktoré boli
predpovedané simulaciou ThermoCalc, je potrebna optimalizacia teploty a ¢asu.

Narast mikrotvrdosti na hodnotu 751+49 HVO0.2, bol pozorovany v tepelne spracovanej
Alo2Co15CrFeNiy s Ti HEA pri teplote 1000 °C po dobu 5h s naslednym tepelnym spracovanim
pri teplote 750 °C po dobu d’alsich 5h v porovnani s tepelne spracovanou Alo2Co15CrFeNisTi
HEA pri teplote 1000 °C po dobu 5h, ktora dosahovala hodnotu mikrotvrdosti 606+47 HVO0.2.
Tento narast mikrotvrdosti je mozné vysvetlit vy$§im obsahom intermetalickych faz v
Alo2Co15CrFeNisTi HEA, ktora bola tepelne spracovana pri teplote 1000 °C po dobu Sh
S naslednym tepelnym spracovanim pri teplote 750 °C po dobu dalsich 5h, ako bolo
predpokladané ThermoCalc simulaciou.

Hodnoty nanoindentacie Alo2Co015CrFeNiisTi HEA v odliatom stave, pre dendriticka
a interdendriticka  oblast dosahovali vyrazne odlisné hodnoty. Pre dendriticki oblast’
nanotvrdost  dosahovala hodnoty 72344380 MPa apre interdendriticki oblast
11760£1089 MPa. VysSiu hodnotu nanotvrdosti Vv interdendritickych regionoch mozno



vysvetlit  zvySenou  pritomnostou intermetalickych  sigma  a Lavesovych  faz
V Alo2Co15CrFeNiisTi HEA. Vysledné hodnoty modulu pruznosti v tahu, pre
Alo2Co15CrFeNiisTi HEA v odliatom stave vypocitaného pomocou metody Oliver-Pharr,
ktoré boli podobné v ramci svojej Standardnej odchylky, dosahovali pre dendriticki oblast’
priblizne 221+11 GPa a pre interdendritickt oblast’ 223+50 GPa.
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1 Introduction

High entropy alloys (HEAS) as a new class of metallic materials, first proposed in 1995 by Yeh
[1], are based on mixing at least five principal elements in equal or near-equal ratio, which the
concentration of each element may be between 5-35 at. %. This concept is in contrast to the
traditional approach based on one principal element. Common metallurgy knowledge based on
binary/ternary phase diagrams suggests that the higher number of elements in multicomponent
systems, the more likely it is that several types of phases and intermetallic compounds will
form. However, Yeh et al. [2], believed that if the configurational entropy of mixing of several
elements in the same ratio is high enough to predominate over the enthalpy of compound
formation, thereby it could stabilize single/double phases of solid solution.
Recently, though, this concept has been shown to not be true for most HEAs. Therefore, this
new class of materials has been called high entropy alloys, although alternative names such as
multi-principal element alloys and compositionally complex alloys are occasionally used in the
literature [3].

Although, HEAs were first defined as alloys consisting of five or more major elements, the
HEASs concept has recently been extended to include alloys with three (medium entropy alloys)
or four principal elements as well [3-5]. Nowadays, most of the reported HEASs are usually
prepared by vacuum induction melting technology. However, the shape and size of final
products produced by vacuum induction melting are limited, and the cost of HEAs can be much
higher than most common alloys, due to the inclusion of more expensive elements [6].

Due to the variation in elemental chemistry, HEAs exhibits excellent properties in a wide range
of fields, such as hard strength and ductility [5, 7], exceptional wear [8], corrosion [9], and
oxidation [10] resistance. Therefore, HEAs have been presented as a promising advanced class
of materials with huge potential uses in various industries. In addition, there have been many
studies, which have proved that the microstructure and properties of many HEAs can be
changed by heat treatment [11]. Niu et al. [12] studied the annealing of AlosCoCrFeNi HEA at
650 °C and found that the nano-sized B2 phase appeared in the dendrite region, which enhanced
the strength of the alloy. Similar results were also found in the study of Xu et al. [13].

In order to investigate the effect of heat treatment temperature on the microstructure and
mechanical properties of the Alo2Co1sCrFeNivsTi high entropy alloy, the HEA samples were
heat-treated at 1000 °C for 5h with subsequent 750 °C for an additional 5h. The microstructure
evolution and mechanical properties of as-cast and heat-treated samples were thoroughly
discussed.



2 High Entropy Alloys

High entropy alloys, also known as complex concentrated alloys, emerged as a new class of
material that consists of three to five elements in near equiatomic ratios. These alloys have
captivated the attention of the scientific community in the last fifteen years due to their potential
to be developed for real applications. In this light, the history, definition, main concepts, and
most remarkable properties are introduced.

2.1 History

The first mention of multicomponent equimass alloys comes from the end of the 18th century.
The first one who studied multi principal-element alloys with five or seven elements was a
German scientist and metallurgist Karl Franz Achard. In some way, he is a predecessor of both
Jien Wie Yeh's and Brian Cantor’s discoveries and researches on high entropy alloys. All his
work was ignored until the year 1963 when professor Cyril Stanley Smith brought it to light
[14].

Two independent publications in 2004 by prof. Jien-Wei Yeh in Taiwan and prof. Brian Cantor
in the United Kingdom led to start-up research on the barely touched high entropy alloy’s world
[2]. This nomenclature was not used previously, but the concept was similar to the ones
presented already, at the end of the 18th century. In 1981, Brian Cantor with his student Alain
Vincet tried to create equiatomic alloys, these consisted of alloys comprising different elements
in the same atomic ratio [15]. It was found by them that one specific alloy manufactured by
induction melting with CrMnFeCoNi composition, known up to now as the famous Cantor
Alloy forms a single cubic centered solid solution (FCC). In 1998 the same alloy was produced
using melt spinning technology, but a publication on these experiments was not published until
2004 [16].

However, a decade later Otto, F. et al. [17] discovered that Cantor alloy dissolves into metallic
(BCC-Cr) and intermetallic (L10-NiMn and B2-FeCo) phases after heat treatments above
800°C. Some of these transformations appear very quickly when the alloy is in the
nanocrystalline form but takes longer in large-grained materials. It is not known whether this
diversity is due to the grain barrier allowing favorable nucleation location or/and rapid diffusion
paths. After heat treatments above 800 °C, the metastable FCC, solid-solution state can be
preserved at room temperature at normal cooling rates. These findings and others reported in
the literature, contradict the first idea that high entropy alloys favor the formation of single
phase solid solutions. This concept will be discussed in detail in the definition section. The
microstructure has been observed by the authors at various length scales using XRD, scanning
electron microscopy, transmission electron microscopy (TEM), electron backscatter
diffraction, and atom probe tomography [18]. The alloy exhibited a single-phase, FCC, solid
solution without visible grouping or arranging in short distances. If by chance local ordering
was experimentally proven to exist, results from density functional theory calculations suggest
that it would have a high impact on the stacking-fault energy and dislocation mobility, which



have a major effect on mechanical properties control [19]. At low temperatures, below 50 K,
the calculations result from experimental DFT exhibit transformation of unstable FCC structure
into HCP structure [20]. However, it has never been proven directly by experiments [21].

Jien Wie-Yeh started his analysis of multicomponent alloys in 1995. His idea was that a high
mixing entropy factor could reduce the content of phases and change valuable properties. With
his student K.H. Huang, in 1996, they prepared around 40 equiatomic alloys with five to nine
elements (Ti, V, Cr, Fe, Co, Ni, Cu, Mo, Zr, Pd, and Al) by arc melting. The microstructure,
corrosion resistance, and hardness were examined in an as-cast state and in a fully annealed
state in these alloys. From the experimental results was evaluated that typical dendritic structure
was Vvisible in the as-cast state structure. All these observed alloys have a high hardness level
in the range from 590 to 890 HV, depending on if it is in an as-cast state or fully annealed
state, among with excellent corrosion resistance in four acids solutions (HCI, H2SOs, HNO3,
and HF). In the year 2004, the first Jien’s HEA concept paper was submitted and published in
the Advanced Engineering Materials journal. The term HEAs was not used in any of these
articles [14, 22].

