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ABSTRACT

INVESTIGATIONS ON BULK GLASS FORMING ABILITY OF
TITANIUM BASED MULTICOMPONENT ALLOYS

Siier, Sila
M.S., Department of Metallurgical and Materials Engineering
Supervisor  : Prof. Dr. Amdulla O. Mekhrabov
Co-Supervisor: Prof. Dr. M. Vedat Akdeniz

June 2008, 156 pages

The aim of this study is to investigate the bulk glass forming ability (BGFA) of Ti-
based alloy systems. These investigations were carried out in two main parts that

are complementary to each other: theoretical and experimental.

For theoretical studies, which are based on electronic theory of alloys in
pseudopotential approximation, Ti-Zr, Ti-Co and Ti-Cu alloys were chosen as the
binary systems. Alloying element additions were performed to each binary for the
investigation of the BGFA of multicomponent Ti-based alloys. Among the three
studied binary systems, Ti-Cu was found to exhibit better BGFA, and Mn, Al and
Ni elements were found to be suitable for improving the BGFA of Ti-Cu binary

alloy system.

BGFA of Ti-Cu binary and Ti-Cu-(Mn, Al, Ni) multicomponent alloys were
investigated with the experimental studies that were carried out with performing arc
melting and centrifugal casting operations. The characterizations of these alloys

were done with scanning electron microscopy, X-ray diffraction analysis and

Y



differential scanning calorimetry. TigoCussMns, TigoCussAls and TigoCussNis alloys
were produced and characterized as examples for ternary systems. Among them,
TigoCuszsMns system was found to have better indications regarding to BGFA.
Therefore, it was chosen as the main composition and multicomponent alloys of
TisoCuzsMnsAl;, TisoCuzsMnsNi; and TisgCuzsMnsAlNi; were synthesized and

characterized.

Keywords: Ti-Based Alloys, Bulk Metallic Glasses, Pseudopotential Theory, Glass
Forming Ability, Critical Cooling Rate
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TITANYUM BAZLI COK BILESENLI ALASIMLARIN
IRI VE HACIMLI CAM OLUSTURMA EGILIMININ INCELENMESI

Siier, Sila
Y. Lisans, Metalurji ve Malzeme Miihendisligi Bolimii
Tez YOneticisi : Prof. Dr. Amdulla O. Mekhrabov
Ortak Tez Yoneticisi: Prof. Dr. M. Vedat Akdeniz

Haziran 2008, 156 sayfa

Bu calismanin amaci Ti-bazli alagim sistemlerinin iri ve hacimli cam olusturma
egilimini incelemektir. Bu incelemeler teorik ve deneysel olacak sekilde birbirini

tamamlayan iki kisimdan olugsmaktadir.

Alasimlarin psddopotansiyel yaklasimdaki elektronik teorisine dayanan teorik
calismalar esnasinda Ti-Zr, Ti-Co ve Ti-Cu ikili alasim sistemleri incelenmistir.
Cok bilesenli Ti-bazli alasimlarin iri ve hacimli cam olusturma egilimini
inceleyebilmek icin her ikili sisteme c¢esitli alasim elementleri eklenmistir.
Calisilmis olan sistemler arasinda, Ti-Cu sisteminin en iyi iri ve hacimli cam
olusturma egilimini sergiledigi gozlemlenmis ve bu sistemin cam olusturma
egilimini arttirabilmek icin Mn, Al ve Ni elementlerinin kullanilabilecegi

gosterilmistir.

Ti-Cu ikili ve Ti-Cu-(Mn, Al, Ni) coklu alasimlarin iri ve hacimli cam olusturma
egilimi, ark ile ergitme ve savurmali dokiim yontemleriyle deneysel olarak
incelenmistir. Bu alagimlarin karakterizasyonu ise taramali elektron mikroskopisi,

X-1ginlar1 kirinimi ve termal analiz yontemleriyle gerceklestirilmistir. TigoCuszsMns,

Vi



TigoCuzsAls ve TigCussNis alagimlart {iglii alasimlara ornek olarak iiretilmis ve
karakterize edilmistir. Bu ii¢ sistemin arasinda TigoCuszsMns alasiminin daha iyi iri
ve hacimli cam olusturma egilimi gosterdigi belirlenmistir. Bu sebeple bu iiclii
sistem ana kompozisyon olarak se¢ilmis ve TisgCuszsMnsAl;, TisoCuzsMnsNi; ve

TissCuszsMns Al Ni; ¢coklu alagimlar tiretilmis ve incelenmistir.

Anahtar Kelimeler: Ti-Bazli Alasimlar, Iri ve Hacimli Metalik Camlar,

Psodopotansiyel Teori, Cam Olusturma Egilimi, Kritik Soguma Hizi
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CHAPTER 1

INTRODUCTION

Metallic glasses are so called due to their glassy like crystal structure. Ordinary
crystalline alloys exhibit periodicity in three dimensions, whereas metallic glasses
have no long range order resulting in surpassing properties when compared to the
crystalline counterparts. Hence, metallic glasses have begun to be the midpoint of

interest.

The most crucial point in the formation of metallic glasses is the cooling rate. Fast
cooling rates should be achieved to obtain the amorphous structure, since
suppression of the crystalline phases is attained by limiting their formation time.
Generally, metallic glasses are obtained with critical cooling rates on the order of
10°-107 K/s. Due to the requirement for rapid cooling; metallic glasses were usually
synthesized in a thin sheet form having a thickness below 0.05 mm. So, in order to
overcome the restrictions in shape and dimensions of the alloys, scientists started to
search for a new way. This was achieved by synthesizing the alloys in
multicomponent forms. By using multicomponent alloys, maintenance period of the
supercooled liquid state was extended for several thousand of a second which is 6 to
8 orders longer than that of the ordinary metallic glasses. As a result, critical
cooling rates of the bulk metallic glasses were decreased to values ranging between

as low as 0.100 K/s and several hundreds of K/s [1-3].

Since the discoveries of a series of glassy alloys with large glass forming ability in
Ln-Al-TM, Mg-Ln-TM, Zr-Al-TM, Ti-Zr-TM, Hf-AI-TM, Ti-Zr-Al-Be-TM, and
Ti-Zr-Be-TM (Ln = lanthanide metals, TM = transition metals) systems, bulk

metallic glasses have attracted rapidly increasing interest because of the importance



in both the scopes of materials science and engineering applications [4-13]. Bulk
metallic glasses have a wide range of interesting properties, including near
theoretical strength, high hardness, extremely low damping characteristics,
excellent wear properties, high corrosion resistance and low shrinkage during
cooling. Titanium based bulk amorphous alloys especially began to attract the
attention of the scientists and engineers recently due to their high specific strength,

good corrosion resistance and high temperature properties [14-19].

In recent years, solidification behavior of alloys was shown to be important for the
selection of the bulk glass forming alloys systems. Alloys containing a sequence of
two successive endothermic reactions; eutectic and peritectic, with a high
magnitude of reaction enthalpies ratio were indicated to be essential for high bulk

glass forming ability [20].

This thesis study is consisted of two main parts that are complimentary to each
other. First part is the theoretical studies that were performed to understand the bulk
glass forming ability of multicomponent alloy systems, and the second part is the
experimental investigations on the alloy systems that were predicted with the
theoretical studies. Theoretical part of the thesis deals with glass forming ability of
selected Ti-based binary alloys; Ti-Zr, Ti-Co and Ti-Cu, on the base of the
electronic theory of alloys in pseudopotential approximation. Moreover, this part
also includes the studies on the effects of ternary alloying element additions to the
binary systems, as well as the computations of the related glass forming ability

parameters.

The results of the theoretical studies for the mentioned binary alloy systems showed
that Ti-Cu has the best glass forming ability when compared to the others, and Mn,
Al and Ni elements have the most positive effects on the glass forming ability of Ti-
Cu binary system. Hence, Ti-Cu binary system was chosen as the master alloy and
Mn, Al and Ni elements additions were performed to this binary. Afterwards, bulk

glass forming ability of these alloy systems was experimentally investigated. The



alloys were synthesized with using high purity elements via arc melting method to
obtain a more uniform structure. In order to investigate the fast cooling conditions,
all the arc melted alloys were cast into Cu-molds with using centrifugal casting
method. For characterization of the alloys, SEM, EDS, XRD and DSC techniques
were used and effects of fast and non-equilibrium cooling conditions on the bulk
glass forming ability of the multicomponent alloys were investigated. The alloying
elements that were obtained with the theoretical calculations were found to enhance

the glass forming ability of Ti-Cu binary system.

This thesis is composed of five chapters. In the first chapter, a brief introduction to
glass forming ability and bulk metallic glasses is presented. The second chapter
contains information about the historical background of metallic glasses, their
properties, theories of glass formation, order in binary and multicomponent liquid
alloys, and pseudopotential theory. Third chapter is related to the procedures
performed during the theoretical and experimental studies. Fourth chapter presents
the results and discussions about the theoretical and also the experimental
investigations. The last chapter, chapter five, points out the important conclusions

drawn from this study.



CHAPTER 2

THEORY

2.1 Historical Background

Metallic glasses were first synthesized over four decades ago. The first metallic
glass, Au-Si alloy, produced with fast cooling from liquid state was reported by
Duwez in 1960 [21]. What was obtained from this study is that, preventing
nucleation and growth of the crystalline phases could be achieved by using fast
cooling rates on the order of 10°-10° K/s. After the first synthesis of the Au-Si
amorphous alloy, a great deal of interest focused on those materials. Cohen and
Turnbull suggested that, in order to obtain a favorable condition for glass formation,
alloy of a metal and a semimetal having a eutectic point at a rather low temperature
compared to that of the metal should be used [22]. By considering this condition,
Pd-Si alloy with Si concentration around 20 at % was chosen for investigation and
amorphous Pd-Si alloy was produced [23]. In 1967, the first strongly ferromagnetic
metallic glass, Fe;sP15Co alloy, was synthesized [24]. Up to 1967 it was believed
that a metal and a semimetal should be used in order to obtain a metallic glass.
However by the studies of Ruhl et al., it was seen that using a semimetal is not a
necessity; since the alloys of Nb and Ta with Ni have been reported to be
amorphous [25]. During early 1970s, Pd4oNisoP2¢ and Pd;cCusSi;g amorphous alloys
were produced in the bulk form having diameters up to 3 mm and 0.3 mm
respectively [26, 27]. In 1975, the first superconducting amorphous alloy, LagpAuy

which exhibits a transition temperature of 3.5 K was produced [28].

In 1980s, Inoue’s group discovered new amorphous alloy systems that mainly

consist of rare earth elements. During studies of these systems, outstanding glass
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forming ability (GFA) was found in La-Al-Ni and La-Al-Cu alloys [29]. Rod
specimens having diameters that reach up to 5 mm were prepared by copper mold
casting of LassAlsNiyo alloy. Afterwards, Inoue’s group synthesized glassy alloys
of Mg-Cu-Y and Mg-Ni-Y systems [7]. Moreover in the same year, they also found
Zr-Al-Ni-Cu alloys to have high GFA with a critical section thickness ranging up to
15 mm [30].

In 1993, a well known quinary alloy was developed by Peker and Johnson [6].
Zr412T1138Cu125N1;0Bery s known as Vitreloy 1 (Vit 1) was cast with a critical
casting thickness reaching up to several centimeters. In 1997, Pd4NisoP2o alloy
system was studied by Inoue’s group with the replacement of 30% Ni by Cu. This
study made a great improvement in the BGFA of the alloy with increasing the

critical casting thickness to 72 mm [31].

Table 2.1 demonstrates the bulk metallic glass systems together with their
production years [8]. As seen, cheaper systems were produced in time with
including more elements, since it was discovered that expensive elements are not

necessary for the formation of bulk metallic glasses.



Table 2.1 Bulk metallic glasses and their production years [8].

BMG System Year
Pd-Cu-Si 1974
Pt-Ni-P 1975
Au-Si-Ge 1975
Pd-Ni-P 1982
Mg-Ln-Cu (Ln = Lanthanide metal) 1988
Ln-Al-TM (TM = Transition group metal) 1989
Zr-Ti-Al-TM 1990
Ti-Zr-TM 1993
Zr-Ti-Cu-Ni-Be 1993
Nd(Pr)-Al-Fe-Co 1994
Zr-(Nb, Pd)-Al-TM 1995
Cu-Zr-Ni-Ti 1995
Fe-(Nb, Mo)-(Al, Ga)-(P, C, B, Si, Ge) 1995
Pd-Cu(Fe)-Ni-P 1996
Co-(Al, Ga)-(P, B, Si) 1996
Fe-(Zr, Hf, Nb)-B 1996
Co-Fe-(Zr, Hf, Nb)-B 1996
Ni-(Zr, Hf, Nb)-(Cr, Mo)-B 1996
Ti-Ni-Cu-Sn 1998
La-Al-Ni-Cu-Co 1998
Ni-Nb 1999
Ni-(Nb, Cr, Mo)-(P, B) 1999
Zr-based glassy composites 1999
Zr-Nb-Cu-Fe-Be 2000
Fe-Mn-Mo-Cr-C-B 2002
Ni-Nb-(Sn, Ti) 2003
Pr(Nd)-(Cu, Ni)-Al 2003




2.2 Bulk Metallic Glasses and Their Properties

Lately, metallic glasses gained considerable attention because of the invention of
new metallic glass compositions having critical cooling rates less than 100 K/s and
critical casting thicknesses on the order of centimeters. Metallic glasses show very
high resistance to crystallization upon cooling, hence the development of these

alloys give rise to essential study of bulk metallic glass formation.

Metallic glasses are similar to ordinary oxide glasses with having non-crystalline
atomic arrangement and glass transition temperature. However, they differ from
oxide glasses with their non-brittle and non-transparent behavior. Moreover,
metallic glasses do not usually contain oxides as oxide glasses. Due to the high
degree of atomic disorder in their structures, metallic glasses display unusual
combinations of mechanical, physical, chemical and magnetic properties that

generally result in superior features when compared to crystalline alloys.

Unlike traditional metals, metallic glasses do not display work hardening, hence
exhibiting simultaneous yielding and fracture. They are not very ductile when
exposed to tension (usually less than 1%), but they are highly ductile under bending
conditions. Density of metallic glasses is about 2% lower, shear and Young’s
moduli are about 20-30% less than their crystalline counterparts and fracture

toughness values are two orders of magnitude higher than those of oxide glasses [1].

Room temperature electrical resistivity of metallic glasses is about 200 pQQcm and
they have small temperature coefficient which can be positive, negative, or even
zero depending on the composition. Electrical resistivity of metallic glasses
increases rapidly below a certain temperature which makes them an appropriate
choice for low temperature thermometers. Moreover, due to having high and almost
constant resistance with changing temperature, metallic glasses can also be used as

resistance standards [1].



Magnetic properties of metallic glasses were deeply investigated by the researchers.
It was found that, they can be easily magnetized at very low field strengths, have
high saturation magnetization and very high permeability. Moreover they are
extremely hard, which means they overcome the disadvantage of soft magnetic

materials that are mechanically soft [1].

Metallic glasses are homogeneous single phase amorphous materials with having no
crystal defects such as grain boundaries, dislocations and second phase particles.
Due to this property, metallic glasses have a very high corrosion resistance, even
higher than that of conventional stainless steels. They also have good wear

resistance and high reactivity [1].
Brief comparison of the several properties of metallic glasses with traditional metals

and glasses are present in Table 2.2 [1].

Table 2.2 Comparison of the properties of metallic glasses with traditional metals
and traditional glasses [1].

Property Traditional Metal | Traditional Glass | Metallic Glasses
Structure Crystalline Amorphous Amorphous
Bonding Metallic Covalent Metallic
Yield Stress Non-ideal Almost ideal Almost ideal
Workability Good, ductile Poor, brittle Good, ductile
Hardness Low to high Very high Very high
UTS Low to high Low High to very high
Optical Transmission Opaque Transparent Opaque
Thermal Conductivity Very good Poor Very good
Resistance Very low High Very low
Corrosion Resistance Poor to good Very good Very good
Magnetic Properties Various Non-existent Various




In time, metallic glasses were started to be produced in bulk form, enabling easier

measurements of various properties and usage in structural applications.

Up to now, several techniques were developed for producing bulk metallic glasses.
Several guiding ideas were used in these techniques; one of which is using elements
with different atomic sizes to obtain a more complex structure that resists
crystallization [8]. Another idea is finding system compositions involving deep
eutectics having liquids stable at relatively low temperatures [32]. Bulk metallic
glasses can be produced by many techniques such as water quenching, copper mold
casting, high pressure die casting, unidirectional melting, suction casting and

squeeze casting.

Due to the superior properties of bulk metallic glasses, they can be used in various
application fields as engineering materials. These expected application fields are

listed in Table 2.3 [4].

Table 2.3 Some of the application fields of bulk metallic glasses that are expected
to be used as engineering materials [4].

Fundamental Characteristic

Application Field

| High fracture toughness Die materials
| High impact fracture energy Tool materials
High fatigue strength Cutting materials

High elastic energy

Electrode materials

High reflection ratio

Composite materials

High magnetostriction

Bonding materials

High frequency permeability

Sporting good materials

High wear resistance

Hydrogen storage materials

High strength

Machinery structural materials

High corrosion resistance

Corrosion resistant materials

Efficient electrode

Soft magnetic materials




2.2.1 Ti-Based Bulk Metallic Glasses and Their Properties

Great deal of attention was paid to Ti-based metallic glasses due to their high
specific strength [33-36]. Improvement of Ti-based bulk metallic glasses having
higher specific strength and lower density is necessary for the expansion of
application fields of bulk metallic glasses. Moreover, these alloys possess relatively
high corrosion resistance at room temperature. On the other hand, there is a major
disadvantage of Ti-based metallic glasses; they are very reactive at elevated
temperatures due to the nature of titanium. This property causes problems during
the production of Ti-based metallic glasses by hindering the achievement of exact

alloy composition.

First Ti-based metallic glass was reported as early as 1977 [33], whereas, first Ti-
based bulk metallic glass was observed by Peker and Johnson in 1994 in Ti-Zr-Ni-
Be system [37]. By considering main compositions, Ti-based bulk metallic glasses
can be classified into three groups: Ti-Cu-Ni [38-40]; Ti-Cu-Ni-Sn [41] and Ti-Cu-
Ni-Si-B [42]. Recently, Be has also been added into these Ti-based bulk metallic
glass forming alloys [43, 44].

Generally, in order to obtain high glass forming ability in alloys, large undercooled
liquid region, ATy, is required; where ATy is the temperature range between glass
transition T, and onset of crystallization T. Ti-rich amorphous alloys, showing an
undercooled liquid region have been observed in several systems such as: Ti-Ni-Cu
[45], Ti-Be-Zr [46] and Ti-Ni-Cu-Al [40]. However, magnitude of ATy in those
alloy systems was not large. In time, large values of ATy (>50 K) were reported in
Ti-Cu-Ni-Sn amorphous alloys. Zhang et al. declared a large value of ATy (60 K) in
the TisoCuysNixSns amorphous alloy [41]. Fully amorphous TisoCus;Ni;sSns rod
with diameter of 1 mm [47] and TisoCu,sNi;sSnzBe; rod with a diameter up to 3 mm
[43] were fabricated by injection casting into a copper mold. In 2001, Zhang and
Inoue modified this system and produced TisoNizaCuyoB;Si;Sn; alloy with a

diameter of 1 mm and a supercooled liquid region over 70 K [48]. In 2004, Kim et
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al. replaced Cu by Be and Ti by Zr in Ti-Cu-Ni-Sn alloy with considering atomic
sizes and interaction parameters between constituent elements [49]. They fabricated
fully amorphous rods of diameters 2, 5 and 8 mm by injection casting
TisoCusNijsSnsBe;,  TissCuasNijsSnzBesZrs  and  TigZrysNigCugBeg  alloys
respectively. These bulk amorphous alloys were found to exhibit high compressive
strengths around 2500 MPa with good ductility. Table 2.4 summarizes the
maximum diameter (d) and production method of recently produced Ti-based bulk

metallic glasses.