Nowadays, the concept of HEAs represents a category of alloys, which provides us unique
compositions, microstructures, and various properties. From recent articles, we know that not
all HEAs form a solid solution, so research is also involved in the probability of the formation
of a solid solution based on the difference in atomic sizes of used elements [23]. The biggest
disadvantage is that there is currently no thermodynamic and Kkinetic evidence that represents
the HEASs system [24].

On the other hand, future research of HEAS systems is expected to show promising chemical,
mechanical and physical properties. This is in response to increasing requirements in material
science, for the improvement of already existing materials [25].

2.2 Definition

Definition based on the composition

In recent years, there has been some controversy about the definitions of HEAS, that are
accepted in the field of science. The first definition was proposed from initial research based
on compositional requirements. The HEAs are defined as alloys that consist of five or more
major elements in the same or similar atomic ratio, where the concentration of major elements
can vary between 5-35 atomic percentages. Also, the alloy can be enriched with additive
elements to improve its properties, where the atomic percentage usually does not exceed more
than 5.

This definition can be expressed by using the following equation:
Nmajor > 5, 5at. % <ci<35at. % (D

Nminor > 0, ¢j < 5 at. % (2)



, Where Nmajor IS @ Number of primary elements, nNminor is @ Number of secondary elements, ci is
atomic percentages of primary elements and c;j is atomic percentages of secondary elements.

As defined above, an alloy system with assumed high entropy may be composed of an
equimolar ratio, a plurality of non-equimolar elements, or a plurality of minor elements. The
definition was believed to express the probability of solid solution formation being increased
with entropy [26]. However, it describes HEAs only in terms of their composition but does not
explain the size of their entropy [27].

Definition based on the entropy

The standard definition of HEAS, as revealed by many researchers contains at least five major
or principal elements that have an atomic concentration between 5 and 35 percent. In
particular, it indicates that the stability of the disordered solution was found to be very high
with a respect to the perfectly ordered intermetallic compound when the alloys have a high
mixing entropy (ASmix). According to the hypothesis of Boltzmann, it defines the entropy of
alloys as a linear function of the logarithm which can be explained by the following equation:

S = k.InW (3)

, Where S is the entropy of the system (J-K 1), the value of k=1.38 x102® J/K is a constant
know as Boltzmann constant (J-K ~1) and W is the thermodynamic probability, which represents
the total number of microscopic states contained in the macroscopic state.

The most suitable way for calculating the entropy of alloys composed of two elements with an
atomic fraction of x1 and X2 is using Stirling's approximation as an expression:

Smix = —k(xqlnx; + x4lnx;) (4)
If the ideal entropy configuration of the alloys is equal to n we can modify it as:

Smix = —R2x; In(x;) ©)
, where 1 <i<nand R is a gas constant.

Because they have the same atomic fraction (xi = 1/n), the above equation is reduced to:

Smix = RIn(n) (6)
, Where n is a concentration of mixing elements in an equimolar ratio.

It is a valuable equation that works for liquid alloys, as well as for many solid high entropy
alloys close to melting temperature. In equimolar HEAs, ASmix was firstly calculated to
be 1.61R. For non-equiatomic HEAs, the value of ASmix can be very lower 1.5R. Conventional
alloys have ASmix values arrange from 0.22 R for low alloy steel and lift up to 1.15R for stainless
steel. Superalloys have entropy values range up to 1.37 R. Low entropy is defined as ASmix <R,
for medium entropy alloys R < ASmix< 1.5R and for high entropy, alloy ASmix>R [23].



Fig. 1 Classification of alloy based on the configurational entropy [48].

However, the above formula does not take into account vibrational entropy, magnetic
entropy, and electronic randomness entropy due to the dominance of configurational entropy
[28]. These are contributions that were recently proven to have a huge influence on the final
properties and structures of these alloys, therefore a single value of entropy of mixing does not
indicate if the alloy will stabilize solid solution phases or not, as it was previously believed.
The topic is much complex and there are broad discussions in the literature pointing out the
controversies [2, 16, 18, 29].

It should be noted that both definitions are only indicative. For example, alloys with a small
deviation in composition from the above definitions could be considered as HEAs. It
is generally accepted that it is not necessary to strictly follow the definitions of HEAs due to
wider composition restrictions to the evolution of novel alloys [30].

2.3 Four ,, ‘core effects” «

The four ,, core effects” were believed to govern the HEAs behavior. This fact has been shown
to be controversial, however, some of them may play an important role on the properties of this
material, so they will be explained in the following sections. There are: the high entropy effect,
the lattice distortion effect, sluggish diffusion, and the ,,"cocktail effect”. Three of them are
described as hypotheses and, the last one, known as the ,,"cocktail effect” ““ is a claim regarding
HEAs, which was never proven. These hypotheses were initially evaluated according to the
information available in the very earliest publications. In the following subchapters, these
hypotheses are compared with the published data from the last 12 years [30, 31].

The high entropy effect

The entropy for HEA mainly refers to configurational entropy in the literature [2]. For
equimolar quinary random solid solutions and stoichiometric intermetallic compounds, their



value of configuration entropy was believed to be equal to 1.61R (R=28.31 J/K mol). According
to Gibbs free energy difference:

AGpix = AHpix — TAShix (7)

, where AG,i, [J.mol™] is Gibbs energy, AH,,ix [J] is enthalpy, T [K] is temperature and
AS,ix [J.K] is the entropy of the system. In theory, the phases with higher entropy in alloys
acquire lower Gibbs free energy. It follows that the high mixing entropy in HEAs was believed
to support the formation of random solid-solution phases, rather than intermetallic phases.
However, the high effect can not guarantee the formation of a simple solid solution phase in
multicomponent alloys. In this case, we should take into account other important factors, such
as other contributions of entropy, enthalpy mixing AH ,;«, Size difference (dr), and some authors
presented the concept of VEC [32, 33].

The mixing enthalpy AH,,; in some cases of HEAS can have quite negative values and thus the
formation of intermetallic compounds cannot be completely avoided. Accordingly, we can
determine that the mixing enthalpy is another important characteristic parameter affecting the
phase selection in HEAs. The mixing enthalpy in a random solid solution is defined as:

n

AHpix = zz Qi Ci Cj €)

i=1,j#i

, where a;; = 4AHZE", and 4AH}" is the mixing enthalpy for the binary AB alloy and ci(c)) is
the molar concentration of the ith(jth) atom.

The geometric factor and the atomic radius of the alloying elements in terms of deformation
energy may also significantly affect the stability of the solid solution and the phase stability.
According to Hume-Rothery rules [34], the atomic size difference between solvent and solute
should not pass 15 % in binary solid solutions. In HEAS no specific solvent and solute elements
are defines. Thus, some authors is a dispersion of atomic sizes to describe the stability of a solid
solution. The parameter dr, related to the atomic size difference is defined [35-37] as:

)

, Where r; is the atomic radius of the ith atom.

In HEAS, many crystallographic systems can be presented, but the most reported ones are BCC
and FCC, solid solutions structures. In conventional alloys with a base element, the choice of
the structure is commonly considered from the effects of the supplementary elements (solute
atoms) on the structure of the major element (solvent atom). There are several major elements
in HEAs for which we can no longer directly apply traditional considerations about structure
selection. Some studies have shown that valence electron concentration (VEC) is a dominant
factor that controls the structure of FCC and BCC solid solutions in some groups of
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HEAs, provided that only solid solutions would form and no intermetallic compounds are
formed [36, 38]. The VEC in HEAs is defined as:

VEC = Z ¢;(VEC); (10)

, Where (VEC); is the valence electron numbers for the ith atom.

Based on limited experiments on HEAs obtained so far, both the mixing enthalpy and atomic
size difference are significantly involved in the regulation of phase stability in HEAs. Although
the parameters of AH,,;; and &, are based on observation or experience and the physical
significance of VEC is not well understood, especially for certain groups of HEAs, these
experimental parameters provide useful conduction for phase selection in some HEASs [36].

According to Gibbs free energy (equation 7), the effect of high entropy on the stability of
random phases of a solid solution decreases with decreasing temperature. It follows that random
phases of solid solution can be converted into intermetallic phases if the HEAs were annealed
at a relatively low temperature [33, 39, 40]. For example, refractory HEA HfNbTaTiZr has only
one BCC phase after homogenization annealing. However, the HCP phase is improved with Hf
and Ta (approximately 25 at. % each) and was observed in the BCC matrix after annealing at
600 or 800 °C [40]. It should be pointed out that in some cases intermetallic phase may
sometimes improve the properties of HEAs, which follows that HEA research should not be
limited to simple solid-solution phases [33].

The sluggish diffusion effect

Diffusion may be expected to be sluggish in HEAs [31]. This statement is based on secondary
observations, which include the formation of nanocrystals and amorphous phases upon
solidification, and on qualitative analysis of microstructural stability upon cooling. To further
support this stand, general observations relating to difficulty in substitutional diffusion and high
activation energies are called into use [2, 33].

The occurrence of nanocrystals in as-cast AlxCoCrCuFeNi [41] and retention of nanocrystals
in AICrMoSiTi after annealing [30] were clarified to be a sign of slow diffusion. Furnace
cooling of AlosCoCrCuFeNi keep away from formation of low-temperature phases, and
AIMoNDbSITaTiVZr is a better diffusion blockade than TaN/ TiN or Ru/TaN [42]. Both of these
results have been used to explain the sluggish diffusion hypothesis. However, alternate analyses
provide us equally satisfying explanations for all of these examinations. As a starting point for
comparison are used conventional alloys, nanometer-sized precipitates remain in superalloys
for tens or hundreds of hours at temperatures that come close to 85 % of the absolute melting
temperature (Tm). While the above indirect observations are consistent with slow kinetics, they
do not indicate that diffusion is slower for HEAs compared to conventional alloys [43].
Also, the compositional complexity of HEAs makes it difficult to measure diffusion [29].

From the latest data, we can conclude that diffusion coefficients in CoCrFeMnosNi are not
significantly different from diffusion in elements and conventional alloys. This conclusion is



based on a comparison of the available results of measured diffusion coefficients for FCC
metals and alloys at Tm. It further supports the fact that all data measured in Ref. [42] all belong
to a single order of magnitude, both before and after normalization by Tnm.
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Fig. 2 Diffusion coefficients of Ni (Dy;) in FCC elements, stainless steel, and CoCrFeMnosNi as a
function of (a) inverse absolute temperature, and (b) inverse absolute temperature normalized by the
melting or solidus temperature of the host alloy, T [29].

In conclusion, data that support the sluggish diffusion hypothesis are obtainable only for certain
high entropy alloys, and a larger dataset is needed to better investigate the hypothesis that
unusually slow diffusion can be possible in HEAs as a class of materials [44].

The lattice-distortion effect

Severe lattice distortion is based on the different sizes of atoms that form crystal lattices of
complex, concentrated phases, as shown in Fig. 3. The displacement at each location of the
lattice depends on the atom occupying that location, and on the types of atoms in the local
environment. It is claimed that these distortions tend to be more severe than in conventional
alloys [14, 31].

Lattice distortion affects the hardening of the solid solution and contributes to excessive
configurational entropy. It is also involved in the difficulty of distinguishing between ordered
and disordered phases using the standard X-ray diffraction technique. Crystal lattices in the
HEAs are almost certainly affected by distortion, but there is no systematic evidence to directly
confirm this. The o, parameter is commonly used to determines the variability in atom sizes, but
in this case, the distortion in the structure can be less. For example, distortion is lower in
structures where the 1st shell surrounding a smaller atom which is mainly populated by larger
atoms, and where larger atoms are surrounded by smaller atoms. An approach to measure and
model lattice distortion is necessary [29].

At present, there seems to be only one type of experimental method that can be used to measure
lattice distortions [45]. Lattice fringes are detected on inverse fast-Fourier transform (FFT)
images, which are taken from high-resolution transmission electron microscopy photographs.



Future work is focused on quantification of the magnitude of lattice distortion and isolating it’s
effect [29].
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Fig. 3 Schematics of lattice distortion in body-centered cubic pure metals, conventional dilute alloys
and high entropy alloys. A-E represents different element species [46].

The ‘cocktail effect’

Unlike the other ,,"core effects’*, the ,,"cocktail effect” is not a hypothesis and no evidence is
required. The phrase was first used by prof. S. Ranganathan and his initial aim was simple,
,»a pleasant, enjoyable mixture . Although, it later came out to represent a synergistic mixture
where the final result is unpredictable and bigger than the sum of the parts [47]. This phrase
was introduced to express three different alloy classes: bulk metallic glasses, super-elastic and
super-plastic metals, and HEAs. Each of these alloy classes covers complex, concentrated alloy
compositions. The ,,"cocktail effect”* is primarily focused on the outstanding properties of fully
amorphous bulk metallic glasses and the structural and functional properties of super-plastic
metals, such as ultra-high strength with good fracture, weaker resistance, and ductility. In each
of these cases, resulting properties depend on material composition, microstructure, electronic
structure, and other functions in complicated and delicate ways. The ,,‘cocktail effect™ reminds
us to stay open to non-linear, unpredicted results that can come from unusual combinations of
elements and microstructures in the enormous composition space of HEAS [29].

2.4 Preparation and Processing

According to the existing researches and application experience, the traditional preparation
method of HEAs is basically the same as the preparation methods of conventional alloys.
However, the existence of the difference is undoubted. HEAs have various forms such as bulk,
films, belt, powders, and fibers. Based on this, HEASs are usually manufactured as four types in
line with their dimension, as demonstrated in Fig. 4: bulk HEAs (three-dimensional HEAS),
high entropy films and coatings (two-dimensional HEAs), HEA fibers (one-dimensional
HEASs), and HEA powders (zero-dimensional HEAS) [48, 49].
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Fig. 4 Classification of HEAs according to preparation size [49].

Traditional preparation methods of three-dimensional HEAs mostly include vacuum arc
melting, vacuum induction melting, mechanical alloying and subsequent sintering, and so on.
Certain preparation methods lead to directional solidification, which can be used to obtain a
certain orientation of the crystals [50]. It should be noted, that the experimental high entropy
alloy Alo2Co15CrFeNivsTi, applied in this study, was produced by vacuum induction melting.
Therefore, we will deal with this technique in more detail in the following section: preparation
by vacuum induction melting.

According to the newest publications, there are also several new methods for preparing bulk
HEAs, such as high-gravity combustion synthesis and additive manufacturing. Chen et al. [51]
investigated the implementation of additive manufacturing methods in the production of HEAs.
Compared to casting counterparts, it has been found that HEAs prepared by additive
manufacturing may have a superior yield strength and ductility due to the fine microstructure
formed during the rapid solidification in the fabrication process. As a result, this is an effective
method for improving their comprehensive properties. Various processing methods are closely
connected to the performance.

Annealing, as an efficient method, has been introduced to improve the microstructure and
properties of alloys, where the different annealing temperatures and time are closely related to
comprehensive properties. Zhuang et al. [52] examined the effect of annealing temperature on
the microstructure, and mechanical properties and phase constituents of AlosCoCrFeMoxNi
(x=0,0.1,0.2,0.3, 0.4, and 0.5) HEAs at the specified annealing time (10 h). They found that
the alloys annealed at 80 °C exhibited higher hardness and yield strength, due to the relatively
fine precipitates and resulting microstructures. Sathiyamoorthi et al. [53] insert a high-pressure
torsion-treated CoCrNi alloy with a grain size of ~50 nm into different annealing conditions
and investigated the optimal processing technology. The sample annealed at 700 °C for 15 min
showed an impressive combination of the tensile strength (~1090 MPa) and strain to failure
(~41 %).
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The pressure is considered to be another essential and powerful parameter, introduced to the
experimental study of HEAs. Many interesting reversible/irreversible phase transitions that
were not previously expected or otherwise invisible were observed under high pressure. Zhang
et al. [54] reviewed recent outcomes in various HEAs achieved by using in situ static high-
pressure synchrotron radiation X-ray methods and come up with new prospects for future
investigation.