Table 2.4 Recently produced examples of Ti-based bulk metallic glasses, together
with the maximum diameter (d) and production method.

Alloy d Production Method Ref. No.
TisoCugoNi2sB1SioShs 1mm Copper Mold Casting [48]
TisoCuzaNi15SN3 1 mm | Injection Casting into Copper Mold [47]
TisoCuosNiisSnsBes 3 mm Injection Casting [43]
TissCuosNiisSn;BesZrs 5mm Injection Casting [50]
TigZrosNigCugBeg 8 mm Injection Casting [49]
Tig1.5Zr2 5HfsCugp sNiz 5Si4 5mm Copper Mold Casting [51]
Tis3Cu15Ni1g5Al7SizScsBo s 2mm Copper Mold Casting [52]
Tis3Cu15Niqg 5Al7SizHf 3B 5 2mm Copper Mold Casting [52]
Tis3Cuy5Niq1g5Al7SizTasBos 2mm Copper Mold Casting [52]
Tis3Cu15Ni155A17SisNbsBos | 2 mm Copper Mold Casting [52]
Tis3Cup7Ni1oZr3Al;SizB4 2mm | Ejection Casting into Copper Mold [5]
TisoCugoNig 2mm Copper Mold Casting [16]
(TigoZrosBesgCuioNis)ee5Yos | 5 mm | Injection Casting into Copper Mold [53]
TisoCuasNisgSns - Spark Plasma Sintering [54]
TigsZrsCuysNis 3 mm Copper Mold Casting [17]
Tig1 521> sHfsCus7 5Niz 5Si1Sns | 6 mm Drop Casting into Copper Mold [55]
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2.3 Theory of Glass Formation

2.3.1 Glass Forming Ability & Related Parameters

Choosing correct elements in order to produce bulk metallic glasses is a necessary
concept to be understood. By that correct choices, metallic glasses with critical
cooling rates as low as 100 K/s can be obtained. Due to these slow cooling rates,
larger pieces of metallic glasses can be manufactured. Hence, for understanding the
origins of glass formation and designing and developing new bulk metallic glasses,
glass forming ability (GFA) should be investigated. Glass forming ability is related
to the critical cooling rate, which is the cooling rate necessary for preventing
crystallization of the melt during solidification, hence obtaining an amorphous
structure. For a better glass forming ability, critical cooling rate should be as low as
possible. Figure 2.1 illustrates the schematic time temperature transformation (TTT)
diagram of structure formation during quenching from liquid state [56]. If the
critical cooling rates of systems could be obtained easily, it would be very
beneficial for the determination of glass forming ability. However, it is very
difficult to measure the critical cooling rate precisely. As a result, many related

parameters were suggested to explain glass forming ability.

M etallic

lass ™~ "
: ., e

. Temperature

Time

Figure 2.1 Schematic time temperature transformation diagram of structure
formation during quenching from the melt [56].
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2.3.1.1 Reduced Glass Transition Temperature (T.,)

Reduced glass transition temperature is the ratio of the glass transition temperature

T, to the liquidus temperature 7;:

(2.1)

rg

~
1
iy

This ratio was proposed for the requirement that viscosity must be large at a
temperature between T, and T). The higher the ratio T,/T), the higher is the viscosity
at the nose of time temperature transformation (TTT) and continuous cooling
transformation (CCT) curves, with the viscosity at T, being constant. As a result,
the smaller will be the critical cooling rate. This is said to be the reason of the high
probability of glass formation near eutectic compositions. Values of T, are usually
between 0.6 and 0.7 for bulk metallic glasses. The critical cooling rate and reduced
glass transition temperature of conventional metallic glasses, silicate glasses and

bulk metallic glasses are compared in Figure 2.2 [56].

-~

o 10% . conventional metallic glasses

102 BMGs

© 1024 sillicate glass L
103

04 05 06 07 0B T

g

Figure 2.2 Critical cooling rate versus reduced glass transition temperature 7, for
conventional metallic glasses, silicate glasses and bulk metallic glasses [56].
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2.3.1.2 Supercooled Liquid Region

Supercooled liquid region AT, is the interval between the glass transition

temperature 7, and onset crystallization temperature 7, [57]:

AT, =T, -T, (2.2)

This temperature interval is considered as an empirical indicator of glass forming
ability. A7, is an indication about the devitrification tendency of a glass that is
heated above T,. A large AT, value may point out that the supercooled liquid can
exist in a wide interval without being crystallized and with having resistance to the
nucleation and growth of any crystalline phase. Since crystallization and glass
formation are opposing mechanisms, a large AT, is expected for higher glass
forming ability. Hence, in general, GFA is considered to increase as the temperature

interval AT, increases [58, 59].

2.3.1.3 vy Parameter

A new parameter depending on glass transition temperature 7, liquidus temperature

T; and onset crystallization temperature 7, was defined:

Y= (2.3)

This parameter was defined by Lu and Liu [59] as a new indicator of glass forming
ability. Crystallization processes during cooling and reheating of the supercooled

liquid were taken into account during the proposal of y parameter.
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2.3.1.4 o Parameter

This parameter was suggested by Mondal and Murty [60] by using onset

crystallization temperature 7, and liquidus temperature 77:

a=-x (2.4)

The reason to formulate such a parameter aroused from the need to include both the
thermal stability of liquid with Ty and easiness of glass formation with T;.
Moreover, this parameter is useful for alloys that do not exhibit a distinct glass

transition.

2.3.1.5 Reduced Crystallization Temperature (T,y)

Reduced crystallization temperature 7, is another parameter suggested for the

prediction of glass forming ability [61]:

rx

T
T =2x 2.5
T (2.5)

where Tx and T are onset temperature of crystallization and solidification
respectively. T,x parameter was suggested by considering both the amorphous
phase’s resistance to crystallization and undercooled liquid’s stability against
competing crystalline phase formation. Ty is between T, and unity; 7, < T, < I.
Higher the reduced crystallization temperature, higher will be the glass forming

ability.
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2.3.2 Approaches for Glass Formation

There exists mainly four approaches to glass formation; solidification behavior,
semi-empirical, thermodynamic and kinetic approach. Brief explanations of the

principles of these approaches are explained in the next sections.

2.3.2.1 Solidification Behavior Approach

Akdeniz et al. suggested that solidification behavior of alloys plays an important
role in the determination of glass formation [20]. According to this approach, it was
indicated that, alloys having a sequence of eutectic and peritectic reactions with a
high magnitude of reaction enthalpies ratio are essential parameters for high BGFA.
Figure 2.3 shows a schematic phase diagram and melting DSC curve for a
hypothetical alloy that was stated to be a good glass former by considering

solidification behavior approach.

T
=14
]
=
=
=
=

endothermic—

|'1 S S = = ! B

Figure 2.3 Schematic phase diagram and DSC curve for a hypothetical binary alloy
which melts through a sequence of eutectic and peritectic reactions [20].
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2.3.2.2 Semi Empirical Approach

When analyzed, most of the glass forming alloy systems were found to share three
empirical rules. According to semi-empirical approach, for good glass forming

ability:

1. Alloy should be a multicomponent system consisting of more than three
elements,

2. There should be a significant difference in atomic size ratios above about
12% among the three main constituent elements, and

3. Heat of mixing between the three main constituent elements should be

negative.

First and second rules indicate the importance of topology in glass formation, where
third rule is supported by the experimental fact that the glass formation composition

range generally coincides with a eutectic region [52, 62].

Amorphous alloy systems having the above features were found to contain higher
degrees of dense randomly packed atomic configurations, new local atomic
configurations that are different from those of the corresponding crystalline phases,
and a homogeneous atomic configuration of the multicomponents on a long-range

scale.

This approach states that, formation of liquid with new atomic configurations and
multicomponent interactions on a short-range scale leads to an increase in the
solid/liquid interfacial energy, difficulties in atomic rearrangement, and a necessity
of atomic rearrangement on a long range scale for crystallization. Increase in the
solid/liquid interfacial energy results in the suppression of nucleation of crystalline
phases. Due to the difficulties in atomic rearrangement, atomic diffusivity decreases
and viscosity increases. Atomic rearrangement on a long range scale for

crystallization results in the suppression of growth of the crystalline phases.
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Altogether, those changes in the system cause higher glass transition temperatures
and lower melting temperatures. Hence, To/T and ATy increases, therefore glass
forming ability enhances. Figure 2.4 outlines the mechanisms of glass formation

according to semi empirical approach [4].

2.3.2.3 Thermodynamic Approach

When analyzed from thermodynamic point of view, the ease of obtaining
amorphous solids, which are indeed undercooled liquids, depends upon two main

factors [63]:

1. The difference in free energy between undercooled liquid and more stable
solid phases at the temperature of freezing, should be comparatively small or
negative, and

2. The rate of formation of the crystalline phases should be smaller than that of

the amorphous phases.

These conditions have two fundamental effects; they limit the composition range in
which the glass state can be obtained and limit the choices of the components and

compositions that will lead to the desired properties [63].

Solidification analysis generally necessitates the knowledge of the difference in
energy between solid and liquid states, G*-G°. However, it is impossible to find the
accurate energies as a function of composition and temperature for multicomponent
alloy systems. On that account, the following assumption was suggested; G-G® at a
composition is proportional to the free energy of mixing AG of the liquid phase
[64]. Critical cooling rate for multicomponent systems can be calculated based on
that assumption. More detailed information about the calculation principles of

critical cooling rate depending on the stated assumption will be given later on.
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Constituent elements more than three kinds with large atomic size ratios
above 12% and negative heats of mixing

gt

Increase in the degree of dense random packed structure
(topological and chemical points of view)

gt

Formation of liquid with new atomic configurations and
multicomponent interactions on a short range scale

g g

U

Increase of solid/liquid Difficulty of atomic
interfacial energy rearrangement
(decrease of atomic
diffusitivity, increase

Necessity of atomic

rearrangement on a

long range scale for
crystallization

=
@ of viscosity)

=
=

Y

Suppression of Increase of T,
nucleation of a
crystalline phase =

Suppression of
growth of a
crystalline phase

0 y

U

Decrease of Tr, Increase of Ty/Ty,

Figure 2.4 Mechanisms for the stabilization of supercooled liquid and high glass
forming ability for the multicomponent alloys which satisfy the rules of semi

empirical approach [4].
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2.3.2.4 Kinetic Approach

When a liquid is cooled from a temperature higher than the liquidus temperature 7;
to a temperature below glass transition temperature 7, at a constant cooling rate R,
the time dependent volume of crystalline phase X can be formulated based on the

non-isothermal crystallization kinetics as follows [59]:

4
3R*

X(T)= jI(T'){ ].U(T")dT'} ar' (2.6)

where, I and U are the steady state nucleation frequency and crystal growth rate

respectively.

The nucleation frequency and crystal growth rate can be expressed based on the

common crystallization theory [59]:

35 _ AS. .o’ T?
I — 10 ex 167[ . fm - (2.7)
n 3 N kT, -T)
and
T, —T)AS
v="1 l—exp(— QJ 2.8)
3mayn RT

Here, #, k, o, ap Na, ASyand R are viscosity, Boltzman constant, dimensionless
parameter related to the liquid/solid interface energy, mean atomic diameter,
Avogadro’s number, molar fusion entropy and gas constant respectively. It is know
that, critical cooling rate decreases with decreasing liquidus temperature, increasing
activation energy for viscous flow, fusion entropy and viscosity of the supercooled

liquid. It is also possible to calculate the fraction X(7) of precipitated phases in
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amorphous solids when the glass is reheated from a certain temperature 7y to a
temperature 7 with a constant heating rate f. According to non-isothermal

transformation theory X(7) will be [59]:

ar o J* § § 3 '
X(T)= v T!I(T )L[U(T )dT } dT (2.9)

However, the above equation can only be used when X(7) is small compared with

unity.

The strong liquid behavior indicates high viscosity and sluggish kinetics in the
supercooled liquid state. This behavior delays the formation of stable nuclei in the
melt. Due to the poor mobility of the constituents, growth of the thermodynamically
favored phases will be inhibited. Since the nucleation and growth of crystalline
phases in the supercooled liquid state is very difficult, glass forming ability and

thermal stability of the supercooled liquid will increase [8].

The formation of amorphous structure occurs with quenching from the liquid state
as previously mentioned, Figure 2.1. Hence the atomic ordering in liquid state plays
an important role in the formation of amorphous structure. As a result, the

mechanisms behind this subject should be understood.

2.4 Order in Binary Liquid Alloys

When analyzed from the point of view of interatomic interactions, a binary alloy is
either:
a. An ordered alloy, where unlike atoms are preferred as nearest neighbors
over like atoms, or
b. A segregated alloy, where like atoms are preferred to pairs as nearest

neighbors over unlike atoms.
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Unluckily, constituent atoms cannot be distinguished in a direct way; hence the
identification of a nearest neighbor pair of atoms is problematic. In this situation,
either the structural data or the observed thermodynamic functions (such as activity,
heat of mixing, excess Gibbs energy of mixing, excess heat capacity, etc) or other
thermophysical data (such as viscosity, diffusivity, density, surface tension,
electrical resistivity, etc) are considered to extract information associated with
interatomic interactions. There exist some empirical criteria as well as microscopic
parameters to identify ordered alloys. According to these suggestions, ordered

alloys have the following properties [65]:

a. They are alloys that exhibit negative deviations from Raoult’s law,

b. They have negative heat of formation and excess Gibbs energy of mixing,

c. Their concentration fluctuation in the long wavelength limit (Sc. (0)) is less
than the ideal value,

d. If Vag(r) (i, j=A, B) are the effective interatomic potential, then one can

define the radial form of the order potential, i.e.

Vi (r)+V,, (r)
2

W, (r) =V, ,(r)— (2.10)

For ordered alloys, it is required that Wag (r) > 0 around the nearest-neighbor

distances [65].

e. In the framework of regular solution theory, the interchange energy ®

Z )
(: _EWABj is less than zero,

f. The Warren—Cowley short range order parameter o needs to be less than O.

(-1<a<0)

22



2.4.1 Atomistic Approach to Binary Liquid Alloys

Consider an alloy in which two liquid metals, say A and B, were mixed together at
their standard states. On mixing, if A and B atoms prefer to remain self-coordinated
(A—A pair or B-B pair) over the heterocoordinated (A-B pair), then it is called a
segregating alloy. Phase separation is a severe condition of segregation. In order to
quantify it, the Warren—Cowley short range order parameter should be investigated.
Warren—Cowley short range order parameter, a;, for the first coordination shell, is

defined in terms of the conditional probability;
P,=c,(l-a) (2.11)

Pap defines the probability that an A atom exists at site 2 as a nearest neighbor of a
given B atom at site 1. Equation (2.11) supplies a direct insight to the local
arrangement of atoms in the mixture. For random distribution of atoms, where
Pap=ca, the Warren—Cowley short range order parameter becomes zero, o;=0.
However, if a; < 0, A-B pairs of atoms are preferred over A—A or B-B pairs as
nearest neighbors. Approaching the problem in a probabilistic way shows that the

limiting values of a; lie in the following ranges;

g < for ¢, <& 2.12)
Cy 2

< g <1 for ¢, =+ (2.13)
Cy 2
~1<q <1 for ¢, =c, =% (2.14)

The minimum possible value a; min = -1, means complete ordering of A—B pairs in
the melt, whereas the maximum value, o; max = 1, suggests total segregation of A—A

and B-B pairs in the melt. For ordered alloys, a; ranges from -1 to 0.
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Another important parameter, configurational partition function Q can be given as

[65];

Q=) g, (2.15)

Here, g, stands for degeneracy of the state, where E; is the configuration energy.

The basic task is to obtain g, and E; for a binary alloy consisting of N, (: NCA)

atoms of element A and N, (= N, )atoms of element B.

As a starting point, two approximations were made;

1. The constituent atoms A and B are sufficiently similar in size and shape so
that they are interchangeable on the lattice and

2. All configurations of atoms, whether in pure state A or pure state B, or in
the alloy A-B, have equal energy. It is equivalent to saying that the mixing
of atoms leaves this energy unchanged, i.e. there is no energetic effect.

Therefore;

0,=0, (2.16)
Vo, +V.
v,y = (2.17)

where V;jj is the mutual energy of a pair of nearest neighbors.
Within these approximations, g, can be expressed as;

N!

TN 4N, (2.18)

8
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E =c,(N,V,)+tcg(NgVy) (2.19)

The terms in the brackets in Equation (2.19) represent the energy of pure substances

A and B, respectively. For solid and liquid phases;

F~G=-k,TInQ (2.20)

then,
AG" =c, (N, V) +cy(NgVip)+ RTch. Inc, (2.21)

or,

AG" = RTZ c,Inc, (2.22)
ASY =—(aaGTM]:—RZcilnci , AHY =0 (2.23)

and,

26"\’

S..(0)= RT( > j =c,Cp (2.24)

where, AG, ASM, AH™ and S..(0) are the Gibbs free energy of mixing, entropy of
mixing, enthalpy of mixing and concentration fluctuations, respectively. By
considering these approximations, S..(0) were found to be a well behaved function
that is always symmetrical at c4 = cg = 1/2 and is independent of any physical
constraints. It is also important to note that, systems will behave as an ideal mixture

when there will not be any size and enthalpic effects.
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When the energetic effect is considered as well, it is obvious that there will be
contributions to the potential energy from A-B pairs of neighbors as well as from
A—A and B-B pairs. In contrast to approximation (2.17), interatomic potential is

now given as;

Via+Ve 1

V= +—W 2.25
AB 5 5 (2.25)

where W is usually known as the ordering energy. In effect A—A, B—B and A-B
pairs of atoms are now energetically distinguishable. Therefore the configurational

energy, E; , becomes,

E, =c,(N,V,)+cy(NpVy)- %NABW (2.26)

Where N a5 corresponds to the equilibrium or average value of A—B pairs of atoms.
With the simplest approximation, where the atoms N and Np are distributed

completely randomly, Nap can be expressed as,

Ny =—alVs (2.27)
N, + N,
By substituting these values into Equations (2.15) and (2.20),
AGY =RT) ¢, Ing, —%NCACBW (2.28)
1 aw
AS™ =—R>» c,Inc, +—N — 2.29
IZCI Cl 2 CACB( dT j ( )
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N N(dw
AHM :—?CACBW'FTCACB ?(d—Tj (2.30)

Those equations were based on the assumption that constituent atoms A and B are
sufficiently similar in size and shape, thus they are interchangeable on the lattice.
However, further derivations for enthalpy and entropy of mixing were constructed
that considers the size difference between the atoms. Following sections describe
the calculations of enthalpy and entropy of mixing, critical cooling rate, viscosity

and short range order parameter by taking the size difference into account.

2.4.1.1 AH™ and ASM Calculations for Binary Liquid Alloys

AGM is expressed in terms of enthalpy of mixing, AH" and entropy of mixing AS™

as:
AG" = AHY —TAS" (2.31)
If N occupy a group of Y4 —lattice sites and Ng occupy Vg —lattice sites, for all

possible arrangements of atoms (if there is no energetic effect, AH"=0) the entropy

of mixing was derived by Sommer, Singh and Witusiewicz [66] as,

M M
AST __AGT —c, ln(c—Aj —Cp ln(Lj
R RT c,t ¥, c, t ¥,

Ca
s cpt—t
~1/22q,c, ln(Mj ~1/22g,¢,In 4 (2.32)
CA + qCB CB + 7A
q

where, Y and q parameters can be given as,
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y=2o _2n (2.33)
g=95 (2.34)

1
Ez(%—q[)=%—1, i=AB (2.35)

As seen in Equation (2.33), v involves the size difference between the A and B
atoms since €2; is the atomic volume. There is an important point for the calculation
of v; Qp should be higher than Q,, so that, the atom with larger atomic radius is B.
The parameter q can be calculated by the use of Equation (2.34), where qa and gg

can be obtained by Equation (2.35), substituting z (coordination number), and Y4

(=Q4) and Vg (=Q), respectively.