Welding is an important area with a high potential effect on future research and technological
developments in the field of HEAS. The selection of possible welding processes with optimized
parameters is required to improve applications of HEAs. Guo et al. [55] examined recent works
on welding of HEAs in detail with a focus on the research of HEA systems in the application
of different welding methods.

Preparation by vacuum induction melting

Among the reported traditional preparation methods (Fig. 4) most bulk HEAs are produced by
liquid state route, including vacuum induction melting. The metal is under vacuum exposed to
deep degassing, resulting in a perfectly deoxidized metal along with a homogenized bath due
to the bath mixing. As a result, alloy prepared by this technique contains a very low content of
non-metallic inclusions. Additionally, with the help of vacuum induction furnaces, it is possible
to melt alloys with any chemical composition within the temperature limitation range of the
machine [56].

However, there are some attention problems using this type of technology for preparing
HEAs, as emphasized in the following: the solidification process cannot be well controlled due
to the nature of rapid solidification, leading to different microstructure characteristic from the
surface to the center of alloy samples, e.g., inhomogeneous separation of the as-cast dendrites
in morphology and size, line up from fine grains to columnar dendrites and thus an
unmanageable macroscopic property. Also, a series of unavoidable as-cast defects, along with
elemental segregation, suppression of equilibrium phases, microscopic and macroscopic
residual stresses, cracks, and porosities, may have a negative effect on the mechanical properties
of HEAs. Measures should be taken into account to reduce or eliminate these defects in the
HEAs [57].

2.5 Microstructures of High Entropy Alloys

HEAs produced by the casting route show typical cast microstructure consisting of dendritic
(DR) and interdendritic (ID) regions. DR region is often found to exhibit microstructural
features such as precipitates, nanostructured phases, and modulated structure arising from
spinodal decomposition (SD), whereas the ID region was shown to exhibit a two-phase eutectic
structure [1].

Singh et al. [58] studied the microstructure of the AICoCrCuFeNi alloy. The phase formation
sequence is shown, in detail in Fig. 5.
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Fig. 5 Depiction of phase formation sequence during cooling of AlxCoCrCuFeN:i alloy system with
different aluminum contents [14].

Tung et al. [59] discussed the microstructural properties of various HEAs, which contain
different elements in non-equiatomic proportion. In alloys with lower copper content ID regions
appeared, visible from the segregation tendency of the element. SD leading to modulated
structures, which can be observed in alloys containing BCC phase (DR regions), while 1D
regions have heterogenous FCC and BCC structures. From these results, it can be deduced that
although the configurational entropy for various alloys is the same, their microstructure differs
are obvious in terms of phase fractions and compositions, further underlined by the fact that
other thermodynamic factors also play a role in phase evolution in non-equiatomic HEAsS.

They observed the microstructure of DR (Fig. 6) in as-cast alloys (Label. A), resulting in a
claim that the DR region consists of many secondary phases such as plate-like precipitates
(Label. B), rhombohedral and spherical precipitates (Label. C), and weak superlattice
reflections of L1, phase. The DR region has also been shown to contain NiAl, CrFe, and Cu-
rich plates as studied by 3D atom probe. On the other hand, splat-quenched AICoCrCuFeNi
alloy, shown a polycrystalline microstructure with clear grains and grain boundaries [59].
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Fig. 6 Bright-field TEM images showing (A) DR and ID regions; (B) DR showing plate-like
precipitates and presence of ordered B2 structure; (C) presence of rhombohedral precipitates in DR
and weak reflections of L1, phase; and (D) microstructure of 1D region and weak superlattice
reflections of L1, phase for as-cast AICoCrCuFeNi alloy [14].

In contrast to the above observation on cast alloys, atom probe studies on mechanically alloyed
(MA) CoCrFeNi HEAs suggest an even distribution of alloying elements in the as-milled
condition. However, segregation of specific elements after hot consolidation has been observed
in some alloys prepared by MA. Elemental atom probe mapping tomography in AICoCrCuNiZn
HEA prepared by MA followed by hot compaction at 600 °C showed Cu segregation at grain
boundaries. After consolidation, retention of nanocrystalline grains was also examined with a
size of about 10nm [14].

Over the processing methods, the resulting microstructure of HEASs also depends on the alloying
element. As a consequence the phase equilibrium among kinetics changes in the solidification
stage. For example, the addition Ti to AICoCuFeNi, resulting in changes of morphology from
DR to eutectic cell type (Wang et al., [60]) while the V addition exhibits DR region with
ellipsoidal particles instead of modulated plate-like structure. These phenomena are more
revealed in the general properties section.

Mechanically alloyed powders of non-equiatomic HEAs compared to equiatomic HEAS show
similar microstructure characteristics features, such as hard agglomerates, smooth fine
particles, and uniform morphology. Chen et al. [61] prepared AICoCrCuosFeMoNiTi alloy by
MA. According to the mechanisms of MA, the 2 h-milled powders exhibited lamellar structures
which transform into the uniform amorphous microstructure after 36 h of milling. In a similar
study by Sriharitha et al. [62] alloy AlsCoCrCuFeNi prepared by MA, the microstructure
exhibited an average particle size of about 0.5 microns with a crystallite size less than 50 nm.
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Besides, the development of advanced techniques such as high-resolution transmission electron
microscopy, atom probe tomography, electron backscattered diffraction (EBSD), etc. shown to
be very useful in detecting the fine microstructural details of HEAs [14]. Thus we can conclude
that very different microstructural features can be obtained except for single phase solid
solutions. These can bring improved properties to the alloys.

2.6 General Properties

Mechanical behavior is one of the most extensively studied researches in the field of HEAs.
The main research is focused on three types of alloys: 1, 3D transitional-group-element HEAS;
2, 3D transitional-group-element HEAs with Al or Ti added; 3, refractory high entropy alloys
with excellent high-temperature properties. Furthermore, other trace alloying elements, such as
Mo, Nb, Zr, etc., were put into use in order to study their effect on the microstructures and
properties of the alloys.[50].

HEAs metals based on 3D transition such as CrCoNi and CrMnFeCoNi alloys, exhibit
prominent mechanical properties like strength and fracture resistance, as emphasized in Asby’s
map of construction materials (Fig. 7). Fig. 8 represents the influence of temperature on tensile
properties and fracture toughness of the CoCrFeMnNi. The alloys exhibit a very good
combination of ductility and fracture, which increases with decreasing temperature. This
combination of properties makes Cantor’s alloy unique because most materials become more
brittle as the temperature is decreased. In this case, the values of crack-initiation toughness
exceed (Kic) more than 200 MPa.m™2 independent of the temperature [18].
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Fig. 7 Ashby plot of strength versus fracture toughness of CrCoNi-based, medium-entropy, and high
entropy alloys [18].
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Fig. 8 Crack resistance curves of the Cantor alloy CrMnFeCoNi [18].

Additional elements such as Nb significantly support the reduction of nano-phases and thus
increase the strength of the alloy [63, 64]. The addition of Mo to the CoCrFeNi alloys
effectively helps to increase the corrosion resistance [65]. The effect of adding Zr to the
CoCrFeNiMn alloy was investigated by Zhang et al. [66]. The alloys were prepared from ZrH>
powders using a mechanical alloying technique. The results indicate, that multiphase
microstructures were formed in the alloys, which can be attributed to the large lattice strain and
negative enthalpy of mixing, caused by the addition of Zr. Sun et al. [67] also used a mechanical
alloying technique to prepare a CoCrNiCuZzn alloy. The addition of Pd promoted local and
long-range lattice distortions in CoCrFeNi alloy, which affects the phase stability and phase
transformation. The addition of elements such as Al and Ti in 3D transition CoCrFeNi HEAs
exhibits a strong impact on microstructure and phase composition. Alloying elements such as
Al and Ti in 3D transitional CoCrFeNi HEAs show a strong influence on microstructure and
phase composition, as well as the ability to reduce the density.

Due to its excellent mechanical properties, high entropy films processed by magnetron
sputtering technology attracted attention with their exciting potential for the production of
small-structure devices and precision instruments with sizes ranging from nanometers to
micrometers. Zhang et al. [68] fabricated (AlosCrFeNiTio.2s) high entropy films. It has been
exhibited that the phase structure varies from the amorphous to the FCC structure with
increasing nitrogen content, which is closely related to the atomic size difference in the alloy
system.

It can be found that nano-precipitation phases extensively appear in HEAs, which play an
essential role in improving their mechanical properties such as strength and plasticity.
Wang et al. [69] described the precipitation behavior and precipitation strengthening in HEA
detailedly, including the morphological development of second-phase particles and the
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mechanisms of precipitation strengthening. They argue that the challenge for the future is to
design a stable and coherent microstructure in different matrices of solid solutions.

Besides mechanical properties at room temperature, HEASs tend to exhibit excellent properties
at higher temperatures due to the high—entropy stabilization effect. The Hf-Nb-Ta-Ti-Zr
refractory HEA shows remarkable properties at high-temperature as well as at room
temperature. Zyka et al. [70] presented a study of the tensile mechanical properties at
room temperature of selected three-and four-element medium entropic alloys derived from the
Hf-Nb-Ta-Ti-Zr system and found that it is a five-element HEA alloy that shows the best
combination of strength and elongation. Tseng et al. [71] focused on revealing the effects of
Mo, Nb, Ta, and Ti on the mechanical properties of equiatomic alloys Hf-Mo-Nb-Ta-Ti-Zr.

Wear resistance and tribological behavior also play an important role in materials development.
Wear properties have been investigated since the early stages of HEA development, although
the data set is still limited. For example, Chuang et al. [72] reported outstanding adhesion to
wear resistance of Alo2Co15CrFeNiisTiy HEA, with a hardness of 717 HV and a resistance 3.6
times that of SUJ2 with similar hardness. Furthermore, the HEA exhibits twice as high wear
resistance as high-speed tool steel SKH51 with a hardness of 870 HV. They showed that this
excellent performance is due to its remarkable oxidation resistance and hot hardness compared
to comparable steels, as the contact temperature at the pin-disk interface can reach values of up
to 80 °C [14].

In addition to mechanical properties, research s also focused on the physical and chemical
properties of HEASs such as magnetic properties, radiation resistance, electrical properties, and
corrosion resistance [50].
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3 Aim of the work

The Alo2Co15CrFeNisTi high entropy alloy and its variants have stood out as potential real
alternatives for applications in which high wear resistance is required, due to their excellent
wear resistance combined with high strength. Despite the very interesting properties, these
alloys possess low ductility due to their complex microstructure.

In this work, the mechanical characteristics and microstructural evolution of
Alo2Co15CrFeNivsTi HEA produced by vacuum induction melting, followed by casting and
subsequent annealing at various temperatures (750 °C and 1000 °C), were studied. The heat
treatment experiments were performed with the intention of improving the mechanical
properties of the HEA, such as better ductility. This could be done by reducing the content of
intermetallic phases present in the alloy. A calculation of the pseudo binary phase diagram
(CALPHAD) was performed to evaluate the possible phases present on the alloy.
Additionally, the experimental part was done by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive spectroscopy (EDS) analyses of the HEA in all
states. These were performed to reveal the phase, microstructures, chemical composition, and
crystallographic properties. The mechanical properties evaluation related to different
microstructures of the alloy were characterized using micro-Vickers hardness and
nanoindentation testing by analyzing the hardness of the produced material.
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4 Experimental material and methods

4.1 Experimental material preparation

The Alo2Co1s5CrFeNiisTi HEA was prepared by vacuum induction melting from elemental
components with purity higher than 99,5 wt. %. In order to ensure the surface cleanliness of the
melting batch, dry blasting was performed. The ceramic crucible (Fig. 9b) was made of pressed
zircon material ZC93i and formed into an inductor of an induction medium frequency vacuum
furnace. A permanent mold was prepared for melting, where the inner part was covered with a
spray of yttrium oxide. This was followed by controlled heating on an electric resistance furnace
according to the manufacturer's recommendations with a delay of at least 500 °C and a gradual
decrease to a final temperature suitable for casting, approx. 200 °C, which has been formed into
a casting module. Therefore, the smelting process was carried out in an induction medium
frequency vacuum furnace (ISVP), shown in Fig. 9a, on a basic charge of pure iron, with
gradual alloying in a vacuum according to the affinity series of individual elements of the batch
for oxygen. After achieving optimal melting of the total batch at a pressure of 4 Pa in the ISVP
caisson, the alloy was cast into a casting module located in an argon atmosphere. The melt was
left in a closed caisson to minimize the cooling rate of the ingot. In compliance with the above
technological and metallurgical procedures, the surface of the ingot was without any defects
and the crystallization zones in the ingot were satisfactory.

Fig. 9 Heraeus vacuum induction equipment in VUT FSI for melting, processing, and casting in
vacuum or an inert atmosphere (max. Approx 20k) (a) vacuum induction furnace 1S2/ | HERAEUS;
(b) zirconia ZC93i crucible for metal handling and melting.
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4.2 Characterization methods

The cut-off machine Brillant 220 (Metalco Testing s.r.0) was used to cut the base material into
3 samples with approximate dimensions of 20 mm length, 6 mm width, and 6 mm depth.
Afterward, the preparation of bulk samples for microstructural investigations was mostly
carried out by hot mounting using black epoxy resin DuroFast with mineral filler. Once the
samples were hot mounted in resin, they were mechanically ground with SiC abrasive papers
of different particle sizes #220-2400 grit. Subsequently, the samples were polished using
diamond paste with a particle size of 3 um and 1 um. The last step of sample preparation was
mechanical-chemical polishing with OP-S F. The following metallographic technique was
applied to the first sample immediately, and for the other two samples after heat treatment
experiments.

X-ray diffraction (XRD)

X-ray diffraction analysis of the materials phase composition was done using Philips X'Pert Pro
diffractometer operated at 40 kV voltage with 30 mA current. A continuous scanning was done
with 20 between 30° and 100° using a speed of 0.02°-min—1 and a step size of 0.0167°. The
radiation used was Cu-Ka.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) characterization of the bulk materials in as-cast state and
after heat treatments was performed using ZEISS Ultra Plus FED microscope in secondary (SE)
and backscattered electron (BSE) modes. Energy-dispersive X-ray microanalysis studies (EDS)
were performed to evaluate the chemical composition of the material.

Calculation of Phase Diagrams (CALPHAD)

Calculation of phase diagram (CALPHAD) was performed using ThermoCalc software version
2020b (TCHEAA4 database version 4.1).

Micro Vickers hardness

Vickers hardness measurements were carried out according to ISO 6507-1 standard using a
Qness Q10A microhardness tester with an applied load of 0.2 kg. The reported values for the
materials in a cast state and after heat treatment experiments are on average of at least 15
measurements and the error is the standard deviation.

Nanoindentation hardness

Nanoindentation experiments were performed in order to determine the elastic modulus of the
as-cast material in line with the Oliver-Pharr method [73]. CSM Instruments nanoindenter tester
with a pyramidal Berkovich diamond indenter was used at an acquisition rate of 10 Hz, the
maximum force of 100 mN, with load/unload rates of 200 mN.min* and hold period of 10 s.
For each sample the averages of at least 25 indents are presented, where the error is the standard
deviation of the measurements.
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Heat treatment experiments

Heat treatment effect on experimental material Alo2Co15CrFeNivsTi HEA presented in this
study was performed in an annealing furnace ELSKLO type MF5, in order to investigate the
influence of the temperature and time of annealing on the evolution of the microstructure. The
as-cast samples were heat-treated in a furnace using air atmosphere at 1000 °C for 5h, labeled
as C01, and at 1000 °C for 5h with subsequent 750 °C for an additional 5h, labeled as C02.
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5 Results and discussion

5.1 Calculation of phase diagrams - CALPHAD

The Alo2Co15CrFeNirsTi high entropy alloy pseudo binary phase diagram was calculated with
the help of ThermoCalc [74] software using the TCHEA4 database [75, 76], where the
theoretical composition of the HEA is shown in Table 1 below. A calculated pseudo binary
phase diagram of the AlxCo1s5CrFeNiisTi HEA for different mole percent Al is shown in
Fig. 10. The alloy proposed in this study possesses 3.2 at. % Al, highlighted by a red arrow.
Fig. 11 represents a scheme of property diagram as mole fraction versus temperature. It can be
seen that the phase constitution in the high entropy alloys changes continuously with the alloy
compositions and the temperatures. It should be noted that the phase diagram was calculated
previously by Moravcikova-Gouvea et al. [77], however, the present phase diagram shown in
this study is a more updated version with the new TCHEAA4 database, instead of TCHEAS.