On the other hand, if the energetic effect is taken into account (AH M % 0) [66],

AHY 20,0494, (%J (2.36)
Nk, (h+1)c,q, +cpqy)\ kyT
AHM = N 2€aC5949s o, (2.37)

(h +1)(chA + CBqB)

where,

1/2

p=|1e 2aCslads (12 _y) (2.38)
(caqn +cp45)
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@
k=e 2.39
Xp( szTj (2.39)

w= %(VAB ~ (Vo Vi) (2.40)

Here, o 1s the interchange energy and Vj; are the energies of ij pairs of atoms [66].
In this study, interchange energy will be denoted as w;; and ordering energy will be
denoted as Wj; to avoid confusion between these two terms, although they can be

used in the same meaning in literature.

Substitution of Equations (2.32) and (2.37) into Equation (2.31), enables the

calculation of the Gibbs free energy of mixing.

2.4.1.2 Ciritical Cooling Rate Calculations for Binary Liquid Alloys

Critical cooling rate R. is a very important parameter for the analysis of glass
forming ability. Hence its calculation is an important deal. For calculation of critical

cooling rate, Inoue et al. proposed the following formula [64];

2
R.=Z Ky T, exp(AGj (2.41)

anr_y RT

where Z is the constant of 2 x 10 which was determined by the analysis of R, for
NaCl, kg is the Boltzmann constant, 7, is the melting temperature, a is the

interatomic distance and 77,_, is the viscosity at the melting temperature. 77,_, can

be expressed by modified Andrade’s equation [67];

N,y =C, .’” (2.42)
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11/3) 172

where, C4 1s a constant of 1.85 x 107 (J/K.mo , A is the atomic weight

(A=A,c, +A,c,) and Vis the molar volume (V =V,c, +V,c,).

2.4.1.3 Viscosity Calculations for Binary Liquid Alloys

Viscosities of liquid metals have been investigated deeply by many scientists. It was
found that viscosity affects the glass forming ability of alloys. Glass forming ability
i1s promoted by a rapid increase of viscosity on undercooling [67]. The change in

viscosity of liquid metal can be represented as [68],

M__AHM
1, RT

(2.43)

where R is the ideal gas constant. It should be noted that A7/7, is positive for

ordered alloys since AH" is always negative for glass forming alloys.

2.4.1.4 Short Range Order Parameter Calculations for Binary Liquid Alloys

Concentration fluctuation, S..(0), can be defined for binary alloys as [65];

5O 1,5 7.0, (2.49)

CuCp

where, Z; and a; are the coordination number and short range order parameters for

the I™ shell. Here, [ varies from first-neighbor shells to higher shells.

Afterwards, short range order parameter for the first coordination shell was

expressed by Bhatia and Singh by using the lattice model theory [65];
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So,

with

o =" (2.45)

CaCp

S,.(0)=——"""—<
2 \s-1

(2.46)

1/2

s = [1+4c ¢, (2% —1)) (2.47)

Forw/k,T — 0, Equation (2.45) suggests that, = 0, meaning random distribution

of atoms in the alloy. Ifw/k,T >0, ¢, is positive, exhibiting a tendency of like

atoms (A-A or B-B) to pair as nearest neighbors. However, ifw/k,T <0, a, is

negative, showing a preference for unlike atoms (A-B) to pair in the alloy.

By combining Equation (2.45) and Equation (2.46), an explicit relationship between

Scc(0) and o can be obtained for the first coordination shell;

S.0 1+
CACp 1—(Z—1)0!1

(2.48)
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2.5 Order in Multicomponent Liquid Alloys

2.5.1 AHM and ASM Calculations for Multicomponent Liquid Alloys

Accurate estimation of energies as a function of composition and temperature is not
possible for multicomponent alloy systems. Hence, G' - G* at a composition can be
assumed to be proportional to the free energy of mixing AG" of the liquid phase

[64].

If entropy of mixing is analyzed with including the effects of atomic size, it can be

Sideal

expressed as a combination of ideal configurational entropy A and mismatch

term of entropy S, [64];

ASM = AS“! + S (2.49)

o

S ideal

According to the regular solution model, AH™ and A are defined as followings

for the multicomponent systems with N elements [64];

N
AH" = Za)ijcicj (2.50)
i=1,i%j
) N
AS“! =-RY (c;Inc;) (2.51)

where o;; is the regular solution interaction parameter between i and j elements, and

R is the gas constant.

Mismatch term of entropy S,, was defined by an equation of state for the mixture of

hard spheres [64];
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5, = kB{g(f Dy, +§<§—1>2y2 —B(;—l)@—a)ﬂn:}(l— m} 2.52)

where {=(1-7)"" and y is the packing fraction. y;, y» and y; are parameters

having a relation of y;+y»+ys; = 1, Following relations were derived for the

multicomponent systems with N elements [64]:

1 &
N =73 Z(di+dj)(di_dj)2cicj (2.53)
Jj>i=1
o’ &
Y2 = 342 Zdldj(dl _dj)zcicj) (2.54)
(o) 4
()’
y3 = (0_3)2 (2.55)
N
o' = cdf (2.56)
i=1

where d; is the atomic diameter of the i element and k =2, 3.

2.5.2 Ciritical Cooling Rate Calculations for Multicomponent Liquid Alloys

Critical cooling rate plays an important role in the determination of the bulk glass
forming ability. Thus, evaluation of this parameter will provide easiness with
annihilating the time consuming, difficult and expensive experiment steps. In the
present study, for the calculation of critical cooling rate following equation was

used [64]:
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m

k.T? AH —T AS ™! TS
oy o (M) (18] e

where y is a constant (2><10_6), kj 1is the Boltzmann constant, 7, is the melting
temperature, 77,_, 1s the viscosity at the melting temperature, a is the interatomic

distance and f, and f, are the fitting parameters. Fitting parameters of f, and f,

were calculated as 0.75 and 1.2 respectively by using the method of least-squares

for 300 K [64].

2.6 Pseudopotential Theory

2.6.1 Principles of One-Electron Theory

Discovering the properties of a crystal structure by solving Schrédinger’s equation
for a system of interacting nuclei and electrons that form the crystal structure is
possible in principle. However, this is a very complicated problem to be solved,
hence some simplifications are required. Following are the assumptions of the one

electron theory [69];

1. Generally, the nuclei are assumed to be too massive to follow the rapidly
changing spatial distribution of the electrons (the adiabatic approximation).
As a result, two Schrodinger’s equations will be considered, one for the
electrons and the other for the nuclei. In the following, the one with the

behavior of electrons will be concerned.

2. It is further assumed that instead of treating the electronic subsystem as a
whole, it is possible to consider separately the motions of individual
electrons. Each of them is then thought of as moving in the effective field of

the (stationary) nuclei and all the other electrons (hence the name — the

34



effective field approximation). Accordingly, the total electron wave function

is expressed in terms of individual electron wave functions, yi.

3. Further approximations are made in the actual evaluation of the total
function and in the consequent determination of the effective potential as
seen by a single electron (Pauli-exclusion principle). It is customary to use
Slater’s determinant which automatically incorporates the Pauli Exclusion
Principle. This leads to a system of one-electron Schrodinger equation in the
Hartree-Fock approximation including both Coulomb and exchange

interactions between the electrons.

The one electron theory is the primitive or basis. It has been worked detail by
several times, however it will be surveyed in some detail through, first of all,

nearly-free electron model.

2.6.2 Nearly-Free Electron Model

According to nearly-free electron model, a structure is considered as a spatial lattice
of ions embedded in an electron gas. While in linear combination of atomic orbital
the perturbation in the Eigen-value problem is the departure of the true potential
from the atomic potential, in this model it is the departure from zero. For a zero
potential (i.e. in vacuum), an electron wave function is a plane wave normalized to
all space. In a structure, the normalization integral may be conveniently presented
as the sum of contributions from all the structural sites. In the following, more

complicated effective potentials (pseudopotentials) will be introduced with form

factors dependent both on Z] (any vector) and K (wave vector). These form factors

and potentials are called to be non-local.
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In addition, it is necessary to consider the perturbation theory as well. It is assumed
that the flat-bottomed potential well of free electron theory is a good approximation

to the real potential in a metal.

Additionally, in the Fermi free-electron gas model, the structure formation process
is as follows: N neutral isolated atoms are each stripped of z outer (valance)
electrons. The resulting ions are then brought together to form a structural lattice,
with a volume of Qg per ion. An electron gas is then allowed into the lattice, its
spatial distribution being assumed uniform, so that its density is z / €. If the fact
that the lattice potential is not constant is ignored, the electron dispersion law is
simply E = K*. The energy levels occupied by the electrons range from zero to a

maximum, which is known as the Fermi level of a free electron gas:

- 2/3
E° =( i ZJ = K2 (2.58)

To calculate the total structure energy in the nearly-free electron model, the
dispersion laws are summed over all the occupied states. This is achieved by
integrating the perturbation theory expansion in the Rayleigh-Schrédinger form

over all the wave vectors within the Fermi sphere. As a result, the total structure

energy Z is expressed as;

str

Y =U,+U, +U

str

(2.59)

lattice

where Uljygice includes the Coulomb repulsion between the ion cores; Uy and Uy are
respectively the volume and structure-dependent electronic contributions to the total

energy:
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The g, vectors are replaced by the ordinary position vectors g . The wave vector is

designates as K, where Q and V stands respectively for volume of the crystal and
crystal potential. Uy term describes a “free” electron gas with the inclusion of

electron-electron interaction. Uy is related to band characteristics and is therefore
called the band-structure energy. If a potential V is local, its form-factor is K -

independent and can be taken out of the K integral that appears then in Uy, is

known as Lindhard’s function [70]:

- Q 1 d’K
Z(CI)=— o A, Ta— (2.62)
(27[) N inside (K —+ q) — Kz
fermi
sphere
If Fermi surface is assumed spherical, then the Equation (2.62) becomes;
_1 2
Z(2 1-x 1+x
=——|—F 1+ In|—— 2.63
7lq) 4(3 j ( > 1_xj (2.63)

In this equation, x = k/2kp and E = (3722/Q, "

int
el

The electron-electron interaction energy U, can be expressed [71] as a result of

interactions between non-uniform part of the crystal electron density and the
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potential, which is the difference between the crystal potential, *" and the initial

int
el

potential %" of the system of ions. U"" can also be expressed based on the form

factor V“(q), given that a function a(5)= ad / ¥ is used for the characterization of

this potential.
Ul =Y Is@) v(e) 2k - alg)) (2.64)

and

U, =>|5@f Vg) 2la)-vi =Y [s@ V@) xla)elq)  (2.65)

where S(g)= %Zeﬂlq"' )

i

The structure potential is composed of the ionic potentials, which is related to the

screening mechanism. x(q) is a function arising from perturbation theory whereas

0{(5) is the ratio of the original potential of the ions to the crystal potential. A

frequently used characteristic function ®s(q) is defined as;

@, (¢)=|V(g) X (g)alq) (2.66)

The interatomic interaction potential is given with the following form:;

2

KE+QWE>

d’K-U

e’ 20
D)= + e
v (275)324111}mj;¢ (I(+q)2—l(2
sphere

Z’e

r

_ % [ (@) x(g)e* () d*q (2.67)
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It is considered that the simplest pseudopotential, namely the Coulomb potential

(- ze? / r) with a form factor, can be shown as;

dmze® 1
V(g)=—"25— (2.68)
Q, g

2.6.3 Pairwise Interatomic Interactions and Ordering Energy Calculations
for Ternary Alloys

When the electronic theory of ternary alloys in the pseudopotential approximation is

considered, the partial ordering potential, W,4(R;), can be written as a function of

interatomic distance, R; [72-76];

W5 (R) =V, (R)+V5(R)—2V,5(R) (2.69)
and
P X
W (Ri)=N;Fp (gl (2.70)
or
Waﬁ(Ri)=% [da-a°F, (q)SiZ—I‘f (2.71)
where
F,(q)= E\W; (@)-wi[ ¢> = ela) 2y %exp{— ij
87 £*(q) 4%

=F, (q)+F,(q) 2.72)
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Fp(q) is the characteristic function of partial ordering energy. W, (g) and Wy (q) are
the form factor of an unscreened pseudopotential of a and f ions, respectively (a, B
= A, B and C). ¢(g) is the dielectric constant in the Hartree approximation; £*(g) is
the modified dielectric constant on the basis of the correlation and exchange effects;
A is the Ewald parameter; z is the effective valancy of atoms; Q is the average
atomic volume of the alloy, and can be written as:

Q=c,Q, +c,Q, +c Q. (2.73)

Pairwise interatomic interaction potentials in the ternary alloys can be calculated as;

Q | singR. ,
Vs R )=— |F, ~q-d. 2.74
(xﬂ( 1) 7[26[ aﬁ(Q) qu q aq ( )
where
Fylg)=-2 welawylalg 29127 o L[ 9 as)
off 87[ a Vi g*(q) Q a*p qZ 47’
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CHAPTER 3

EXPERIMENTAL PROCEDURE

This study consists of two main parts as stated previously. First part includes the
theoretical studies carried out for the determination of bulk glass forming ability of
alloys. Second part is the experimental studies performed for the synthesis and

characterization of the selected alloy systems.

3.1 Theoretical Studies for Ti-Based Systems

First part of this chapter deals with the theoretical studies performed for achieving
the bulk glass forming alloy systems. Three different binary Ti-based systems were
chosen for investigation; Ti-Zr, Ti-Co and Ti-Cu. Several compositions were taken
to be analyzed in each system. The basic idea behind the computational studies
carried out is finding ternary alloying elements that will increase the bulk glass
forming ability of its corresponding binary alloy. Hence, several elements were

added to all the chosen binary systems.

3.1.1 Alloy Systems Selection

During selection of the alloy systems, several parameters were taken into account.
First of all, a broad literature review was done to obtain information about the
systems used and the criteria applied during the selection stage. While
determination of the compositions of the master alloys, phase diagrams were
consulted to. Binary phase diagrams for the systems that were chosen to be

analyzed during this thesis study are present in Appendix A. The alloy system
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selection was performed according to the approach described in section 2.3.2.1.
Master binary alloys were selected by considering the requirements described
above. Afterwards, ternary alloys were selected by using the electronic theory of
alloys in pseudopotential approximation. To be able to use that theory, calculation
of the ordering energies should be carried out. Details of ternary alloy selection and

the calculations of its key parameters will be given in the following sections.

3.1.2 Calculation of Ordering Energies

Electronic theory of alloys in pseudopotential approximation relates the parameters
needed to define bulk glass forming ability such as, viscosity, enthalpy and entropy
of mixing, critical cooling rate, etc with the ordering energies of the alloys obtained
from the interatomic potentials. In this study, calculation of interatomic potentials
and ordering energies for the selected candidate bulk glass forming alloy systems
was aimed. These potentials and energies were afterwards used for the calculation

of bulk glass formation parameters.

Ordering energy calculations were carried out by using the Fortran Programs, MEH
1, MEH 2, MEH 3 and MEH 7 written by Prof. Dr. Amdulla O. Mekhrabov. These
programs are available at the Metallurgical and Materials Engineering Department

of the Middle East Technical University.

Each program gives the ordering energies between the desired atoms. These
programs operate based on the Equations (2.67) to (2.75). MEH 7 program deals
with the interactions between atoms for the binary systems. However during the
calculations of ordering energies for the ternary alloys, interactions caused by the
third alloying element are also needed to be taken into account. Hence the programs

MEH 1, MEH 2 and MEH 3 were written for the compensation of this need.

MEH 7 program was used to obtain the ordering energies between the atoms of the

binary alloy, whereas MEH 1 was utilized to get the ordering energies between the
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atoms of the binary alloy upon addition of the ternary alloying element. MEH 2 and
MEH 3 gives the ordering energies between the first atoms of the binary alloy and
the atoms of the ternary alloying element, and between the second atoms of the

binary alloy and the atoms of the ternary alloying element, respectively.

For the calculation of the ordering energies in the ternary alloys, 1 at % of third
alloying element additions were performed either in the place of first or second
constituent elements of the binary alloy. In addition to the ordering energies,
interchange energies between the selected atoms were also calculated with the help

of Equation (2.40).
The systems, binary alloys and ternary alloys analyzed during this study are listed in

Table 3.1. All the compositions are given in terms of atomic percent.

Table 3.1 Binary and ternary alloys analyzed for the chosen Ti-based alloy systems
where X is the third alloying element.

System | Binary Alloy | Ternary Alloy
TiseZrseX4
TisoZreo TizgZreoX1
TiseZragXs
Ti- Zr TisoZrso TiseZrsoX
TigoZragXy
TigoZra0 TiseZrs0X4
TigsCugzaXs
Ti-Cu TigsCuss TigaCussXy
TigsC031X
Ti- Co TiggCosp Tig7C032X4
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3.1.3 Calculations of AHM, ASM, Viscosity, Short Range Order Parameter and
Critical Cooling Rate

After the calculations of ordering energies, key parameters for bulk glass formation
such as enthalpy and entropy of mixing, viscosity, short range order parameter and

critical cooling rate became easy to calculate with using proper definitions.

Definitions and equations used for the calculations of these parameters were
presented in the previous chapter. AH™ and ASM were calculated with the help of
Equations (2.49) to (2.55). Viscosity was investigated with using Equation (2.43).
Short range order parameter and critical cooling rate were obtained by using

Equations (2.44) to (2.47) and Equations (2.41) and (2.57), respectively.

3.2 Experimental Studies for Ti-Based Systems

After the completion of theoretical studies for the selected possible bulk glass
forming alloy systems, experimental studies were performed for the production and

characterization of these alloys.

Syntheses of the alloys were performed in three steps as follows:

1. Weighing and physically mixing the nearly pure elements with a proper ratio
needed for the production of the alloy,

2. Arc melting of the nearly pure elements,

3. Centrifugal casting of the arc melted alloy.

All of the alloys selected with the theoretical studies were synthesized by following

the above production route. After the synthesis of the alloys, characterization

studies were performed.

The alloys were characterized by consulting to the following methods:
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1. X-Ray Diffraction (XRD),
2. Scanning Electron Microscopy (SEM),
3. Differential Scanning Calorimetry (DSC).

The synthesis and characterization studies that were carried out will be thoroughly

described in the following sections.

3.2.1 Alloy Preparation

All the alloys examined in this study were prepared by using nearly pure elements.
The form and purity of the elements used are given in Table 3.2. The component
elements of the alloys were weighed according to the desired composition with
SARTORIUS precision weighing balance, and physically mixed for the production.
Following sections describe the production methods used after weighing and

physically mixing the nearly pure elements.

Table 3.2 Form and purity of elements that were used during the experimental
studies.

Element Name| Form Purity
Titanium Wire 99.7%
Copper Shot 99.9%
Manganese Pieces 99.9%
Aluminum Shot 99.9%
Nickel Pieces 99.9%

3.2.1.1 Arc Melting

Homogeneity throughout the alloy plays an important role for the production of the
bulk metallic glasses. All the elements should melt and form a homogeneous alloy.

Hence, using arc melting is crucial for the aim of this study. By using arc melting,
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the elements were melted. The melting processes were done for multiple times in

order to achieve the homogeneous structure throughout the specimen.