Table 1 Theoretical composition of the as-cast Alp2Co15CrFeNiysTi high entropy alloy.

Name of alloy

Composition of the alloy (mole fraction)

Al Co Cr Fe Ni Ti

A|o,2C01,5CFF€N i1,5Ti

0.0323 0.2419 0.1613 0.1613 0.2419 0.1613
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Fig. 10 CALPHAD calculation of the phase diagram for Alo2Co15CrFeNiysTi high entropy alloy:
AlxCo15CrFeNiysTi calculated phase diagram, where x range from 2 mole percent up to 4.
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Fig. 11 CALPHAD calculation of the property diagram for Alo2Co15CrFeNiysTi high entropy alloy as
mole fraction of all phases versus temperature.

During solidification, the simulation predicts the formation of BCC_B2#2 structure as the first
solid phase from liquid, while all the liquid phase is transformed into BCC_B2#2 and FCC_L12
structures at around. 1120 °C. The first FCC_L12#2 structure starts to precipitate out from
BCC_B2#2+FCC_L12 structure at around 1080 °C, while the sigma phase begins to precipitate
out around 880 °C. Since the sigma phase has a very brittle character, its content could be
reduced by proper thermal treatments [67]. The annealing temperature should be higher than its
lowest dissolving temperature 880 °C and therefore is set to be 750 °C. Meanwhile, the
CALPHAD simulations show the subsequent formation of C15_Laves with a gradual decrease
in temperature below 810 °C.

5.2 XRD analysis

The XRD patterns of the as-cast and annealed Alo.2Co15CrFeNi1sTi HEA are shown in Fig.
12, where the background changes are a result of the influence of amorphous parts. It should be
noted, that the detected phases were pointed out in the C01 sample as a reference. However, all
phases are found in all alloys, except for Hexagonal D024 which was present only in C01 and
CO02. In this light, the CO1 was chosen as the reference, as it contains all phases.
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Fig. 12 XRD patterns for the as-cast and annealed (C01 and C02) Alo2Co15CrFeNiysTi high entropy
alloys.

XRD analysis of the as-cast showed the presence of a major FCC phase, whereas the presence
of the BCC phase was observed in the smallest amount. Table 2 shows the phases detected by
the XRD method, including the wt. % and their respective crystal structures.

Table 2 Phases present in the as-cast sample of Aly2Co15CrFeNiysTi high entropy alloy.

As-cast
Crystal structure Wt. %
Ni (FCC) 47.8
Fe (BCC) 10.1
CrFe (Sigma) 115
Hexagonal C14-Fe,Ti (Laves) 30.6

XRD analysis of C01 alloy showed a decrease in the relative amount of Laves phase in
comparison to the as-cast alloy, after heat treatment at 1000 °C for 5h. The phases found on this
alloy are shown in Table 3. After heat treatment at 1000 °C for 5h, followed by 750 °C for an
additional 5h, the C02 alloy exhibits a different microstructure, with phases shown in Table 4.
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Table 3 Phases present in the annealed sample of Alg2Co15CrFeNiysTi HEA at 1000 °C for 5h (CO1).

As-cast + Heat treated 1000 °C for 5h (C01)

Crystal structure Wt. %
Ni (FCC) 67.1
Fe (BCC) 17.0
CrFe (Sigma) 2.8
Hexagonal C14-Fe>Ti (Laves) 10.5
Hexagonal D024-Ni3Ti 2.6

Table 4 Phases present in the annealed sample of Aly2Co15CrFeNiisTi HEA at 1000 °C for 5h and
subsequent treatment at 750 °C for additional 5h (C02).

As-cast + Heat treated 1000 °C for 5h + 750 °C for 5h (C02)

Crystal structure Wt. %
Ni (FCC) 48.2
Fe (BCC) 18.1
CrFe (Sigma) 59
Hexagonal C14-Fe,Ti (Laves) 25.4
Hexagonal D024-Ni3Ti 2.4

XRD analysis of the CO1 and CO02 showed the presence of the same phases in different
amounts, with Hexagonal D024 in a very small amount, which probably precipitated during
cooling. However, the amount of Laves phase was found to be significantly higher in
comparison with C01. In short, XRD results reported increased stability of the FCC phase and
decreased amount of the sigma phase as a ThermoCalc simulation predicted.

5.3 Microstructure evaluation

As-cast alloy

A scanning electron microscope was utilized to carry out the microstructural characterization
of the as-cast sample and annealed samples (C01, C02). The micrographs comparison of as-
cast and annealed Alo2Co15CrFeNiysTi HEAs are demonstrated in Fig. 13, Fig. 14, and Fig. 15.
Metallographic maps of high entropy alloys exhibit the distribution of dendritic structures in
the as-cast alloy. After annealing, the alloys still show the presence of remaining dendrites in
certain areas, indicating that the heat treatment would need to be performed for longer times in
order to fully dissolve the dendritic microstructure. Typical cast-dendrite morphology appears
as dendritic structures separated by interdendritic areas, as shown in Fig. 13b. The arrows on
the figure denote DR for dendritic regions and ID for interdendritic regions.
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Fig. 13 Scanning electron microscopic images of the morphology and microstructures of the as-cast
sample of Alo2Co15CrFeNiysTi high entropy alloy a) using secondary electrons (SE) detector; b) using
backscattered electrons (BSE); ¢) amplified view of the microstructure using SE detector; d) amplified

view of the microstructure using BSE detector.

The dark grey dendrite and light grey interdendritic regions visible on the backscattered (BSE)
image are in contrast, which could be a reflection of different elementary segregation. The
chemical composition of these areas for as-cast and annealed alloys was analyzed by EDS with
the detailed discussion in the EDS analysis subchapter. The dendrite region was found to be
rich in Ni, Co, and Al, while the interdendritic found to exhibit elemental enrichment of Cr and
Fe [78].

Annealing at 1000 °C for 5h

The as-cast Alo2Co15CrFeNi1sTi HEA was heat-treated at 1000 °C for 5h, labeled as CO01,
where the phase composition was characterized by XRD in Fig. 12. Similar to the as-cast alloy,
the C01 sample exhibit still a few areas of dendritic structure, shown in Fig. 14b, despite the
heat treatment. After annealing, a complex microstructure is revealed probably due to the
diffusion of certain elements, and very small precipitates appear, which can be identified
complementary by the XRD results. These precipitates were probably too small in size to be
identified by the SEM micrographs on the as-cast state.
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Fig. 14 Scanning electron microscopic images of the morphology and microstructures of the annealed
sample of Alo.Co15CrFeNiysTi HEA at 1000 °C for 5h (C01) a) using secondary electrons (SE)
detector; b) using backscattered electrons (BSE); c) amplified view of the microstructure using SE
detector; d) amplified view of the microstructure using BSE detector.

The final comparison of the SEM and XRD results obtained during the present study with the
calculated pseudo binary phase diagram by CALPHAD showed some differences. C01 should
consist only of BCC and FCC phases as per the calculated phase diagram by CALPHAD.
Although, XRD analysis confirmed the presence of FCC, BCC, Laves, sigma, and Hexagonal
D024 phases after the first heat treatment. It could be argued that 5 hours was not enough to
dissolve each present phase, therefore not creating a microstructure composed of FCC and BCC
only. However, it should be noted that ThermoCalc works with an ideal state of equilibrium. In
this case, ideal conditions were not reached. In addition, for a better microstructural
investigation, temperature optimization and deeper research are necessary.