BUEHLER Arc Melting machine was used for the melting processes. This machine
can go up to 4000°C and down to 10 mbar pressure. Hence, melting of all the
elements used in this study was successfully achieved with avoiding contamination

with atmosphere. This is crucial for titanium alloys, since they are highly reactive.

3.2.1.2 Centrifugal Casting

After obtaining a homogeneous specimen with the help of arc melting, alloys were
centrifugally cast into copper molds in order to obtain non-equilibrium cooling
conditions which could lead to amorphous phase formation. Main idea behind the
centrifugal casting operation is to push the melt metal into the copper mold placed

on the rotating arm by means of centrifugal forces.

For this process, MANFREDI multihertz neutromag digital centrifugal casting
machine was used. This machine is capable of melting alloys that have melting
temperatures lower than 2000°C. Casting process can be done under three different
atmospheres; natural, neutral (argon gas) atmosphere or vacuum, with the help of

the special selector of the machine.

During the melting process in centrifugal casting machine, alloys were placed inside
of alumina crucibles. Heating of the alumina crucible is done by means of the
induction coil under vacuumed condition that was created by flowing argon gas.
The alloys are heated until they melt. The temperature of the alloy is monitored by
using the pyrometer present on the casting machine. At the casting process, alloy
that melted inside alumina crucible flows to the copper mold present at the rotating
arm. Details of crucibles and molds used in this study are given in the following

sections.
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3.2.1.2.1 Crucible Preparation

Alumina crucibles coated with yttrium (III) oxide, aerosol refractory paint were
used during the centrifugal casting operation. Crucibles were chosen to be made
from alumina, in order to benefit from the high temperature resistance of the
alumina ceramic as well as to avoid contamination between the alloy and the
crucible material. Coating with yttrium (III) oxide was performed to intensify the
above properties. The raw alumina that was used for the production of the crucibles

has the composition given in Table 3.3.

Table 3.3 Composition of the castable alumina

Compound | Weight %
Al,O3 ~97.0
SiO, 0.2 (max)
Feo0O; 0.1 (max)
CaO 1.6 (max)

Production of the crucibles was done by casting them into polyamide molds. Firstly,
water was added into castable alumina. Afterwards, this mixture was stirred in a
plastic cup to obtain good wetting and de-aeration. During this operation,
conserving the size distribution of alumina particles was important, since it is
known that large alumina particles result in binding effect, where small alumina
particles improve thermal shock resistance. After preparing the desired slurry,
casting into the polyamide mold was performed. Cast alumina was left in the mold
for air drying for one day. Then, cast alumina was taken out of the mold and heat
treatment was performed. Heat treatment of the crucible is desired for obtaining
high strength and high thermal shock resistance. It was conducted in the controlled
furnace with gradually increasing the temperature. Table 3.4 shows the heat

treatment process applied to the cast alumina crucibles.
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Table 3.4 Heat treatment operation for the alumina crucibles.

T, T, Time Interval

30°C | 120°C 6 hr
120°C | 150°C 2 hr
150°C | 150°C 24 hr
150°C | 330°C 6 hr
330°C | 510°C 6 hr
510°C | 600°C 3 hr
600°C | 600°C 12 hr
600°C | 900°C 6 hr
900°C | 1200°C 6 hr
1200°C | 30°C | Furnace Cooling

After the heat treatment of crucibles is completed, they were coated with yttrium
(IT) oxide for reinforcing the beneficial effects of alumina. Yttrium (IIT) oxide that
was used is in the form of aerosol refractory paint with 99.9% purity. This paint is
usable on graphite, ceramics and metals in all atmospheres to over 2000°C. The
paint was sprayed to the inner parts of the alumina crucible and left for air drying.
After those operations, crucibles were ready to use. Figure 3.1 presents a schematic

view of the alumina crucibles used for this study.

Figure 3.1 Schematic view of the alumina crucibles.
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3.2.1.2.2 Mold Design

During this study, wedge shaped copper molds were used in the centrifugal casting
processes. The material of the molds was chosen as copper due to its high thermal
conductivity which leads to higher cooling rates. The molds were designed as
wedge shaped in order to obtain different cooling rates along the specimen. At the
thicker sections of the specimen, cooling rate is lower, whereas at the thinner
sections cooling rate is higher. Figure 3.2 is the schematic view of the copper mold

used during the casting studies.

Figure 3.2 Schematic view of copper mold.
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3.2.2 Structural Characterization

The alloys prepared by arc melting and centrifugal casting methods were
characterized by metallographic examination, X-ray diffraction, scanning electron
microscopy, energy dispersive spectroscopic analysis and differential scanning
calorimetry. The details of each characterization method are given in the following

sections.

3.2.2.1 Metallographic Examination

As the first step, a cross-sectional slice was cut by using Buehler Isomet 5000
Linear Precision Saw from the specimens. Afterwards, for easy handling, this slice
was mounted into bakalite under 4040 psi pressure and 130°C temperature.
Grinding and polishing steps followed each other after mounting is completed.
Grinding was performed with silicon carbide emery papers under flowing water.
Emery papers ranging from coarsest to finest were used until all the scratches
except the ones that belong to the finest emery paper were annihilated. As a next
step, polishing was accomplished with 1 um Al,Os. This step is done until a scratch
free surface is obtained. In the final step, specimens were etched with the following
etchant: 60 vol % Lactic acid (CsH¢O3), 20 vol % HNOs, 10 vol % HF and 10 vol %
H,O0.

3.2.2.2 X-Ray Diffraction (XRD)

During the XRD studies, Rigaku Diffractometer was used where the specimens

were investigated under Cu K, radiation.

Both the arc melted and centrifugal cast specimens were investigated with the help
of X-ray diffraction. Each peak present was identified and existence of amorphous

structure was searched for.
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3.2.2.3 Scanning Electron Microscope (SEM)

Microstructural analyses were conducted with JSM-6400 scanning electron
microscope (JEOL) equipped with Noran System 6 X-ray Microanalysis System
and Semafore Digitizer. In order to make sure about the composition of the alloys
prepared, energy dispersive spectroscopic (EDS) analyses were also performed for
the specimens. EDS analysis was also used for obtaining information about the
compositions of the phases present. Most frequently used mode of SEM was
secondary electron mode. Back scattered mode of the microscope was used where

phases having different compositions were present.

3.2.2.4 Differential Scanning Calorimetry (DSC)

Thermal analysis of the specimens were conducted with Setsys System 16/18 DSC,
which operates under high purity argon gas and a water cooling system attached to

the machine.

The specimens to be analyzed should be small in amount for ensuring uniform
temperature distribution and high resolution. For thermal analysis during this study,
samples of 20-25 mg in weight were used. Those samples were placed into AlL,O;
crucibles, which were coated with yttrium (III) oxide, and heated above the melting
temperature with a 20°/min rate. Later on, they were cooled to room temperature
with the same rate. By this process, it is possible to determine several properties of
the samples such as melting temperature, crystallization temperature and glass

transition temperature.
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CHAPTER 4

RESULTS AND DISCUSSION

Results and discussion part of present thesis includes both the theoretical and
experimental studies conducted for the Ti-based alloy systems. In the first part,
results of theoretical studies are present. The aim of the theoretical studies is to
determine the alloying elements that will increase the bulk glass forming ability of
various Ti-based alloy systems. Those candidate elements were used during the
experiments in order to justify the results of theoretical predictions as well as to

establish a connection between theoretical and experimental studies.

4.1 Theoretical Studies on Bulk Glass Forming Ability of Ti-Based Alloys

For the determination of bulk glass forming ability of Ti-based alloys, theoretical
modeling and simulation studies that are based on the atomistic and thermodynamic
approach were carried out, and the results of these studies are given in this section.
Three different Ti-based alloy systems were selected for the investigation: Ti-Zr,
Ti-Co and Ti-Cu on the base of their phase diagrams as described in section 3.1.1.
From each alloy system, several binary master alloys were chosen and 40 elements
from periodic table were added as ternary alloying elements to each master alloy.
On the base of the modeling and simulation studies, ordering energy values of
binary and ternary alloys were computed and compared. Afterwards, the
thermodynamic parameters that are important for bulk glass forming ability i.e.,
heat of mixing, entropy of mixing, Gibbs free energy of mixing, critical cooling
rate, short range order parameter and viscosity were calculated based on the theories
described in sections 2.4 and 2.5 for binary and multicomponent alloys,

respectively. Variation of all of these parameters were taken into account during the
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selection of ternary alloying elements that will increase the bulk glass forming

ability of Ti-based alloys.

4.1.1 Calculation of Ordering Energies for Binary and Ternary Ti-based
Alloys

Ordering energy calculations were carried out with the Fortran Programs described
in section 3.1.2 for the alloy systems stated in Table 3.2. Magnitudes of ordering
energies were determined for nearest neighbor interatomic distance between

constituent element atoms, Table 4.1.

Table 4.1 Nearest neighbor interatomic distance for Ti-Zr, Ti-Co and Ti-Cu alloys.

Alloy Interatomic Distance
Ti- Zr 3.0641A
Ti- Co 2.7125 A
Ti- Cu 2.7395 A

Nearest neighbor interatomic distances were found by summing up the radius
values [77] of the constituent element atoms of each alloy system with the

assumption that these atoms touch one another at the liquid state.

In this section, the results of modeling studies for Ti-Cu system, which was chosen
for experimental investigations, are present. Tables 4.2 to 4.5 show the ordering
energy (W;;) and interchange energy (o;) values for the binary and ternary alloys,
where X indicates the ternary alloying element. The results of ordering energy
simulations for Ti-Zr and Ti-Co systems are given in Appendix B. The calculated
partial ordering energies, based on Equations (2.71) and (2.75), Wri.cu(R), Wri.x(R)
and W¢,.x(R) as a function of interatomic distance in TieCussX; alloy are given in

Figure 4.1 for X=Ag, Au, Al, Ni and Mn as an example. The nearest neighbor
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distance between Ti and Cu atoms in TigsCuss binary alloy is labeled as Rri.cy in
Figure 4.1. In these calculations the non-local bare-pseudopotential form-factors
and parameters of pseudopotentials for Ti, Cu and X ions proposed in [78-80] are
used in quasi- on the Fermi sphere approximations and was screened using modified
dielectric constant [81, 82]. However, during the calculations, the form of function
responsible for the exchange and correlation effects in the interacting electron gas
proposed in [83] was used. The value of Ewald Parameter in Equation (2.75) was

taken as A =0.7.
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Figure 4.1 Partial ordering energies, W(R), between pair of constituting element
atoms for (a) TieaCuzsAg;, (b) TiesCussAuy, (¢) TieaCuzsAly, (d) TiesCussNi; and (e)
TigsCussMn; ternary alloy systems. (Rri.c,=5.1786 at.u.)

In Figure 4.1, it is obvious that ordering energies show an oscillating and sign
changing character with changing interatomic distance. This well known feature for
the metallic materials suggests that different pairs of atoms have different partial
ordering energies as shown in Tables 4.2 to 4.5 for various X ternary alloying

additions at nearest neighbor interatomic distance.

For a better glass formation, ordering energy of the system is desired to be
increased. Hence, the ordering energy values of ternary and binary systems were
compared. Table 4.6 and 4.7 show the alloying elements that were found to increase

the ordering energy of the binary alloys.
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Table 4.2 Ordering energy and interchange energy values for TigsCuszsX; alloy (in

atomic unit of energy).

TigsCuzaX4
X Wricu Wrix Weux Wri-cu Wri-x Wcu-x
at.u. (10%) | atu. (10%) | at.u. (10®) | at.u. (10?) | at.u. (10?) | at.u. (103
None -5.0447 - - -3.0268 - -
Ag -5.0818 -9.9975 1.2144 -3.0491 -5.9985 0.7286
Au -5.0810 -10.9910 5.6115 -3.0486 -6.5946 3.3669
Zn -5.0313 -1.5038 -0.0544 -3.0188 -0.9023 -0.0327
Cd -5.0746 -3.3746 -0.7967 -3.0448 -2.0247 -0.4780
Co -5.0037 -0.2124 -0.8197 -3.0022 -0.1275 -0.4918
Hg -5.0880 -3.4636 5.8882 -3.0528 -2.0782 3.5329
Sc -5.0622 0.7792 -3.2483 -3.0373 0.4675 -1.9490
Y -5.1175 45112 -2.4472 -3.0705 2.7067 -1.4683
La -5.1467 6.0931 2.6446 -3.0880 3.6559 1.5868
Hf -5.0077 13.1476 3.6628 -3.0046 7.8885 2.1977
\'% -4.9151 -0.9672 -12.1676 -2.9491 -0.5803 -7.3006
Nb -4.9430 12.1814 -5.6926 -2.9658 7.3088 -3.4155
Cr -4.9728 1.5554 -2.5915 -2.9837 0.9333 -1.5549
Mo -4.8917 19.2176 0.7017 -2.9350 11.5305 0.4210
W -4.8925 21.9689 2.4994 -2.9355 13.1813 1.4996
Mn -5.0109 -0.4787 -1.0759 -3.0065 -0.2872 -0.6455
Re -4.8494 14.3828 -9.1688 -2.9096 8.6297 -5.5013
Fe -4.9728 0.8190 -3.4373 -2.9837 0.4914 -2.0624
Ru -4.9492 13.4516 1.0998 -2.9695 8.0710 0.6599
Os -4.9522 12.9893 3.5555 -2.9713 7.7936 2.1333
Zr -5.0149 13.7485 1.2727 -3.0089 8.2491 0.7636
Ir -4.9524 12.9536 3.5546 -2.9714 7.7721 2.1328
Ni -5.0025 -0.2376 -0.7746 -3.0015 -0.1426 -0.4647
Pd -5.0283 13.6941 5.8523 -3.0170 8.2164 3.5114
Pt -5.0305 -2.7394 7.1817 -3.0183 -1.6436 4.3090
Li -5.1105 -4.7320 1.4794 -3.0663 -2.8392 0.8877
Be -4.9820 2.2527 -0.5102 -2.9892 1.3516 -0.3061
Mg -5.0858 3.4808 -3.4060 -3.0515 2.0885 -2.0436
Al -5.0037 0.8625 -7.7163 -3.0022 0.5175 -4.6298
Ga -5.0241 -1.7266 -2.5305 -3.0145 -1.0360 -1.5183
In -5.0694 1.0851 4.5422 -3.0416 0.6511 2.7253
Si -4.9910 -0.9761 -10.3240 -2.9946 -0.5856 -6.1944
Ge -5.0087 0.3342 -6.6560 -3.0052 0.2005 -3.9936
Sn -5.0385 5.8465 -2.1212 -3.0231 3.5079 -1.2727
Pb -5.0612 9.0533 10.8684 -3.0367 5.4320 6.5210
Sb -5.0251 10.0213 2.3411 -3.0151 6.0128 1.4047
Te -5.0127 6.3456 -8.1056 -3.0076 3.8073 -4.8634
B -4.9407 10.6518 17.7016 -2.9644 6.3911 10.6210
C -4.8935 4.1067 3.1521 -2.9361 2.4640 1.8913
P -4.9684 -1.5553 -10.6782 -2.9810 -0.9332 -6.4069
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Table 4.3 Ordering energy and interchange energy values for TissCuzsX; alloy (in

SI units).
TigsCuzaXy
X Wri-cu Wrix Weu-x Wri-cu Wri-x Wcu-x
J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | -13.2399 - - -7.9439 - -

Ag | -13.3372 | -26.2383 3.1871 -8.0023 -15.7430 1.9122
Au | -13.3351 -28.8456 14.7272 -8.0011 -17.3074 8.8363
Zn | -13.2046 -3.9467 -0.1429 -7.9228 -2.3680 -0.0857
Cd | -13.3182 -8.8565 -2.0910 -7.9909 -5.3139 -1.2546
Co | -13.1321 -0.5575 -2.1512 -7.8792 -0.3345 -1.2907
Hg | -13.3535 -9.0902 15.4535 -8.0121 -5.4541 9.2721
Sc | -13.2856 2.0450 -8.5251 -7.9714 1.2270 -5.1151
Y -13.4307 11.8396 -6.4226 -8.0584 7.1037 -3.8536
La | -13.5076 15.9912 6.9407 -8.1045 9.5947 4.1644
Hf | -13.1426 34.5056 9.6129 -7.8855 20.7034 5.7677
v -12.8996 -2.5385 -31.9338 -7.7398 -1.5231 -19.1603
Nb | -12.9727 | 31.9698 -14.9401 -7.7836 19.1819 -8.9641
Cr | -13.0511 4.0822 -6.8014 -7.8307 2.4493 -4.0809
Mo | -12.8381 50.4362 1.8417 -7.7029 30.2617 1.1050
W | -12.8402 57.6570 6.5596 -7.7041 34.5942 3.9358
Mn | -13.1510 -1.2564 -2.8236 -7.8906 -0.7538 -1.6942
Re | -12.7272 37.7475 -24.0634 -7.6363 22.6485 -14.4380
Fe | -13.0511 2.1494 -9.0211 -7.8307 1.2897 -5.4127
Ru | -12.9890 35.3036 2.8864 -7.7934 21.1821 1.7318
Os | -12.9969 34.0902 9.3313 -7.7981 20.4541 5.5988
Zr | -13.1615 36.0828 3.3402 -7.8969 21.6497 2.0041
Ir -12.9975 33.9965 9.3290 -7.7985 20.3979 5.5974
Ni -13.1289 -0.6237 -2.0329 -7.8773 -0.3742 -1.2197
Pd | -13.1967 | 35.9399 15.3592 -7.9180 21.5639 9.2155
Pt | -13.2026 -7.1894 18.8483 -7.9215 -4.3137 11.3090
Li -13.4123 | -12.4190 3.8827 -8.0474 -7.4514 2.3296
Be | -13.0753 5.9123 -1.3391 -7.8452 3.5474 -0.8035
Mg | -13.3477 9.1352 -8.9390 -8.0086 5.4811 -5.3634
Al -13.1321 2.2637 -20.2514 -7.8792 1.3582 -12.1508
Ga | -13.1857 -4.5316 -6.6412 -7.9114 -2.7189 -3.9847
In -13.3045 2.8479 11.9210 -7.9827 1.7087 7.1526
Si -13.0989 -2.5617 -27.0952 -7.8593 -1.5370 -16.2571
Ge | -13.1452 0.8772 -17.4687 -7.8871 0.5263 -10.4812
Sn | -13.2236 15.3441 -5.5671 -7.9341 9.2065 -3.3402
Pb | -13.2830 23.7602 28.5239 -7.9698 14.2561 17.1143
Sb | -13.1883 26.3006 6.1442 -7.9130 15.7804 3.6865
Te | -13.1557 16.6538 -21.2731 -7.8934 9.9923 -12.7639
B -12.9669 27.9556 46.4576 -7.7802 16.7734 27.8746
C -12.8428 10.7779 8.2728 -7.7057 6.4667 4.9637
P -13.0395 -4.0819 -28.0247 -7.8237 -2.4491 -16.8148
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Table 4.4 Ordering energy and interchange energy values for TigsCussX; alloy (in
atomic unit of energy).