Annealing at 1000 °C for 5h with subsequent 750 °C for additional 5h

The Alp2Co15CrFeNi1sTi HEA was heat-treated at 1000 °C for 5h with a subsequent treatment
at 750 °C for an additional 5h, labeled as C02. In the C02 sample also the dendritic structure is
preserved in a few spots, as shown in Fig. 15b. However, the C02 sample also exhibits a very
complex microstructure in terms of phase present, these could be identified by the different
scales of grey color in the BSE image. Additionally, complementing the results with XRD is
necessary in order to identify the additional phases.
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Fig. 15 Scanning electron microscopic images of the morphology and microstructures of the annealed
sample of Aly2Co15CrFeNivsTi HEA at 1000 °C for 5h and subsequent treatment at 750 °C for
additional 5h (C02) a) using secondary electrons (SE) detector; b) using backscattered electrons

(BSE); c) amplified view of the microstructure using SE detector; d) amplified view of the
microstructure using BSE detector.

In this case, a comparison of results from SEM and XRD with the calculated phase diagram
was in good agreement. XRD analysis confirmed the presence of all phases predicted by
ThermoCalc simulation, except Hexagonal D024 that precipitates during cooling, as mentioned
in the XRD analysis section. However, the Hexagonal D024 is exposed in very small amounts
and is difficult to define using SEM, in order to confirm and examine its occurrence,
transmission electron microscopy (TEM) is required. Furthermore, the SEM results confirmed
the presence of a small amount of oxides on this sample, marked with a white arrow in Fig. 15c.
In contrast, the oxides were not detected in the XRD analysis since they are obtained only in a
very small amount and their content might be below the detection threshold of the XRD method.
The formation of oxides is a result of the long annealing rate in a furnace with an air atmosphere,
approx. 10h. To prevent the formation of oxides a furnace with an inert atmosphere is necessary.

Another interesting aspect of the microstructure, both as-cast and annealed, is the morphology
of the phases. The structure has not undergone recrystallization, since the original
microstructure was not severely plastically deformed before heat treatments, but only cast. In
conclusion, the microstructure seems to be thermally stable under experimental conditions in
the range of annealing temperatures from 750 °C to 1000 °C for 5 hours, with subsequent
treatment for additional 5 hours for the C02 sample.
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5.4 EDS analysis

As-cast alloy

In order to examine the chemical composition of the as-cast and annealed samples of
Alo2Co15CrFeNi sTi HEA, the energy dispersion spectroscopy (EDS) was performed. The
average chemical composition of the as-cast Alo2C015CrFeNi1sTi HEA was calculated by EDS
area analysis, which is shown in Table 5. These data were chosen as representative due to the
analysis of the EDS, which was taken on large areas of the as-cast sample. In conclusion, the
composition is in agreement with the theoretical composition, listed in Table 1.

Table 5 Average chemical composition of the as-cast sample of Al 2Co15CrFeNiysTi high entropy alloy,
obtained from Map Data 1.

Composition of the as-cast alloy (atomic percent)
Name of alloy Al Co Cr Fe Ni Ti
Alo2Co15CrFeNivsTi 2.90 24.70 14.80 16.20 26.60 14.80

The microstructure of the alloy prior to the annealing treatment is shown in Fig. 16. EDS
analysis of the total composition confirms the non-equiatomic proportion of the metals in the
alloy, as listed in Table 5. The presented high entropy alloy in this study was characterized as
an Al-poor alloy with a higher amount of Ni. In contrast to the fewer number of phases generally
believed to be detected in HEAS, the as-cast alloy presented in this study was found to contain
4 different phases using XRD analysis. It should be noted that the phase identification has been
performed by contrast and compositional differences.

Fig. 16 vividly shows large bright areas marked as region 1. It should be noted, that the
composition for each region has been reported in atomic percent (at. %) throughout this study,
where the additional mass fraction for the as-cast alloy is listed in Table 6, and for
annealed alloys in Table 8 and Table 10. The EDS shows that region 1 is rich in similar amounts
in Ni (25.5 %), Co (24.6 %). Fe (19.76 %), Cr (18.75 %) along with trace elements Ti (9.1 %)
and Al (2.29 %). Region 2, exhibits elements with a similar amount of atomic percent in
structure as region 1, where Ti (16.79 %), Fe (16.65 %), and Cr (16.8 %) is exposed in the
equiatomic amount. This phenomenon could be due to the higher presence of the Laves and
sigma phase in region 2, as confirmed by XRD results. The dark area, marked as region 3, is
enriched with Ni (27.66 %), Co (24.94 %), and Al (6.35 %), indicates the presence of a dendritic
region.
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Map Data 1

Fig. 16 Microstructure and elements mapping by EDS of the as-cast sample of Alp2C015CrFeNiysTi
high entropy alloy.

Table 6 Chemical composition for presented regions of the as-cast sample of Aly2Co15CrFeNiysTi high
entropy alloy.

Region 1 Region 2 Region 3
Element Wt.%  Atomic% Wt %  Atomic% Wt %  Atomic %
Al 1.12 2.29 0.48 0.98 3.19 6.35
Ti 7.89 9.10 14.62 16.79 15.98 17.87
Cr 17.65 18.75 15.87 16.80 10.21 10.55
Fe 19.98 19.76 16.90 16.65 13.12 12.63
Co 26.25 24.60 26.00 24.28 27.34 24.94
Ni 27.11 25.50 26.13 24.50 30.16 27.66

Annealing at 1000 °C for 5h

Fig. 17 shows annealed microstructure at 1000 °C for 5 hours along with the EDS analysis
indicating the locations of various elements and their approximate compositions, listed in

Table 8. First, the non-equiatomic composition of the alloy has been verified by EDS as well,
shown in Table 7.
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Table 7 Average chemical composition of the annealed sample of Aly2Co15CrFeNiisTi HEA at 1000 °C
for 5h (C01), obtained from Map Data 2.

Composition of the CO1 alloy (atomic percent)
Name of alloy Al Co Cr Fe Ni Ti Zr Si w
Alp2Co15CrFeNiisTi 290 24.30 15.10 16.40 26.20 14.60 0.20 0.20 0.10

Ni is mostly present in region 4 and it contains 41.08 %Ni. It contains, approximately, 23.88 %
and 18.85 % of Co and Ti (respectively) while other elements are present in minor amounts.
The clouded area, marked as region 5 is Co (25.08 %), Ni (23,63 %), rich where an increased
amount of Ti (14.34 %) and Fe (15.54 %) was detected, which might indicate, the occurrence
of Laves phase [79]. It should be noted since the phases are very small in this particular area,
there could be the influence of the elemental composition of neighboring regions. The EDS
point analysis on this area was performed at higher magnifications in order to avoid the
influence of the other considered elements, therefore the location of point 5 in Fig. 17 is
representative. Region 6 is essentially Ni (24.87 %), Co (24.46 %), Fe (22.85 %), and Cr
(18.13 %), rich, due to the possible presence of the sigma phase, as previously reported [80].

Map Data 2 . Map Data 2

50 pum

Cr
50 pm 50 pm

Fig. 17 Microstructure and elements mapping by EDS of the annealed sample of
Alo2Co15CrFeNisTi HEA at 1000 °C for 5h (CO1).
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Table 8 Chemical composition for presented regions of the annealed sample of Alo2C015CrFeNiysTi
HEA at 1000 °C for 5h (CO1).

Region 4 Region 5 Region 6
Element Wt.%  Atomic% Wt.%  Atomic%  Wt.%  Atomic %
Al 0.48 1.00 2.53 5.07 0.73 1.50
Ti 16.19 18.85 15.22 17.14 7.06 8.19
Cr 5.28 5.66 13.05 13.54 16.98 18.13
Fe 9.55 9.54 16.09 15.54 22.98 22.85
Co 25.24 23.88 27.40 25.08 25.95 24.46
Ni 43.25 41.08 25.71 23.63 26.29 24.87

Annealing at 1000 °C for 5h with subsequent 750 °C for additional 5h

The microstructure of the Alo2Co15CrFeNi1sTi HEA developed during annealing at 1000 °C
for 5h with subsequent 750 C for an additional 5h is shown in Fig. 18. The average chemical
composition for the C02 sample is listed in Table 9, whereas the chemical composition for the
presented regions is listed in Table 10.

Map Data 3

i
Fe
O

Fig. 18 Microstructure and elements mapping by EDS of the annealed sample of Alp2C015CrFeNiysTi
HEA at 1000 °C for 5h and subsequent treatment at 750 °C for additional 5h (C02).
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Table 9 Average chemical composition of the annealed sample of Alo2Co15CrFeNiysTi HEA at 1000 °C
for 5h with subsequent 750 °C for additional 5h (C02), obtained from Map Data 3.