TigaCuszsX4
X Wricu Wrix Weux Wri-cu Wri-x Wcu-x
at.u. (10®) | atu. (10%) | at.u. (10®) | at.u. (10?) | at.u. (10?) | at.u. (10?)
None -5.0447 - - -3.0268 - -
Ag -5.1520 -10.1180 1.2007 -3.0912 -6.0708 0.7204
Au -5.1520 -11.2465 5.4443 -3.0912 -6.7479 3.2666
Zn -5.1005 -1.5202 -0.0727 -3.0603 -0.9121 -0.0436
Cd -5.1447 -3.3794 -0.8192 -3.0868 -2.0276 -0.4915
Co -5.0728 -0.2419 -0.8439 -3.0437 -0.1452 -0.5063
Hg -5.1582 -3.5179 5.8182 -3.0949 -2.1108 3.4909
Sc -5.1321 0.7594 -3.2825 -3.0793 0.4556 -1.9695
Y -5.1876 4.5224 -2.4933 -3.1126 2.7134 -1.4960
La -5.2175 6.0312 2.5504 -3.1305 3.6187 1.5303
Hf -5.0766 13.1209 3.5639 -3.0460 7.8726 2.1383
V -4.9830 -0.9950 -12.2839 -2.9898 -0.5970 -7.3703
Nb -5.0109 12.2574 -5.7649 -3.0065 7.3545 -3.4590
Cr -5.0420 1.5133 -2.6736 -3.0252 0.9080 -1.6042
Mo -4.9594 19.1567 0.4739 -2.9756 11.4940 0.2844
W -4.9596 21.9652 2.3365 -2.9758 13.1791 1.4019
Mn -5.0808 -0.5044 -1.0881 -3.0485 -0.3027 -0.6528
Re -4.9163 14.3627 -9.4023 -2.9498 8.6176 -5.6414
Fe -5.0417 0.7984 -3.4737 -3.0250 0.4790 -2.0842
Ru -5.0171 13.4881 1.0447 -3.0103 8.0929 0.6268
Os -5.0203 12.9614 3.4564 -3.0122 7.7769 2.0738
Zr -5.0838 13.7880 1.2199 -3.0503 8.2728 0.7319
Ir -5.0211 12.9267 3.4553 -3.0127 7.7560 2.0732
Ni -5.0716 -0.2681 -0.7978 -3.0430 -0.1609 -0.4787
Pd -5.0982 13.5188 5.6916 -3.0589 8.1113 3.4149
Pt -5.1005 -2.7907 7.1165 -3.0603 -1.6744 4.2699
Li -5.1814 -4.7391 1.4606 -3.1088 -2.8435 0.8764
Be -5.0512 2.2462 -0.5437 -3.0307 1.3477 -0.3262
Mg -5.1557 3.5512 -3.4010 -3.0934 2.1307 -2.0406
Al -5.0734 0.9101 -7.7405 -3.0440 0.5461 -4.6443
Ga -5.0932 -1.7280 -2.5877 -3.0559 -1.0368 -1.5526
In -5.1385 1.0205 4.4881 -3.0831 0.6123 2.6929
Si -5.0600 -0.9506 -10.4034 -3.0360 -0.5704 -6.2421
Ge -5.0776 0.3414 -6.7229 -3.0466 0.2049 -4.0337
Sn -5.1085 5.8505 -2.1682 -3.0651 3.5103 -1.3009
Pb -5.1303 8.9830 10.8332 -3.0782 5.3898 6.4999
Sb -5.0940 9.9826 2.2385 -3.0564 5.9896 1.3431
Te -5.0816 6.3290 -8.2556 -3.0490 3.7974 -4.9533
B -5.0097 10.6558 17.6580 -3.0058 6.3935 10.5948
C -4.9616 4.1149 3.1001 -2.9770 2.4689 1.8601
P -5.0365 -1.5721 -10.8344 -3.0219 -0.9433 -6.5006
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Table 4.5 Ordering energy and interchange energy values for TissCussX; alloy (in

SI units).
TigaCuss X4

X Wri-cu Wrix Weu-x Wri-cu Wri-x Wcu-x

J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10*) | J/mol (10%)
None | -13.2399 - - -7.9439 - -
Ag -13.5212 -26.5546 3.1513 -8.1127 -15.9327 1.8908
Au -13.5212 -29.5164 14.2886 -8.1127 -17.7098 8.5731
Zn -13.3861 -3.9898 -0.1907 -8.0317 -2.3939 -0.1144
Cd | -13.5023 -8.8691 -2.1499 -8.1014 -5.3215 -1.2899
Co | -13.3135 -0.6349 -2.2147 -7.9881 -0.3810 -1.3288
Hg -13.5376 -9.2328 15.2698 -8.1225 -5.5397 9.1619
Sc -13.4691 1.9929 -8.6149 -8.0815 1.1957 -5.1689
Y -13.6148 11.8690 -6.5437 -8.1689 7.1214 -3.9262
La -13.6932 15.8287 6.6936 -8.2159 9.4972 4.0162
Hf -13.3235 34.4357 9.3534 -7.9941 20.6614 5.6121
v -13.0779 -2.6114 -32.2390 -7.8467 -1.5668 | -19.3434
Nb | -13.1510 32.1694 -15.1300 -7.8906 19.3017 -9.0780
Cr -13.2326 3.9716 -7.0168 -7.9395 2.3829 -4.2101
Mo | -13.0158 50.2765 1.2438 -7.8095 30.1659 0.7463
W -13.0164 57.6475 6.1320 -7.8098 34.5885 3.6792
Mn | -13.3345 -1.3239 -2.8556 -8.0007 -0.7943 -1.7134
Re | -12.9028 37.6946 -24.6762 -7.7417 226168 | -14.8057
Fe -13.2320 2.0953 -9.1168 -7.9392 1.2572 -5.4701
Ru -13.1673 35.3994 2.7418 -7.9004 21.2396 1.6451
Os | -13.1758 34.0171 9.0713 -7.9055 20.4103 5.4428
Zr -13.3424 36.1865 3.2015 -8.0054 21.7119 1.9209
Ir -13.1778 33.9260 9.0685 -7.9067 20.3556 5.4411
Ni -13.3104 -0.7037 -2.0938 -7.9862 -0.4222 -1.2563
Pd -13.3803 35.4798 14.9374 -8.0282 21.2879 8.9624
Pt -13.3861 -7.3242 18.6771 -8.0317 -4.3945 11.2063
Li -13.5985 -12.4378 3.8334 -8.1591 -7.4627 2.3001
Be -13.2567 5.8952 -1.4268 -7.9540 3.5371 -0.8561
Mg | -13.5312 9.3201 -8.9259 -8.1187 5.5920 -5.3555
Al -13.3150 2.3885 -20.3147 -7.9890 1.4331 -12.1888
Ga | -13.3672 -4.5351 -6.7915 -8.0203 -2.7211 -4.0749
In -13.4860 2.6782 11.7789 -8.0916 1.6069 7.0674
Si -13.2798 -2.4949 -27.3036 -7.9679 -1.4970 | -16.3822
Ge | -13.3261 0.8961 -17.6441 -7.9957 0.5377 -10.5865
Sn -13.4071 15.3546 -5.6904 -8.0442 9.2128 -3.4142
Po | -13.4644 23.5758 28.4315 -8.0787 14.1455 17.0589
Sb | -13.3692 26.1992 5.8750 -8.0215 15.7195 3.5250
Te -13.3366 16.6103 -21.6666 -8.0020 9.9662 -13.0000
B -13.1478 27.9659 46.3431 -7.8887 16.7796 | 27.8059
C -13.0217 10.7995 8.1363 -7.8130 6.4797 48818
P -13.2183 -4.1259 -28.4347 -7.9310 -2.4755 | -17.0608
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Table 4.6 Elements increasing ordering energy in Ti-Zr based systems in
descending order.

Ti 502 r39X1 Ti5gz r40X1 Ti5oz r4gX1 Ti4ng50X1 Ti4ozr59X1 Ti392r60X1
Re Re Ag Re Re Re
C C Re C C C
w W C W w w
Mo Mo W Mo Mo Mo
\ \ Mo \Y \" \Y
B B \Y B B B
Nb Nb B Nb Nb Nb
Ru Ru Nb Ru Ru Ru
Os Os Ru Os Os Os
Ir Ir Os Ir Ir Ir
P P Ir P P P
Cr Cr P Cr Cr Cr
Fe Be Cr Fe
Be Fe Be
Si Be Si
Al Si Al
Ni Al Ge
Ge Ni Ni
Co Ge Te
Te Co Co
Hf Te Hf

Mn Hf
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Table 4.7 Elements increasing ordering energy in Ti-Co and Ti-Cu based systems
in descending order.

Ti58C031 X1 Ti67C032X1 Ti65CU34X1 Ti64CU35X1
Re Re Re Re
C C Mo Mo
Mo Mo w W
W W C C
Vv Vv \Y \Y
B B B B
Nb Nb Nb Nb
Ru Ru Ru Ru
Os Os Os Os
Ir Ir Ir Ir
Zn Cr P P
Cr Fe Cr Fe
Fe P Fe Cr
P Be Be
Be Si
Si Ni
Ni Co
Al
Hf
Ge
Mn
Te
Zr
Ga
Sb
Pd
Pt
Zn
Sn

Ordering energy of the systems is an important parameter for glass formation.
However there are several thermodynamic parameters that should be investigated
for obtaining better information about the bulk glass forming ability of the systems.
Following section presents the results of the thermodynamic parameters’

calculations.
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4.1.2 Calculation of Thermodynamic Parameters for Binary and Ternary Ti-
based Alloys

Enthalpy and entropy of mixing, short range order parameter and critical cooling
rate of the alloy systems are related to the ordering energy values. The calculation
of each parameter for binary and multicomponent systems was discussed in sections
2.4 and 2.5 respectively. Entropy and enthalpy of mixing for the ternary alloys were
computed by using Equations (2.49) and (2.50). Entropy of mixing contains two

terms which are ideal configurational entropy AS“*"

and mismatch term of entropy
S,. AS™“ and S, terms were calculated by using Equations (2.51) to (2.56). For
mismatch term of entropy, packing fraction y was taken to be equal to 0.64
according to [84]. Equation (2.57) was used for the calculation of critical cooling

rate.

Short range order parameter calculation for binary liquid alloys was presented in
section 2.4.1.4. By using the equations listed in that section, short range order
parameters for each binary alloy were computed. The results are shown in Table
4.8. As seen from the table, TicsCuss binary system has the most negative short
range order parameter, whereas TicsCo3, alloy has the least negative short range
order parameter. Hence, TigsCuss binary alloy shows the highest tendency and

TiesCos, alloy shows the least tendency for pairing up of unlike atoms.

Table 4.8 Short range order parameters for TigoZrao, TisoZrso, TisgZreo, TigsCo3, and
TiesCuss binary liquid alloys.

Tisozr4o Ti502|’50 Ti4oZ|’50 TiegCOsz TiesCU35
a4 -0.1480 | -0.1491 | -0.1319 | -0.0166 -0.2497

AHM, ASM, viscosity and critical cooling rate parameters were computed for each
binary system. Afterwards, 1 at % of X elements was added to the binary alloys.

Here, X denotes the ternary alloying element. Then, enthalpy, entropy and critical
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cooling rate values were investigated for each ternary alloy. Tables 4.9 and 4.10
show the calculated values of enthalpy of mixing, mismatch term of entropy, ideal
configurational entropy, entropy of mixing, viscosity change of liquid metal, and
critical cooling rate of Ti-Cu system. Results for Ti-Zr and Ti-Co systems are given

in Appendix C.
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Table 4.9 AHY, S°, AS™*, ASM, An/no and critical cooling rate for TigsCussX; alloy
(in SI units).

TigsCuzaXy
X AHM s’ AS'ee ASM An/no R.
J/mol (10%) | J/mol.K J/mol.K | J/mol.K K/s (10°)

None -1.8072 0.7044 5.3803 6.0847 1.6563 2.2140
Ag -1.8643 0.6906 5.7576 6.4482 1.7087 1.6137
Au -1.8507 0.6904 5.7576 6.4481 1.6962 1.6678
Zn -1.7666 0.6896 5.7576 6.4472 1.6191 2.1753
Cd -1.8048 0.7146 5.7576 6.4722 1.6541 1.9004
Co -1.7479 0.7110 5.7576 6.4686 1.6019 2.2718
Hg -1.7746 0.6993 5.7576 6.4570 1.6264 2.0843
Sc -1.7711 0.7442 5.7576 6.5018 1.6232 2.0773
Y -1.7478 0.8546 5.7576 6.6122 1.6019 2.0692
La -1.7146 0.9320 5.7576 6.6896 1.5714 2.1677
Hf -1.5885 0.7177 5.7576 6.4753 1.4559 3.6134
\'% -1.7855 0.6970 5.7576 6.4547 1.6364 2.0480
Nb -1.6260 0.6898 5.7576 6.4474 1.4902 3.3119
Cr -1.7285 0.7115 5.7576 6.4691 1.5842 2.4088
Mo -1.5019 0.6913 5.7576 6.4489 1.3765 4.8049
W -1.4644 0.6909 5.7576 6.4486 1.3421 5.3366
Mn -1.7545 0.6925 5.7576 6.4501 1.6080 2.2542
Re -1.5895 0.6904 5.7576 6.4480 1.4568 3.6630
Fe -1.7406 0.7136 5.7576 6.4713 1.5953 2.3189
Ru -1.5788 0.6938 5.7576 6.4514 1.4470 3.8047
Os -1.5714 0.6922 5.7576 6.4499 1.4402 3.8619
Zr -1.5977 0.7270 5.7576 6.4847 1.4643 3.5229
Ir -1.5718 0.6918 5.7576 6.4494 1.4406 3.8573
Ni -1.7475 0.7124 5.7576 6.4700 1.6016 2.2727
Pd -1.5784 0.6904 5.7576 6.4480 1.4466 3.8154
Pt -1.7402 0.6898 5.7576 6.4474 1.5949 2.3264
Li -1.8190 0.7013 5.7576 6.4589 1.6671 1.8546
Be -1.7135 0.7543 5.7576 6.5119 1.5704 2.4632
Mg -1.7525 0.7265 5.7576 6.4842 1.6062 2.2257
Al -1.7738 0.6899 5.7576 6.4475 1.6257 2.1360
Ga -1.7796 0.6896 5.7576 6.4473 1.6310 2.0907
In -1.7288 0.7534 5.7576 6.5110 1.5844 2.3305
Si -1.8022 0.7438 5.7576 6.5015 1.6517 1.8953
Ge -1.7753 0.7140 5.7576 6.4716 1.6270 2.0855
Sn -1.7050 0.7344 5.7576 6.4920 1.5626 2.5328
Pb -1.6105 0.8118 5.7576 6.5694 1.4760 3.1789
Sb -1.6337 0.7038 5.7576 6.4614 1.4973 3.1992
Te -1.7229 0.6912 5.7576 6.4488 1.5790 2.4642
B -1.5156 0.9343 5.7576 6.6920 1.3891 3.9857
C -1.6440 0.9677 5.7576 6.7253 1.5068 2.6515
P -1.8021 0.7864 5.7576 6.5441 1.6517 1.8447
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Table 4.10 AHY, S°, AS™*, ASM, An/no and critical cooling rate for TigsCussX,
alloy (in SI units).

TigaCussX4
X AH" s’ ASe ASM An/ne R.
J/mol (10%) J/mol.K J/mol.K | J/mol.K K/s (10°)

None -1.8072 0.7044 5.3803 6.0847 1.6563 2.2140
Ag -1.9126 0.7029 5.8096 6.5125 1.7529 1.3547
Au -1.9006 0.7027 5.8096 6.5123 1.7419 1.3932
Zn -1.8148 0.7017 5.8096 6.5113 1.6633 1.8267
Cd -1.8533 0.7274 5.8096 6.5370 1.6985 1.5938
Co -1.7964 0.7227 5.8096 6.5324 1.6464 1.9062
Hg -1.8228 0.7119 5.8096 6.5215 1.6706 1.7497
Sc -1.8207 0.7573 5.8096 6.5669 1.6687 1.7360
Y -1.7980 0.8687 5.8096 6.6783 1.6479 1.7252
La -1.7655 0.9466 5.8096 6.7562 1.6181 1.8025
Hf -1.6388 0.7305 5.8096 6.5401 1.5020 3.0142
V -1.8354 0.7089 5.8096 6.5186 1.6821 1.7114
Nb -1.6757 0.7020 5.8096 6.5116 1.5358 2.7680
Cr -1.7779 0.7232 5.8096 6.5329 1.6295 2.0158
Mo -1.5537 0.7033 5.8096 6.5129 1.4239 3.9919
W -1.5152 0.7030 5.8096 6.5126 1.3887 4.4469
Mn -1.8032 0.7045 5.8096 6.5141 1.6527 1.8899
Re -1.6412 0.7025 5.8096 6.5121 1.5042 3.0438
Fe -1.7895 0.7254 5.8096 6.5350 1.6401 1.9437
Ru -1.6280 0.7058 5.8096 6.5154 1.4921 3.1855
Os -1.6211 0.7042 5.8096 6.5139 1.4858 3.2284
Zr -1.6475 0.7399 5.8096 6.5496 1.5100 2.9421
Ir -1.6218 0.7038 5.8096 6.5134 1.4864 3.2226
Ni -1.7960 0.7241 5.8096 6.5337 1.6461 1.9070
Pd -1.6307 0.7024 5.8096 6.5121 1.4945 3.1648
Pt -1.7880 0.7019 5.8096 6.5115 1.6387 1.9563
Li -1.8673 0.7139 5.8096 6.5235 1.7114 1.5562
Be -1.7621 0.7658 5.8096 6.5755 1.6149 2.0666
Mg -1.8015 0.7395 5.8096 6.5491 1.6511 1.8633
Al -1.8230 0.7021 5.8096 6.5117 1.6708 1.7880
Ga -1.8282 0.7017 5.8096 6.5114 1.6756 1.7537
In -1.7775 0.7666 5.8096 6.5762 1.6291 1.9525
Si -1.8517 0.7554 5.8096 6.5651 1.6971 1.5856
Ge -1.8246 0.7257 5.8096 6.5353 1.6723 1.7455
Sn -1.7549 0.7474 5.8096 6.5570 1.6084 2.1146
Pb -1.6594 0.8256 5.8096 6.6352 1.5208 2.6610
Sb -1.6839 0.7164 5.8096 6.5260 1.5433 2.6694
Te -1.7742 0.7035 5.8096 6.5131 1.6260 2.0501
B -1.5624 0.9458 5.8096 6.7554 1.4319 3.3630
C -1.6916 0.9792 5.8096 6.7888 1.5503 2.2321
P -1.8521 0.7979 5.8096 6.6076 1.6975 1.5414

65



From Tables 4.9, 4.10 and Appendix C, it is seen that, TicsCuss binary alloy has the
lowest critical cooling rate compared to the other investigated alloys. For Ti-Cu and
Ti-Zr systems, critical cooling rates are on the order of 10° K/s, whereas, Ti-Co
system has the highest critical cooling rate that is on the order of 10’ K/s. Among
Ti-Zr binary system, three different master alloys were investigated. For these
alloys, lowest critical cooling rate was observed at the mid titanium concentration,
that is at TisoZrso alloy. Lower critical cooling rates indicate better glass forming
ability as stated previously. As a result, TigsCuss binary alloy seems to be the best

glass former among the studied systems.

Enthalpy of mixing is also important for glass formation; higher negative heats of
mixing indicate better glass forming ability. All of the studied systems have
enthalpy of mixing values on the order of 10* J/mol. But the one that has the most
negative value among them is again the TissCuss binary system. For the other

systems, enthalpy of mixing shows a similar trend as critical cooling rate.

Glass forming ability is promoted with a rapid increase of viscosity on

undercooling. It should be noted that A7/n,is positive for ordered alloys since

enthalpy of mixing is always negative for glass forming alloys. So it is expected to
have larger changes in viscosity of a liquid metal if it possesses better glass forming
ability. Among the binary alloys studied in this thesis, TicsCuss alloy has the highest
An/n, value.

Hence it is important to investigate the behavior of the ternary alloys compared to
its binary alloy in terms of critical cooling rate and enthalpy of mixing. For this
purpose, Figures 4.2 and 4.3 were formed to show the effect of each ternary
alloying element added to Ti-Cu binary system. Results for Ti-Zr and Ti-Co
systems are present in Appendix D. Percent change in critical cooling rate and
percent change in enthalpy of mixing are seen by addition of each ternary alloying
element. Percent changes in critical cooling rate and enthalpy of mixing are given in

Equations (2.76) and (2.77) respectively.
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Development of new multicomponent alloy systems having easy bulk glass
formation and/or high bulk glass forming ability requires finding out appropriate

alloying elements which tend to satisfy following criteria:

i. an increase in the negative enthalpy of mixing, AH™

ii. a decrease in the critical cooling rate, R,

relative to the given binary alloy. The satisfaction of both of these criteria
simultaneously would be favored for effective improvement of BGFA. Although
some alloying elements would decrease the negative enthalpy of mixing AH" which
is a function of only partial ordering energies of constituent element atoms, the
critical cooling rate R. however, could still be decreased relative to binary alloy due
to the fact that R, parameter is a function of both enthalpy of mixing AH" and

entropy of mixing AS" in the liquid state.

For experimental studies, TigsCuss binary system was selected due to the results of
modeling studies. TissCuss binary alloy has the most negative enthalpy of mixing

and short range order parameter, highest A77/7,, and lowest critical cooling rate.

During the synthesis of the ternary system, third alloying element atoms were
decided to be added in the place of titanium atoms, since TieaCussX; systems were
found to have lower critical cooling rates and higher negative enthalpy of mixing
values compared to TigsCussX; alloys. Moreover, there are more ternary alloying
elements that satisfy criteria (i) and (i) in TissCussX; alloys compared to

TiﬁsCU34X1 alloys.

It is evident from Figure 4.2 and 4.3 that alloying elements with regard to their
effect on BGFA of Ti-Cu-X alloys may be classified into two groups; X;-group
elements (Ag, Au, P, Li, Si, Cd, V, Sc, Ge, Hg, Ga, Al and Zn) satisfying criteria (i)
and (ii) simultaneously and Xy-group elements (Y, La, Mg, Mn, Co, Ni, Fe, In, Pt,
Cr, Te, Be and Sn) those satisfying only criterion (ii). Although Xj-group elements

would be considered as potential candidate alloying elements obtaining high BGFA,
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some of the Xy-group elements (i.e. Y, La) however, show significant decrease in
the critical cooling rate which is comparable with the alloying elements those
satisfying criteria (i) and (ii) simultaneously. Therefore, it appears that the critical
cooling rate becomes the most important parameter for the prediction of candidate
alloying elements for improving BGFA since it incorporates the contribution of
both enthalpy of mixing and entropy of mixing all together as it was also pointed
out by Inoue et al. [64, 85]. This would tend to suggest that not only Xj-group
elements but also Xy-group elements should be taken into account to develop new

Ti-Cu based multicomponent alloy systems having high BGFA.

This present prediction is consistent with experimental studies on the development
of Ti-Cu based multicomponent BMGs in which some of the alloying elements
have already been used from both X;- and Xy-groups such as Xj= Ag, Al, Si, Zn
and Xy = Ni, Co, Sn, Be [5, 14, 16-19, 41, 42, 48, 49, 86, 87].

Upon choosing the ternary alloying elements that are going to be added, critical
cooling rate values together with binary phase diagrams of elements were
considered. As a result Mn, Al and Ni elements were decided to be used in the
multicomponent Ti-Cu based alloys. The binary phase diagrams of these elements

with Ti and Cu are present in Appendix A.
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Table 4.11 Elements decreasing enthalpy of mixing and critical cooling rate for Ti-
Zr, Ti-Co and Ti-Cu systems.

Alloy Elements Decreasing AH" Elements Decreasing R,
Pd, C, B, Be, P, Cr, Mo, W, Os, Ir
TigoZraoX Pd, Mo, B, Cr, C, W, Be Si, V, Hf, Fe, La, Ni, Co, Ru, Ge, Re
Os, Ir, Hf, V, P, Ru, Si, Fe, Ni Al, Sc, Mn, Nb, Y, Sn, Ga, Zn, Sb
Mg, Pt, Te, Pb, Hg, In, Cd, Cu, Li
Pd, C, B, Be, P, Cr, Mo, W, Si, Os
TiseZrs0X1 Pd, B, Mo, Cr, C, Be, W, Os, Ir, V Ir, V, Fe, Hf, La, Ni, Co, Ru, Ge, Al
Hf, P, Ru, Si, Fe, Al, Ni, Co, Sc, Re | Re, Sc, Mn, Nb, Sn, Y, Ga, Zn, Mg
Sb, Pt, Te, Pb, Hg, Cd, In, Cu, Li
Pd, C, B, Ag, Be, P, Cr, Si, Mo, V
TisoZrsoX; Pd, Ag, B, Be, Cr, C, Mo W, Fe, Ni, Co, Os, Ir, Al, Ge, Ru, Hf
P, V, W, Si, Al, Os, Ir, Ni Mg, La, Sc, Mn, Re, Zn, Ga, Nb, Sn
Fe, Co, Hf, Mg, Ru, Sc, Ge Y, Pt, Sh, Te, Cd, Li, Hg, Cu, In, Pb
Pd, C, B, Be, Cd, P, Cr, Si, Mo, V
TiseZrsoX Pd, Cd, Be, B, Cr, C, Mo, P, V, W | W, Ni, Fe, Co, Os, Ir, Al, Ge, Ru, Hf
Si, Al, Os, Ir, Ni, Co, Fe, Mg, Hf, Ru Mg, La, Sc, Mn, Re, Zn, Ga, Nb
Sn, Y, Pt, Sb, Te, Li, Hg, Cu, In, Pb
Pd, C, B, Be, P, Cr, Si, V, Al, Ni, Co
TisoZrsoX Pd, Be, B, Cr, C, P, Al, Si Fe, Mg, Mo, Ge, W, Os, Ir, Ru, Mn
Mg, V, Ni, Co, Mo, Fe, W, Os Sc, Hf, Zn, Ga, La, Re, Nb, Pt, Sn
Ir, Ge, Sc, Hf, Ru, Zn, Ga, Mn Y, Auy, Li, Cd, Te, Hg, Sb, Cu, In
Pd, B, C, Be, P, Cr, Si, V, Al, Ni
TiseZreoX Pd, Be, B, Cr, C, P, Al, Si Co, Fe, Mg, Mo, Ge, W, Os, Ir, Ru
Mg, V, Co, Ni, Mo, Fe, W Sc, Mn, Zn, Hf, Ga, La, Re, Nb
Pt, Sn, Li, Y, Cd, Hg, Te, Sb, Cu
W, Mo, Re, B, Hf, Os, Ir, Zr, Ru
TissCosrXs W, Mo, Re, Os, Ir, Hf, Ru, Zr Pb, Pd, Nb, Sb, La, C, Y, Te, Sn
Pd, B, Nb, Pb, Sb, La, Te, Sn In, Be, Cr, Fe, Mg, Sc, Pt, Ni, Ge
C,Y,In, Be, Cr, Fe, Mg, Pt, Sc, Ni Mn, P, Hg, Zn, Al, Ga, V, Si, Cd
W, Mo, Re, B, Hf, Os, Ir, Zr, Ru
Tie/CosX; W, Mo, Re, Os, Ir, Hf, Ru, Zr Pb, Pd, Nb, Sb, La, C, Y, Te, Sn, In
Pd, B, Nb, Pb, Sb, La, Te, Sn Be, Cr, Fe, Mg, Sc, Pt, Ni, Ge, Mn
G, YV, In, Be, Cr, Fe, Pt, Mg, Sc Hg, P, Zn, Al, Ga, V, Si, Cd, Cu, Au
. Ag, Au, Li Ag, Au, P, Li, Si, Cd, V
TlesCadXi ’ 2 sg, Hg, Ge, Ga, Al, La, Zn
TissClasX Ag, Au, Li, Cd, P, Si Ag, Au, P, Li, Si, Cd, V, Y, Sc
V, Ga, Ge, Al, Hg, Sc, Zn Ge, Hg, Ga, Al, La, Zn, Mg, Mn
Co, Ni, Fe, In, Pt, Cr, Te, Be, Sn
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4.2 Experimental Studies on Bulk Glass Forming Ability of Ti-Based Alloys

4.2.1 Ti-Cu Binary Alloy

Upon the selection of binary alloy composition, a criterion which deals with the
sequence of reactions that an alloy undergoes was consulted to. It was suggested
that, the characteristic DSC pattern of melting involving a sequence of eutectic and
peritectic like reactions with a high magnitude of reaction enthalpies ratio,
(AH/AH. ), appears to be essential for high BGFA [20]. With considering this, the
binary alloy composition was adjusted to TigsCuss. The alloy was prepared with arc
melting and characterized with SEM, EDS, DSC and XRD. The arc melted Tis5Cuss
binary alloy was named as Al and will be referred as so from this point on. The
binary phase diagram of Ti-Cu system is given in Figure 4.4 and the alloy studied is
marked on it for a better understanding of the reactions it is expected to undergo.
The special points of Ti-Cu equilibrium phase diagram are given in Table 4.12. It is

important to note that this phase diagram is valid for equilibrium conditions.

For TissCuss alloy, upon cooling from liquid state, first microstructural change is
expected right after the liquidus line. Dendrites of Ti(p) are expected to form in the
liquid after the temperature of the system decreases below liquidus temperature,
which is approximately equal to 1040°C. When the system reaches peritectic
temperature, which is 1005°C, peritectic reaction occurs; dendrites of Ti(p) react
with liquid and form Ti,Cu. At 960°C, eutectic reaction occurs and the remaining
liquid transforms into two different solid phases which are Ti,Cu and TiCu. So, one
expects to see Ti(p) dendrites encapsulated by Ti,Cu phase in a eutectic matrix of

Ti,Cu and TiCu at equilibrium cooling of TigsCuss alloy.
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Figure 4.4 Equilibrium binary phase diagram of Ti-Cu.
Table 4.12 Special points of the Ti-Cu phase diagram.
Compositions of the .
Reaction respective phases, Temp?cr:ature, Retactéon
at % Cu ypP
Ti(B)+L—TiCu 13.5 36.5 33.3 1005 £ 10 Peritectic
Ti(B)—Ti(a)+Ti,Cu 5.4 1.6 33.3 790 £ 10 Eutectoid
Lo TioCu+TiCu 43 33.3 48 960 £5 Eutectic
LoTiCu 50 985+ 10 Congruent
TiCu+L«<TizCuq 52 62.5 571 925+ 10 Peritectic
Ti3Cus+L—TiCu, 571 71 66.7 890 + 10 Peritectic
TizCus+TiCus«>TioCug 571 66.7 60 875+ 10 Peritectoid
Lo TiCux+BTiCuy 73 66.7 78 875+ 10 Eutectic
TiCu,—TioCus+BTiCuy 66.7 60 78 870+ 10 Eutectoid
L+(Cu)«BTiCu, 77 92 80.9 855 + 10 Peritectic
BTiCuy<—Ti,Cus+aTiCu, ~78 60 ~ 78 ~ 400 Eutectoid
BTiCus«—aTiCuy+(Cu) ~80.9 | ~80.9 99.5 ~ 500 Peritectoid
. ' Allotropic
Ti(B)Tia) 0 882 Transformation
LoTi(B) 0 ~ 1670 Melting Point
L—(Cu) 100 1084.87 Melting Point
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In order to investigate the microstructure of arc melted TigsCuss alloy, Al was
metallographically prepared by using the methods described in section 3.2.2.1 and
observed under SEM. The alloys prepared with arc melting may reveal different
microstructures throughout its cross-section. The copper plate on which the
elements are placed for melting has a water cooling system underneath it. Thus, the
portion of the melted alloys that is in contact with the copper plate undergoes a
faster cooling. As a result, different microstructures may be observed in different
regions of arc melted specimens. Figure 4.5 schematically illustrates an arc melted
sample, where region 1 is the portion that is in contact with the copper plate, hence
it is the portion that has the highest cooling rate, region 2 and 3 are the parts that are
free of contact to copper plate, and obviously, region 3 is the part that has the

slowest cooling rate.

* x

Figure 4.5 Schematic view of an arc melted sample. X-X’ denotes the basal plane
of the copper plate.

Figure 4.6 illustrates the SEM images of alloy Al that were taken from section 1.
This alloy revealed the same microstructure throughout its cross-section; hence
microstructure pictures from one section are enough to generalize the alloy. Table

4.13 gives the EDS results obtained from the phases present in alloy Al.
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Figure 4.6 Microstructure of alloy Al from region 1 at magnification of (a) 1000
and (b) 5000.

Table 4.13 EDS analysis for alloy Al.

A1l at% Ti at% Cu
General 66.43 33.57

A 91.02 8.8
B 68.74 31.26
C 53.09 46.91

In Figure 4.6(a), black dendrites (A) were found to contain 91 at % Ti, indicating
that these are the Ti(B) dendrites that were formed in the liquid above the peritectic
temperature. Ti;Cu phase is expected to be seen around these dendrites according to
the equilibrium phase diagram. However there is no such structure seen in alloy Al.
Peritectic reactions are slow reactions because they require diffusion in the solid
phase, hence in most of the cases, peritectic reactions cannot be completed before
reaching to eutectic temperature [88]. Moreover, the temperature difference
between eutectic and peritectic reactions in Ti-Cu system is very small, 45°,
supporting that it is even harder for this system to undergo peritectic reaction before
eutectic transformation for non-equilibrium cooling conditions. So, solidification of
the alloy after arc melting may be categorized as non-equilibrium cooling. The
dendrites (B) present in Figure 4.6(a) were analyzed to contain 69 at % Ti and 31 at

% Cu. When these dendrites were further analyzed at higher magnifications, Figure
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4.6(b), the irregular eutectic structure present inside them was observed more
clearly. The elements used during the experiments were high purity elements but
they still contained impurities. It is known that, third impurity elements may cause
two-phase instability and hence result in the formation of eutectic cells or even
eutectic dendrites [88]. With the morphology seen in Figure 4.6(b), i.e. the eutectic
dendrites, the alloy A1 may be attributed to have two-phase instability. If the binary
off-eutectic alloy had contained dendrites of one phase and interdendritic two phase
eutectic, it would be attributed to single-phase instability. The C phase present
between the B dendrites was predicted to belong to TiCu intermetallic. However
TiCu is not expected to form at the composition of alloy Al. The reason behind the
occurrence of this phase is probably the skewed coupled zone phenomenon. A
skewed coupled zone, Figure 4.7(a), is normally in correlation with irregular
eutectic growth and is skewed towards the phase that has growth problems. The
formation of eutectic or eutectic plus dendrites of primary phase depends on the
competitive growth of these structures. This can be explained by their growth

temperatures as a function of growth rate, Figure 4.7(c) and (d).

The phase growing with the highest tip/front temperature will be the phase that is
going to take place in the structure. For a eutectic alloy, Figure 4.7(a) and (c), slow
cooling rates will yield to eutectic phase mixture formation whereas higher cooling
rates will result in eutectic and o phase formation. For an off-eutectic alloy, Figure
4.7(a) and (d), slow cooling rates will result in the formation of only eutectic phase
mixture, moderate cooling rates will yield to eutectic and P phase formation,
moderate to high cooling rates will cause only eutectic phase mixture formation and
high cooling rates will yield to eutectic and o phase formation. The behavior of
glass forming regions related to skewed coupled zone phenomena is present in
Figure 4.7(b) [89]. In the case of alloy Al, eutectic dendrites and TiCu phase is
present meaning that the phase diagram was skewed towards Ti,Cu and cooling rate

was high enough to cause the formation of eutectic together with TiCu.
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Figure 4.7 Schematic diagrams showing skewed eutectic coupled zone and its
relation to the glass forming ability: (a) a eutectic system with a skewed coupled
zone, (b) glass forming and composite forming regions related to the skewed
coupled zone, (c) growth temperature of the constituents as a function of cooling
rate (growth rate) for the eutectic alloy and (d) growth temperature of the
constituents as a function of growth rate (cooling rate if temperature gradient is
constant) for an off-eutectic alloy [89].

Afterwards, alloy A1 was thermally analyzed with DSC to investigate the reactions
that the alloy will undergo with a heating rate of 20°C/min. Figure 4.8 shows the
DSC trace of alloy Al which includes two peaks having the thermal data given in
Table 4.14. It is obvious from the DSC thermogram that two successive
endothermic peaks on heating indicate that the alloy undergoes melting in two

stages; eutectic reaction followed by a peritectic reaction.
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Figure 4.8 DSC heating curve for alloy Al obtained with a heating rate of
20°C/min.

Table 4.14 Thermal analysis data for alloy Al. T. denotes eutectic, T, denotes
peritectic temperatures. AH™ is the enthalpy for eutectic and AH™? is the enthalpy
for peritectic reactions.

Te(°C) To(C) AH™Ugr) AH™ (J/gr)
978.76 1003.11  34.7518 60.7447

Alloy Al was further analyzed with XRD, Figure 4.9(a), to justify the predicted
phases present in the structure. Ti;Cu and Ti phases were also confirmed with XRD
analysis. However the most intense peaks of TiCu phase could not have been
observed. The peak that is referred as unknown actually belongs to TiCu, but did
not name as so due to the absence of the highest intensity peaks of the phase. The
reason behind the absence of TiCu peaks can be the relative amounts of Ti,Cu and
TiCu. Since the Ti,Cu peaks were observed to be very intense, TiCu peaks might be
missing in the diffractogram due to the small intensity of them. The reason of the
appearance of unknown peak (which actually belongs to TiCu) can be attributed to
the texturing of the (100) planes which gave diffraction to form the unknown peak

in the diffractogram.
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Alloy Al was cast into Cu-molds at 1250°C with using a centrifugal casting
machine in order to observe the effects of fast cooling conditions. The alloy
prepared via fast cooling was named as alloy C1 and will be referred as so from
now on. The Cu-molds used during the experiments have wedge shaped geometry,
Figure 3.2, where thickness varies with length. Figure 4.10 illustrates a centrifugal
cast sample having wedge shaped geometry. Obviously, thinner sections, indicated
as X, have the highest cooling rate, whereas cooling rate decreases as the thickness

of the section increases.

]
XY

Figure 4.10 Shape of a centrifugally cast alloy. Thickness changes along the length
of the specimen.

Alloy C1 was analyzed under SEM to observe the microstructural features present
in the alloy and to compare them with the ones present in the arc melted alloy, Al.
Figure 4.11 illustrates the structure of the thinnest part of alloy C1. Black dendrites
indicated as A, were again found to be Ti(p) dendrites formed before peritectic
reaction (see Table 4.15). Peritectic reaction product, Ti,Cu, encapsulating the Ti(p3)
dendrites are not present here as well. But this is understandable; even arc melting
was enough to skip peritectic reaction, it was not expected to imagine the reaction
to occur at a faster cooling rate. B grains were found to contain almost same
composition as the ones present in alloy Al. However, due to the fine structure of
alloy C1, the inside of the grains could not be revealed to contain a eutectic phase

mixture. C phase was again expected to be TiCu. So when compared to alloy Al, it
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can be said that only difference is the size of the grains. All the phases present have
formed with smaller sizes, which is an expected result since structures become finer

as the cooling rate becomes higher.

METU 28KV METU 28KV

Figure 4.11 Microstructure of alloy C1 from region X at magnification of (a) 1500
and (b) 5000.

Table 4.15 EDS analysis for alloy C1.

C1 at.% Ti | at.% Cu
General 66.73 33.27

A 88.68 11.32
B 68.35 31.65
C 57.92 42.08

DSC analysis of alloy C1, Figure 4.12, includes the two endothermic peaks that
were determined to belong to eutectic and peritectic reactions. When the data
present in Table 4.16 is compared with the thermal data for alloy Al, it is seen that
the peak temperatures for alloys Al and C1 are almost same, suggesting that fast
cooling of alloy Al did not result in the amorphization of the alloy. This result is in
good agreement with microstructral analysis, since no featureless matrix or a
different phase that is present when compared to alloy Al could have been observed

in alloy C1.
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Figure 4.12 DSC heating curve for alloy C1 obtained with a heating rate of
20°C/min.