Composition of the C02 alloy (atomic percent)

Name of alloy Al Co Cr Fe Ni Ti Zr Si
Alp2Co15CrFeNiisTi 390 2470 1390 1530 2720 1470 0.20 0.20

The EDS point analysis shows that region 7 is rich with elements such as Ni, Co, Fe, and Ti are
all within a range of 18.21 % to 25.63 %. This could indicate the presence of the sigma phase
in the interdendritic region [81]. Another, cloudy area, marked as region 8, is Ni (27.67 %) and
Cr (26.56 %) rich along with Ti (19.07 %) and trace elements Cr (7.09 %) and (9.9 %). Region
9is O (46.14 %) and Zr (27.09 %) rich, which is explained by the possible presence of oxides
as a result of a long annealing time in a furnace with an air atmosphere. From the chemical
composition of region 9, listed in Table 10, it can be determined that the oxide Zr-rich. The
presence of trace elements of Si and Hf may be explained due to potential contamination of the
furnace with the air atmosphere.

Table 10 Chemical composition for presented regions of the annealed sample of Aly2C015CrFeNiysTi
HEA at 1000 °C for 5h and subsequent treatment at 750 °C for additional 5h (C02).

Region 7 Region 8 Region 9
Element Wt.%  Atomic% Wt %  Atomic% Wt %  Atomic %

Al 0.59 1.22 5.06 9.90 0.25 0.43
Ti 7.12 8.27 17.31 19.07 8.41 8.23
Cr 17.03 18.21 6.99 7.09 3.75 3.38
Fe 23.83 23.71 10.12 9.56 4.05 341
Co 27.18 25.63 29.67 26.56 6.12 4.88
Ni 24.25 22.96 30.78 27.67 7.60 6.07
Zr - - - - 52.67 27.09
@) - - - - 15.73 46.14
Si - - 0.07 0.14 - -
Hf - - - - 1.41 0.37

5.5 Microhardness and nanoindentation hardness evaluation

To evaluate the effect of heat treatment on the mechanical properties of the studied system, micro
Vickers hardness testing for as-cast and annealed samples (C01, C02) of Alo2C015CrFeNiysTi
HEA were carried out. Variation of microhardness of the as-cast and annealed (C01, C02)
samples are shown in Fig. 19, where the average microhardness values in the Vickers scale are
listed in Table 11. The average microhardness of the as-cast sample is 665+78 HV0.2, whereas
the average microhardness of the heat-treated CO1 and C02 samples is found to be
606+47 HV0.2, and 751+49 HVO0.2.
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Table 11 Evaluation of microindentation test results for the as-cast and annealed samples (C01, C02)
of Alo2Co15CrFeNiisTi high entropy alloy.

Average hardness value Standard deviation
Indentation area [HV 0.2] [HV 0.2]
As-cast 665 78
Co1 606 47
Cco2 751 49
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Fig. 19 Microhardness of the Alo2Co1sCrFeNivsTi high entropy alloy in as-cast or annealed states
(C01, C02).

The experimental results suggest that annealing at 1000 °C for 5h resulted in a probable slight
decrease in hardness from the as-cast condition, 665+78 HV0.2 to 606+47 HV0.2, respectively.
It could be explained by the fact that increasing the annealing temperature causes an increase
in the volume fraction of the ductile FCC phase, which is responsible for the decrease in
hardness [82]. In addition, grain growth at elevated temperatures may also contribute towards
the decrease in hardness and directly impacts their performance [83]. On the other hand, the
microhardness increased after annealing at 1000 ° for 5h followed by treatment at 750 °C for
an additional 5h, indicating that a small amount of phases precipitated after this annealing, as
shown by the XRD results. In addition, the presence of the sigma phase in a higher fraction than
compared to the previous state has contributed to increasing the microhardness of the alloys
more than the BCC phase, since the sigma phase is much harder [84]. With the increasing
volume fraction of the sigma phase and Laves phase, the alloys become harder. Therefore, the
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microhardness of the C02 sample reaches 751+49 HV0.2, respectively, which is harder than
(Al02Ti10) alloy (approx. 717 HV) in Ref. [72].

In addition, by analyzing the nanoindentation hardness and elastic modulus E of the as-cast
sample, according to the Oliver-Pharr method, the nanoindentation tests were performed.
Fig. 20 represents the morphology image of the studied alloy with assigned tip place for the
dendritic region (Fig. 20a) and for the interdendritic region (Fig. 20b). The obtained values of
nanohardness for light grey dendritic and dark grey interdendritic regions are listed in Table 12.
The Young’'s modulus for dendritic and interdendritic regions are Ependritic=222+11 GPa and
Einterdenaritic= 223+50 GPa, respectively. Both the study regions are distinctly different in nano
hardness values, 7234+380 MPa for DR region and, 11760+1089 MPa for ID region,
respectively, while the obtained values of Young's modulus are similar within their standard
deviation. The increased value of the hardness in the ID region is due to the presence of a sigma
and Laves phase, as was reported in Ref. [77]. The Young’s modulus is comparable to the other
high entropy alloys reported in the literature, like AlosCoCrFeNi, approx. 220 GPa [85].

Table 12 Evaluation of nanoindentation results for the as-cast sample of Alo2Co15CrFeNiysTi high
entropy alloy.

Indentation hardness Average hardness Elastic modulus
Indentation area [MPa] value [HV] [GPa]
DR 7234+380 669+35 222411
ID 11760+£1089 1089+47 223+50

Fig. 20 Scanning electron microscopic images of the morphology of the as-cast sample of
Alo>Co15CrFeNiysTi high entropy alloy using secondary electrons (SE) detector, with assigned tip
place for the a) dendritic region; b) interdendritic region.
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6 Conclusions

In this study, the non-equiatomic Alo2Co15CrFeNiisTi HEA produced by vacuum induction
melting was characterized. The effect of heat treatments on microstructure, chemical
composition, and mechanical properties of Alo2Co15CrFeNii1sTi HEA was investigated. The
following was concluded:

1.

The average chemical composition of Alp2Co15CrFeNiisTi HEA was in good
agreement with theoretical chemical composition, thus showing a successful production
of the alloy by vacuum induction melting.

New Hexagonal D024 phase was observed in the annealed states of Alp.2Co1.5CrFeNiysTi
HEA, due to the possible precipitation during cooling. This phase was not detected in
the as-cast state.

Temperature and time optimization of heat treatments and deeper research are necessary
to confirm the phase composition predicted by ThermoCalc simulation.

Elemental segregation was detected both as-cast and annealed Alo2Co015CrFeNiysTi
HEASs, despite the applied heat treatments.

An increased microhardness value, 751+49 HV0.2 was observed in the annealed C02
sample in comparison with annealed CO01 sample, which showed a hardness of
606+47 HV0.2. This may be explained by the higher amount of intermetallic phases on
the former, which is in agreement with the ThermoCalc prediction.

The values of nanohardness for the dendritic and interdendritic regions for as-cast
Alo2Co15CrFeNisTi HEA were distinctly different, 7234+380 MPa for the DR region
and, 11760+1089 MPa for the ID region, respectively.

The obtained values of Young’'s modulus were similar within their standard deviation
for the dendritic, 222+11 GPa, and interdendritic, 223+50 GPa, regions of the as-cast
Alo2C015CrFeNi1sTi HEA.
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EDS
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FFT
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TEM
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XRD

Body Centered Cubic

Backscattered Electrons

Calculation of Phase Diagrams
Density-Functional Theory

Dendritic Region

Electron Backscatter Diffraction
Energy-Dispersive X-ray Spectroscopy
Face Centered Cubic

Fast-Fourier Transform

Hexagonal Close Packed

High Entropy Alloy

Interdendritic Region

Medium Frequency Vacuum Furnace
Mechanical Alloying

Standart furmed silica suspension for final polishing
Spinodal Decomposition

Secondary Electrons

Secondary Electron Microscope
Transmission Electron Microscope
Valence Electron Concetration

X-ray Diffraction
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