Table 4.16 Thermal analysis data for alloy C1. T. denotes eutectic, T, denotes
peritectic temperatures. AH™ is the enthalpy for eutectic and AH™? is the enthalpy
for peritectic reaction.

T.(°C) Tp(°C) AH™(Jigr) AHY (Jgr)
974.26  1001.36  43.6800 68.7258

XRD analyses were performed for the confirmation of the predicted phases in alloy
Cl1, Figure 4.9(b). In addition to Ti,Cu and Ti peaks, TiCu peaks were also
observed in this alloy. So it can be concluded that XRD studies were found to be in

good agreement with SEM and EDS analyses.
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4.2.2 Effects of Alloying Element Additions to Ti-Cu Binary Alloy

Manganese, aluminum and nickel were chosen as candidate elements to increase the
BGFA of TiesCuss binary alloy with the help of the theoretical studies described in
section 4.1. In order to observe the effects of each element on the Ti-Cu binary
system, several alloys were prepared with both arc melting and centrifugal casting
operations. For easier designation, each alloy that has been studied was given a

name and will be referred as so from this point on, Table 4.17.

Table 4.17 Studied alloy systems.

Alloy Name | Composition Production Method
A1l TigsCuss Arc Melting
A2 TigoCussMns Arc Melting
A3 TigoCussAls Arc Melting
A4 TigoCussNis Arc Melting
A5 TisgCussMnsAl4 Arc Melting
A6 TisgCussMnsNiy Arc Melting
A7 TisgCussMnsAl;Niq Arc Melting
C1 TiesCuss Centrifugal Casting
Cc2 TigoCussMns Centrifugal Casting
C3 TigoCussAls Centrifugal Casting
C4 TigoCussNis Centrifugal Casting
C5 TisgCuszsMnsAl4 Centrifugal Casting
C6 TisgCussMnsNiy Centrifugal Casting
Cc7 TisgCussMnsAliN;; | Centrifugal Casting

First of all, effects of Mn addition were investigated, and alloys A2 and C2 were
produced, where the casting operation for alloy C2 was performed at 1250°C.
Microstructures of each alloy were analyzed with SEM and EDS and are presented
in Figure 4.13 and Table 4.18. As seen, alloy A2 was found to contain different
microstructures in different regions Figure 4.13(a)-(d). However, recall that, this

was not the case for alloy Al; it contained similar phases everywhere. This is an
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indication that Mn addition caused different microstructures within each section of
the alloy due to the variation of cooling rate. The structure of region 1 of alloy A2 is
consisted of fine dendrites (A) that were found to have a composition indicated in
Table 4.18, suggesting that these dendrites may belong to Ti,Cu phase containing
some Mn dissolved in it. As cooling rate decreased towards regions 2 and 3,
different structures were observed. In region 2, lamellar grains (B) containing a
white contrasted phase (C) at grain boundaries were seen, Figure 4.13(b). The
lamellar grains were analyzed to have a composition which is very close to the
composition of the alloy. The white contrasted phase was found to contain mainly
Cu. Figure 4.13(c) and (d) show the microstructure at region 3. This region’s
structure resembles the structure of region 1 with some main differences. The
structure in general is coarser in region 3 compared to region 1 due to the decreased
cooling rate. The dendrites were again found to contain the same composition as the
ones in first region and the matrix was observed more clearly compared to first
region and was analyzed to have a composition that is nearly same as the lamellar
grains’ composition present in region 2. Moreover, there exist some other dendrites
present on top of A dendrites as seen in parts (c) and (d). These dendrites, D, were
analyzed better with using the back scattered electron mode of SEM, Figure
4.13(d). When their composition was investigated, it can be said that they probably
belong to Ti dendrites. However when the SEM analysis were performed for alloy
C2, it was found to contain a completely different microstructure than alloy A2,
Figure 4.13(e) and (f). These pictures were taken from the thinnest section of the
alloy, referred as region X. As seen, the matrix (F) could not be resolved, indicating
that it has a very fine structure. EDS analysis from matrix showed that this part has
a composition which is very close to the composition of the alloy, Table 4.18. The
dendrites seen, E, may belong to Ti phase due to the very high amount of Ti
detected in them. The microstructure of the alloy towards region Y was very similar
to the structure of region X. Only difference was that region Y was found to contain
more E dendrites. So, it can be said that, with fast cooling conditions, formation of

Ti,Cu dendrites, lamellar matrix and the Cu rich phase, which was named as C,
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observed in alloy A2 was suppressed, whereas the same suppression could not have

been obtained for Ti dendrites.
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Figure 4.13 Microstructure of alloy A2 from (a) region 1, (b) region 2, (¢) region 3,
and (d) region 3 in back scattered electron mode. Microstructure of alloy C2 from
region X at magnification of (e) 1500, and (f) 3000.
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Table 4.18 EDS analysis for alloys A2 and C2.

A2 at.% Ti at.% Cu | at.% Mn

General 61.28 33.44 5.28
A 67.21 31.33 1.46
B 63.35 31.57 5.08
C 32.26 65.24 2.50
D 96.97 3.03 0

C2 at.% Ti at.% Cu | at.% Mn

General 63.11 32.60 4.29
E 96.75 3.00 0.25
F 60.97 33.14 5.88

In addition to the microstructral studies, thermal analyses of these alloys were also
done to investigate the reactions that they undergo upon heating, Figure 4.14 and
Table 4.19. Both of the alloys contained a deep peak which may indicate a first
order reaction and a peak which may belong to melting at liquidus line. However
the peak at T; temperature in alloy A2 was not observed in thermal behavior of
alloy C2, indicating that with fast cooling conditions, this peak, which may belong

to a second order transformation, was suppressed.

XRD analyses of alloy A2 and C2 revealed out that both of the alloys contained
TiCu, Ti;Cu, Cu,Ti and Ti phases, Figure 4.15. The latter three phases were also
confirmed with the SEM and EDS studies for alloy A2, however TiCu phase could
not have been found to show a trail during the indicated analyses. But according to
the XRD investigations, it is obvious that the alloy A2 contains TiCu phase,
indicating that this phase may either come from the eutectic phase mixture or from a
very fine microstructure that could not have been analyzed using SEM or EDS.
However during the microstructral studies of alloy C2, only Ti phase could have
been observed, meaning that other phases present are probably dispersed finely in

the matrix from which separate analysis could not have been taken. Different from
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diffraction pattern of alloy A2, alloy C2 was found to contain a peak belonging to

O,, which may indicate that the alloy was contaminated with air during the

centrifugal casting operation.
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Figure 4.14 DSC heating curves for (a) alloy A2, and (b) alloy C2 obtained with a
heating rate of 20°C/min.

Table 4.19 Thermal analysis data for alloys A2 and C2, where temperatures are in
terms of °C, and enthalpy of mixing values are in terms of J/gr.

A2 | T T, T T, AHM! AHM2 | AHME | AHMA
812 | 944.04 |1122.44 1188.72| 3.7009 | 158.1413 | 7.7405 | 10.7952
o2 T, T, AH™ | AH™?
929.50 | 1183.45| 95.6732 | 4.8543
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Afterwards, effects of Al were started to be investigated with producing alloys A3
and C3. However, during the casting operation to obtain alloy C3, some difficulties
were encountered. The alloy was tried to be centrifugally cast at 1370°C, but still
complete casting of the alloy into the Cu-mold could not have been achieved. SEM
analyses for alloys A3 and C3 are given in Figure 4.16. As seen, the microstructure
of the alloy changed a lot depending on the production method, in other words
cooling rate. Alloy A3 was found to contain the same structure in all the
investigated regions, Figure 4.16(a) and (b). The A grains were found to have a
composition given in Table 4.20, with the possibility of being Ti,Cu phase
containing some Al dissolved in it. The thin phase between the grains, B, was
analyzed to contain almost same amount of Ti and Cu, stating that this phase is
most probably TiCu having some Al in it. Finally the black phase, C, was also
analyzed and found to contain high amounts of Ti meaning that it can be either
almost pure Ti or a Ti rich phase; exact decision could not have been made due to
the very fine structure of this phase. When the microstructure of alloy C3 was
analyzed, neither Ti,Cu nor TiCu phases could have been observed, Figure 4.16(c)
and (d). However Ti dendrites (D) were again present in the alloy. Moreover alloy
C3 also contained E phase which is probably a complex intermetallic of Ti, Cu and
Al elements, and F phase which acts like a matrix with having a composition close

to the general composition of the ternary alloy, Table 4.20.
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Figure 4.16 Microstructure of alloy A3 from region 1 at magnification of (a) 1500
and (b) 5000, alloy C3 from region X at magnification of (¢) 1500 and (d) 5000.

Table 4.20 EDS analysis for alloys A3 and C3.

A3 at.%Ti | at.% Cu | at.% Al
General 59.65 35.35 5.00

A 63.63 32.85 3.52
B 47.24 47.82 4.94
C 73.10 22.13 4.78

C3 at.%Ti | at.% Cu | at.% Al
General 59.87 32.42 7.71

D 92.18 6.05 1.83
E 39.54 34.54 25.92
F 54.46 39.15 6.29

Thermal analyses of alloys A3 and C3 exhibited different behavior as seen in Figure
4.17. Alloy A3 was found to contain three reactions that are close to each other at
the temperatures indicated in Table 4.21. However alloy C3 did not have any of
these reactions at the stated temperatures. Instead, it showed a single peak at a
higher temperature and another peak which may belong to a second order transition.
Alloy A3 did not have any of these reactions seen in alloy C3, but exhibited a peak

at temperature T4, which may belong to the reaction at liquidus line.
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Figure 4.17 DSC heating curves for (a) alloy A3, and (b) alloy C3 obtained with a
heating rate of 20°C/min.

Table 4.21 Thermal data for alloys A3 and C3, where temperatures are in terms of
°C, and enthalpy of mixing values are in terms of J/gr.

A3 T, T, T, T, AH™T T AH™2 [ AH™3 [ AH™
913.35 | 939.15 | 969.12 |1207.13|20.6103 | 2.1667 | 61.8516 | 1.5702
ca T, T, AH™ [ AH™2
1012.78|1115.90 | 45.6308 | 9.3447

When alloys A3 and C3 were analyzed with XRD, they were both found to contain
TiCu, TiCu and Ti phases. Existence of all these phases was also confirmed with
SEM and EDS analyses for alloy A3. However, these were not the only phases
observed in alloy C3 with using XRD; the alloy also contained AL, Ti and AlCu,Ti.
There also existed peaks that could not have been identified. They also may belong
to a complex intermetallic of Ti, Cu and Al. The presence of O, was also observed
meaning that the alloy was again contaminated with air during the centrifugal

casting operation.
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Later on, alloys A4 and C4 were produced and investigated. Centrifugal casting
operation to obtain alloy C4 was performed at 1370°C, however complete casting of
it could not have been achieved. The microstructure of alloy A4 was investigated to
be same in all regions, containing three different structures, Figure 4.19(a) and (b).
The phase A was found to contain almost equal amounts of Ti and Cu, Table 4.22,
suggesting that it can be TiCu with some Ni dissolved in it. When phase B was
analyzed, its composition was found to be close to Ti,Cu containing some dissolved
Ni, whereas phase C was found to have more Ni when compared to the other
phases, suggesting that it may be a complex intermetallic of Ti, Cu and Ni.
However alloy C4 did not reveal out a similar microstructure and did not contain
the phases present in alloy A4, Figure 4.19(c) and (d). Moreover, as a striking fact,
it was found to contain very high amounts of Al, Table 4.22. But this was not an
expected result since the alloy A4 did not contain any Al in it. When the black
particles (D) that were all over the alloy were analyzed with EDS, they were found
to contain high amounts of Al and O, suggesting that they may be Al,O3 particles.
The first idea that came into mind was that, these particles might have come from
the polishing step which was done using Al,Os particles. Hence the alloy C4 was
metallographically prepared again from starting the grinding step. When the alloy
was analyzed after grinding operation, it was again found to contain the same
particles, meaning that they did not come from the polishing step. So the reason of
the presence of these particles was attributed to contamination with Al,Os crucible
that was used during the centrifugal casting operation. Apart from the D particles,
there also existed three different phases in the microstructure; E dendrites
containing high amounts of Ti suggesting that they may be Ti dendrites, F' phase
containing slightly higher concentration of Cu, and G phase containing almost equal

amounts of Ti, Cu and Al, Table 4.22.
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Figure 4.19 Microstructure of alloy A4 from region 1 at magnification of (a) 1500
and (b) 5000, alloy C4 from region X at magnification of (c¢) 1500 and (d) 5000.

Table 4.22 EDS analysis for alloys A4 and C4.

A4 at.% Ti | at.% Cu | at.% Ni

General 60.37 34.44 5.20

A 49.52 47.96 2.51

B 68.52 28.04 3.44

C 53.73 33.56 12.71
C4 at.%Ti | at.% Cu | at.% Ni | at.% Al | at.% O

General | 33.95 34.86 5.20 25.99 0

D 12.50 2.71 0.44 30.33 54.02
E 87.20 5.47 0 7.33 0

F 28.20 38.21 7.21 26.38

G 34.94 31.95 2.09 31.02 0
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Thermal analyses for alloys A4 and C4 revealed out different behavior, Figure 4.20;
DSC thermogram of alloy A4 was found to contain two peaks that are very close to
each other at T; and T, temperatures, Table 4.23. However these peaks were not
present for alloy C4, instead it only contained a one staged reaction at the indicated
temperature. There also existed a reaction at temperature T3 in alloy A4 that was not

again present in alloy C4, which may belong to reaction at liquidus line.
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Figure 4.20 DSC heating curves for (a) alloy A4, and (b) alloy C4 obtained with a
heating rate of 20°C/min.

Table 4.23 Thermal data for alloys A4 and C4, where temperatures are in terms of
°C, and enthalpy of mixing values are in terms of J/gr.

As T, T, T, AH™T [ AH™2 [ AH™3
937.86 | 952.36 | 1223.16| 9.1010 | 6.4437 | 8.3224
T, AH™!
C4
1146.71]104.7500
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The XRD results for alloys A4 and C4 show that these two alloys contain different
phases, Figure 4.21. Alloy A4 was analyzed to contain diffraction peaks of TiCu
and Ti,Cu, which were also confirmed with SEM and EDS studies. On the other
hand, alloy C4 was found to contain neither of these phases; instead it was revealed
out that this alloy has TiO, NiTi and O; in it. Moreover there also exists a peak that
could not have been identified and may belong to a complex intermetallic of the
elements present inside the structure. XRD results also confirmed that alloy C4 has

undergone contamination with air during the centrifugal casting operation.

After experimentally investigating the effects of the ternary alloying elements one
by one, multicomponent alloys containing different combinations of these elements
were decided to be produced in order to analyze the effects of the elements when
they were added together. Hence; multicomponent alloy systems stated in Table

4.17 were produced and characterized.

Alloy AS was centrifugally cast at 1300°C, and alloy C5 was obtained to investigate
the effects of Mn and Al addition. The changing cooling rate resulted in the
occurrence of completely different microstructures in these alloys, Figure 4.22.
Alloy AS was found to contain different structures in different regions of the alloy.
Region 1 contained a lamellar phase mixture and dendrites which started to occupy
more place while getting closer to region 2. Region 2 was investigated to contain
mainly two different dendrites and an interdendritic lamellar phase mixture,
whereas region 3 exhibited a higher concentration of lamellar phase mixture in
which two types of dendrites were scattered. When the matrices in each region were
analyzed with EDS, they were all found to have a similar composition which is
close to the composition of alloy A5, Table 4.24. The analyses of the two dendrites
which are present in regions 2 and 3 suggested that they belong to Ti,Cu (A) and Ti
(C) phases. However SEM studies for alloy C4 showed that, the possible Ti,Cu
dendrites were not present in the structure, whereas the lamellar phase mixture (D)

and Ti dendrites (F) still continued their existence. In addition to these indicated
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structures, alloy C5 also contained another phase, E, which’s composition is close

to the composition of lamellar phase mixture.
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Figure 4.22 Microstructure of alloy AS from (a) and (b) region 1, (c) region 2, (d)
region 2 in back scattered electron mode, (e) region 3 and (f) region 3 in back
scattered electron mode. Microstructure of alloy C5 from (g) region X and (h)
region X in back scattered electron mode.

Table 4.24 EDS analyses for alloys AS and CS.

A5 at.%Ti | at.% Cu | at.% Mn | at.% Al
General 62.84 31.93 4.42 0.81
A 68.61 29.89 1.51 0
B 59.92 32.96 5.70 1.41
C 86.84 11.12 2.04 0
C5 at.% Ti | at.% Cu | at.% Mn | at.% Al
General 61.55 31.06 4.93 2.46
D 56.71 37.53 2.88 2.88
E 53.67 35.62 8.39 2.31
F 91.55 6.05 1.62 0.79

Afterwards, alloys A5 and C5 were thermally analyzed to predict the reactions that
will take place in the alloys upon heating. The results of this study are given in
Figure 4.23 and Table 4.25. Both of the alloys revealed a deep eutectic like reaction
peak at the almost same temperature; however they exhibited different low entropy

peaks at higher temperatures.
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Figure 4.23 DSC heating curves for (a) alloy AS, and (b) alloy C5 obtained with a
heating rate of 20°C/min.

Table 4.25 Thermal data for alloys A5 and C5, where temperatures are in terms of
°C, and enthalpy of mixing values are in terms of J/gr.

A5 T T, AH™! AH™?
942.921187.11 | 152.5845 | 1.5271
cs T, T, AH™! AH™?
934.19|1102.20 | 114.2486 | 65.1178

When XRD studies for alloys A5 and C5 were compared, it was seen that they both
contain same phases; TiCu, Ti and AlgyMnyg, Figure 4.24. In addition to these
phases, there also existed a peak which could not have been identified in the

diffraction patterns of both alloys.

101



6D Aof1v (Q) ‘gV AofIv (e) Jo uroned QX " 2AN3Ig

0¢

ot

() 8z
06 08 0. 09 0§ 07 0¢
U by, AL ..!(..it_..,.......l}, E’t}}:, 1.(..1,1 T
® o ¢ 0 ¢ ’
" oo u
R ) - v " i %
| |
¢l
o) .
umouyun o
omc_\/_ow_/.\n
L B
no?ll ¢

Ausualuj

102



Alloys A6 and C6 have been prepared to investigate the effects of Mn and Ni
additions. Casting operation was performed at 1370°C, where complete casting of
the alloy could not have been achieved. When the microstructures of the alloys were
studied, it was obvious that they contain very different structures. Region 1 and 2 of
alloy A6 had the same microstructure, which included dendrites of A, dendrites of
B, a white contrasted phase C and a lamellar phase mixture D, Figure 4.25(a) and
(b). EDS results revealed out that, A dendrites may belong to Ti,Cu containing
some dissolved Mn, B dendrites may be a complex intermetallic of Ti, Cu, Mn and
Ni elements, C phase can be a Cu rich phase, and D lamellar phase has a
composition which is similar to the composition of the multicomponent alloy. On
the other hand, upon going to region 3, all the other phases except the lamellar
eutectic phase mixture were observed to disappear, Figure 4.25(c). However the
EDS analyses for alloy C6 showed that there exits high amounts of Al in the alloy,
suggesting that the alloy was contaminated with alumina crucible during the
centrifugal casting operation, Table 4.26. The microstructure of this alloy was found
to be composed of a matrix phase, F, which may be AlCu,Ti phase, and dendrites of

E that were analyzed to contain very high amounts of Ti.
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Figure 4.25 Microstructure of alloy A6 from (a) and (b) region 1, (c) region 3.
Microstructure of alloy C6 from (d) and (e) region X, (f) region X in back scattered

electron mode.

Table 4.26 EDS analyses for alloys A6 and C6.

A6 at.% Ti | at.% Cu | at.% Mn | at.% Ni
General 59.68 34.86 4.51 0.95
A 68.10 30.51 1.39 0
B 66.30 27.46 4.60 1.49
C 18.80 78.31 2.09 0.79
D 57.71 34.90 6.61 1.22
C6 at.%Ti | at.% Cu | at.% Mn | at.% Ni | at.% Al
General 54.04 28.65 4.76 0 12.55
E 85.68 9.29 1.69 0 3.34
F 27.39 45.20 4.67 1.59 21.16
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Thermal analyses for alloys A6 and C6 were also different from each other. They
both contained a peak having low enthalpy at almost the same temperature, but
alloy A6 also contained a deep peak which had high enthalpy value at temperature
T,, whereas alloy C6 did not have such a peak.
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Figure 4.26 DSC heating curves for (a) alloy A6, and (b) alloy C6 obtained with a
heating rate of 20°C/min.

Table 4.27 Thermal data for alloys A6 and C6, where temperatures are in terms of
°C, and enthalpy of mixing values are in terms of J/gr.

A6 T T, AH™T AH™2
92268 | 951.52 | 1.6147 | 105.2218
T, AH™

(o)
917.91 | 3.3421
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XRD analyses of the alloys A6 and C6 revealed out that both of the alloys contain
TiCu, Ti,Cu and Ti phases, Figure 4.27. In addition to these phases, alloy C6 was
found to have peaks belonging to AlCu,Ti phase, which was also suggested to be
present with the EDS analyses.

Finally, Mn, Al and Ni were decided to be added at the same time to the Ti-Cu
binary system, and alloys A7 and C7 were produced. The casting operation of the
alloy was done at 1370°C, which have also led to contamination problems. Hence;
high amounts of Al concentration was observed in alloy C7, Table 4.28. When the
microstructures of the alloys were compared, they were found to have different
phases. Alloy A7 contained small dendrites of A and a white contrasted phase (B) in
a lamellar phase mixture (C). On the other hand, microstructure of alloy C7
revealed neither of these phases. EDS analyses of each phase present in each alloy

is given in Table 4.28.
Alloys A7 and C7 both contained one peak in their DSC thermogram, whereas the

temperature and enthalpy values of these peaks were completely different from each

other, Figure 4.29 and Table 4.29.
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Figure 4.28 Microstructure of alloy A7 from (a) and (b) region 1. Microstructure of
alloy C7 from (d) and (e) region X.

Table 4.28 EDS Analyses for alloys A7 and C7.

A7 at.%Ti | at.% Cu | at.% Mn | at.% Al | at.% Ni

General 58.41 34.75 4.76 1.00 1.08
A 67.96 24.52 5.64 0 1.87
B 29.45 69.19 1.39 0 0
C 62.13 31.90 4.65 0 1.32

C7 at.%Ti | at.% Cu | at.% Mn | at.% Al | at.% Ni
General 36.92 34.83 5.10 22.26 0.88

D 81.41 12.42 1.46 4.71 0
E 34.20 29.19 6.04 28.85 1.74
F 26.44 42.28 4.98 25.52 0.78

108



60

40

20 A

Heat Flow
o
C

=20

-40 -

'60 T T T T T T
600 700 800 900 1000 1100 1200 1300

Sample Temperature (°C)

Figure 4.29 DSC heating curves for (a) alloy A7, and (b) alloy C7 obtained with a
heating rate of 20°C/min.

Table 4.29 Thermal data for alloys A7 and C7, where temperatures are in terms of
°C, and enthalpy of mixing values are in terms of J/gr.

T4 AH™
942.43 | 136.2197

A7

T4 AH™
1060.93 | 56.9572

C7

XRD results for the alloys A7 and C7 showed that, A7 alloy contains Ti,Cu,
whereas alloy C7 was found to contain only TiCu peaks, Figure 4.30. Also, both
alloys had peaks that could not have been identified and that might belong to a

complex intermetallic of the phases present.
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Figure 4.31 and 4.32 summarizes the XRD and DSC patterns of the centrifugal cast
alloys that were studied in this thesis. There occurred significant changes with
addition of alloying elements in both of the patterns. Upon presence of the selected
alloying elements, peaks present in the XRD patterns started to be less intense. This
difference is more pronounced in the trace of alloys C6 and C7. Eutectic and
peritectic reactions are seen in DSC trace of alloy C1, whereas all the other alloys
show different reaction peaks, so it can be said that alloying element additions

significantly changed the thermal behavior of the alloy.

XRD, DSC and SEM analyses showed that minor additions of alloying elements
into the TiesCuss alloy had major effects on both thermal and microstructural
properties. These indicated that the elements have important effects on the BGFA of
the alloy. However, forming the composition of the multicomponent alloy is not a
straightforward process. The amount of the alloying element that is to be added can
take several values, and there is not an exact method to choose it. Hence; several
alloys having different compositions should be tried to find the glass forming
composition. But it is worth noting that the elements selected during this study
showed positive effects on the BGFA. Making small alterations in the compositions

would probably result in the synthesis of a bulk metallic glass.

Moreover, difficulties were encountered during the casting operations of some of
the alloy systems studied. These difficulties may be attributed to the dependency of
titanium alloys on casting conditions. It has been pointed out that the BGFA of Ti-
based bulk metallic glasses appears to be strongly affected by the contamination of
oxygen and other impurity elements either from the raw material or from the
processing. Oxygen contamination and presence of certain impurities promote
crystallization [49, 90]. It appears that the residual oxygen content of the alloy has a
strong influence on the crystallization during solidification; hence the synthesis of
the alloys proposed in this study can be possible with a better control of oxygen and

impurities.
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Figure 4.32 Comparison of DSC patterns of centrifugal cast alloys.
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CHAPTER 5

CONCLUSIONS

In this thesis study, BGFA of Ti-Cu, Ti-Co and Ti-Zr systems were theoretically

investigated. In addition to these theoretical studies, experimental studies were also

performed for the predicted alloys systems which seem to exhibit higher BGFA.

The crucial points of the theoretical and experimental studies can be summarized as

follows:

i.

ii.

iii.

iv.

According to the theoretical studies, TissCuss binary system has the most
negative enthalpy of mixing and short range order parameter,
highest A7/n, , and lowest critical cooling rate among the other systems that
were investigated. As a result, TicsCuss binary system exhibits highest

BGFA; hence was selected for the experimental studies.

For the production of the ternary systems, alloying element atoms were
decided to be added in the place of titanium atoms, based on the fact that
TiesCussX; systems were found to have lower critical cooling rates and

higher negative enthalpy of mixing values compared to TicsCu34X; alloys.

The alloying elements of Ag, Au, Li, Cd, P, Si, V, Ga, Ge, Al, Hg, Sc and
Zn were found to decrease the enthalpy of mixing upon addition to TigsCuss

binary system in the place of titanium atoms.

Ag, Au, P, Li, Si, Cd, V, Y, Sc, Ge, Hg, Ga, Al, La, Zn, Mg, Mn, Co, Ni, Fe,

In, Pt, Cr, Te, Be and Sn elements were found to decrease the critical
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vi.

vii.

viii.

ix.

cooling rate of the TissCuss binary system when added in the place of

titanium atoms.

Ternary alloying element additions into the TiesCuss binary system were
performed with considering the critical cooling rates and binary phase
diagrams of the constituent elements. Under the light of these investigations,
Mn, Al and Ni were chosen as the ternary alloying elements for the

experimental investigations.

Theoretical results show a good agreement with the experimental

investigations present in literature.

Microstructure of all the multicomponent alloys became very fine after the
centrifugal casting operation, indicating that the alloying elements added

affected the BGFA in a positively manner.

Minor additions of alloying elements resulted in major changes in the
properties of the alloys. In addition to the microstructural analysis, these

changes were also detected with XRD and DSC analyses.

Upon addition of alloying elements, intensities of the peaks present in the
XRD pattern of binary alloy decreased. This positive effect is more

significant for alloys C6: TisoCussMnsNi; and C7: TisgCussMnsAl;Ni;.

The proposed alloys have positive effects on the BGFA of the TigsCuss
binary alloy. However, to achieve a bulk glass forming alloy, small changes
can be performed for the compositions, and this can be the concept of

another study.
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APPENDIX A
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Table B. 1 Ordering energy and interchange energy values for Tis0Zr39X; alloy (in

atomic unit of energy).

APPENDIX B

Ti602r39X1
X Wrize Wrix Wzr.x Wri-zr Wri-x Wzr-x
a.u(10®) | au(10®) | au(10®) | au(10® | au(10® | a.u (109
None 3.6214 - - -2.1728 - -
Ag 3.6004 -0.5469 -9.4340 -2.1602 0.3282 5.6604
Au 3.5994 2.4727 -11.1927 -2.1596 -1.4836 6.7156
Zn 3.6174 -1.3791 4.5404 -2.1704 0.8275 -2.7242
Cd 3.6024 -2.1096 2.4041 -2.1615 1.2658 -1.4425
Cu 3.6124 -1.9724 -0.5515 -2.1675 1.1834 0.3309
Hg 3.5984 -0.2016 -0.2568 -2.1590 0.1209 0.1541
Sc 3.6084 0.5105 4.5305 -2.1650 -0.3063 -2.7183
Y 3.5914 1.1809 0.0264 -2.1548 -0.7085 -0.0158
La 3.5804 4.4125 -1.3543 -2.1482 -2.6475 0.8126
Hf 3.6234 5.6654 -0.4150 -2.1740 -3.3992 0.2490
V 3.6513 0.3014 5.9231 -2.1908 -0.1809 -3.5539
Nb 3.6424 1.4687 -0.4400 -2.1854 -0.8812 0.2640
Cr 3.6344 0.9027 9.3225 -2.1806 -0.5416 -5.5935
Mo 3.6554 7.1568 -0.7044 -2.1932 -4.2941 0.4226
W 3.6573 6.1897 -0.9213 -2.1944 -3.7138 0.5528
Mn 3.6224 -0.6775 3.8077 -2.1734 0.4065 -2.2846
Re 3.6693 2.6998 -2.4040 -2.2016 -1.6199 1.4424
Fe 3.6334 0.5836 4.6937 -2.1800 -0.3502 -2.8162
Ru 3.6404 3.5796 0.0000 -2.1842 -2.1478 0.0000
Os 3.6394 5.6033 -0.4487 -2.1836 -3.3620 0.2692
Co 3.6254 -0.7393 6.4285 -2.1752 0.4436 -3.8571
Ir 3.6394 5.5984 -0.4477 -2.1836 -3.3590 0.2686
Ni 3.6263 -0.7532 6.4363 -2.1758 0.4519 -3.8618
Pd 3.6184 6.5128 17.4537 -2.1710 -3.9077 -10.4722
Pt 3.6174 -0.1913 0.4126 -2.1704 0.1148 -0.2476
Li 3.5954 -4.6667 5.4790 -2.1572 2.8000 -3.2874
Be 3.6334 -1.3705 12.0934 -2.1800 0.8223 -7.2560
Mg 3.6024 -4.7899 10.7239 -2.1614 2.8739 -6.4344
Al 3.6264 -2.3785 8.8055 -2.1758 1.4271 -5.2833
Ga 3.6204 -0.7658 3.3950 -2.1722 0.4595 -2.0370
In 3.6054 2.8570 -5.9294 -2.1632 -1.7142 3.5577
Si 3.6314 -1.2067 7.6213 -2.1788 0.7240 -4.5728
Ge 3.6263 -0.1744 3.8771 -2.1758 0.1046 -2.3263
Sn 3.6154 1.9041 0.1728 -2.1692 -1.1425 -0.1037
Pb 3.6084 6.4287 -11.2329 -2.1650 -3.8572 6.7398
Sb 3.6204 4.3976 -4.1874 -2.1722 -2.6386 2.5125
Te 3.6244 1.3442 -1.9771 -2.1746 -0.8065 1.1863
B 3.6454 2.2147 7.0732 -2.1872 -1.3288 -4.2439
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Table B. 2 Ordering energy and interchange energy values for TigpZr39X; alloy (in
SI units).

Tieozr39X1
X Wrize Wrix Wz.x Wrij-zr Wri-x Wzr-x
J/mol (10%) | J/mol (10%) | J/mol (10%) | J/mol (10%) | J/mol (10%) | J/mol (10%)
None | 9.5043 - - -5.7026 - -
Ag 9.4492 -1.4354 -24.7594 -5.6695 0.8613 14.8556
Au 9.4465 6.4896 -29.3751 -5.6679 -3.8938 17.6251
Zn 9.4938 -3.6195 11.9162 -5.6963 2.1717 -7.1497
Cd 9.4546 -5.5366 6.3095 -5.6727 3.3220 -3.7857
Cu 9.4808 -5.1764 -1.4475 -5.6885 3.1059 0.8685
Hg 9.4439 -0.5290 -0.6741 -5.6663 0.3174 0.4044
Sc 9.4702 1.3398 11.8904 -5.6821 -0.8039 -7.1342
Y 9.4255 3.0992 0.0692 -5.6553 -1.8595 -0.0415
La 9.3967 11.5806 -3.5542 -5.6380 -6.9484 2.1325
Hf 9.5095 14.8686 -1.0892 -5.7057 -8.9212 0.6535
v 9.5828 0.7911 15.5451 -5.7497 -0.4746 -9.3271
Nb 9.5594 3.8547 -1.1549 -5.7356 -2.3128 0.6929
Cr 9.5384 2.3692 24.4668 -5.7230 -1.4215 -14.6801
Mo 9.5935 18.7829 -1.8487 -5.7561 -11.2698 1.1092
W 9.5986 16.2448 -2.4178 -5.7592 -9.7469 1.4507
Mn 9.5069 -1.7780 9.9932 -5.7041 1.0668 -5.9959
Re 9.6301 7.0856 -6.3093 -5.7780 -4.2514 3.7856
Fe 9.5358 1.5318 12.3185 -5.7215 -0.9191 -7.3911
Ru 9.5541 9.3947 0.0000 -5.7325 -5.6368 0.0000
Os 9.5515 14.7058 -1.1777 -5.7309 -8.8235 0.7066
Co 9.5148 -1.9403 16.8716 -5.7089 1.1642 -10.1230
Ir 9.5515 14.6928 -1.1751 -5.7309 -8.8157 0.7051
Ni 9.5172 -1.9767 16.8919 -5.7103 1.1860 -10.1352
Pd 9.4964 17.0928 45.8071 -5.6978 -10.2557 | -27.4843
Pt 9.4938 -0.5021 1.0830 -5.6963 0.3013 -0.6498
Li 9.4360 -12.2477 14.3795 -5.6616 7.3486 -8.6277
Be 9.5358 -3.5968 31.7390 -5.7215 2.1581 -19.0434
Mg 9.4544 -12.5710 28.1448 -5.6726 7.5426 -16.8869
Al 9.5174 -6.2422 23.1100 -5.7104 3.7453 -13.8660
Ga 9.5017 -2.0099 8.9100 -5.7010 1.2060 -5.3460
In 9.4623 7.4982 -15.5617 -5.6774 -4.4989 9.3370
Si 9.5305 -3.1671 20.0020 -5.7183 1.9002 -12.0012
Ge 9.5172 -0.4577 10.1755 -5.7103 0.2746 -6.1053
Sn 9.4885 4.9974 0.4534 -5.6931 -2.9984 -0.2721
Pb 9.4702 16.8720 -29.4807 -5.6821 -10.1232 17.6884
Sb 9.5017 11.5415 -10.9898 -5.7010 -6.9249 6.5939
Te 9.5121 3.5277 -5.1889 -5.7073 -2.1166 3.1134
B 9.5673 5.8125 18.5636 -5.7404 -3.4875 -11.1381
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Table B. 3 Ordering energy and interchange energy values for TisgZr4oX; alloy (in

atomic unit of energy).

TisoZrsoX4
X Wrize Wrix Wzr.x Wri-zr Wri-x Wzr-x
a.u(10®) | au(10®) | au(10®) | au (10 | au(10?) | a.u (109
None 3.6214 - - -2.1728 - -

Ag 3.5874 -0.5696 -9.4724 -2.1525 0.3418 5.6834
Au 3.5864 2.4546 -11.1803 -2.1519 -1.4728 6.7082
Zn 3.6044 -1.3811 4.5236 -2.1627 0.8287 -2.7141
Cd 3.5904 -2.1136 2.3991 -2.1543 1.2682 -1.4395
Cu 3.6004 -1.9823 -0.5894 -2.1603 1.1894 0.3536
Hg 3.5854 -0.2084 -0.2294 -2.1513 0.1250 0.1377
Sc 3.5964 0.5126 4.4970 -2.1578 -0.3075 -2.6982
Y 3.5784 1.1669 0.0254 -2.1471 -0.7001 -0.0153
La 3.5674 4.3988 -1.3543 -2.1405 -2.6393 0.8126
Hf 3.6114 5.6545 -0.4141 -2.1668 -3.3927 0.2484
V 3.6394 0.2965 5.8766 -2.1836 -0.1779 -3.5260
Nb 3.6313 1.4496 -0.4430 -2.1788 -0.8698 0.2658
Cr 3.6224 0.9129 9.2955 -2.1734 -0.5478 -5.5773
Mo 3.6443 7.1302 -0.7063 -2.1866 -4.2781 0.4238
W 3.6454 6.1719 -0.9243 -2.1872 -3.7031 0.5546
Mn 3.6104 -0.6755 3.7781 -2.1662 0.4053 -2.2669
Re 3.6583 2.6670 -2.4149 -2.1950 -1.6002 1.4490
Fe 3.6214 0.5847 4.6592 -2.1728 -0.3508 -2.7955
Ru 3.6293 3.5686 0.0000 -2.1776 -2.1412 0.0000
Os 3.6283 5.5935 -0.4478 -2.1770 -3.3561 0.2687
Co 3.6134 -0.7372 6.4001 -2.1680 0.4423 -3.8400
Ir 3.6283 5.5877 -0.4468 -2.1770 -3.3526 0.2681
Ni 3.6144 -0.7502 6.4068 -2.1686 0.4501 -3.8441
Pd 3.6054 6.5625 17.4163 -2.1633 -3.9375 -10.4498
Pt 3.6054 -0.1981 0.4430 -2.1632 0.1188 -0.2658
Li 3.5824 -4.6778 5.4449 -2.1494 2.8067 -3.2670
Be 3.6223 -1.3615 12.0791 -2.1734 0.8169 -7.2475
Mg 3.5894 -4.7582 10.7299 -2.1537 2.8549 -6.4379
Al 3.6144 -2.3666 8.7971 -2.1686 1.4200 -5.2783
Ga 3.6084 -0.7698 3.3979 -2.1650 0.4619 -2.0387
In 3.5924 2.8502 -5.9359 -2.1555 -1.7101 3.5615
Si 3.6194 -1.2059 7.6137 -2.1716 0.7235 -4.5682
Ge 3.6144 -0.1735 3.8653 -2.1686 0.1041 -2.3192
Sn 3.6034 1.9061 0.1569 -2.1620 -1.1437 -0.0941
Pb 3.5954 6.4259 -11.2498 -2.1573 -3.8556 6.7499
Sb 3.6084 4.3987 -4.1927 -2.1650 -2.6392 2.5156
Te 3.6124 1.3402 -1.9842 -2.1674 -0.8041 1.1905
B 3.6343 2.2297 7.1184 -2.1806 -1.3378 -4.2711
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Table B. 4 Ordering energy and interchange energy values for TisoZrsoX; alloy (in
SI units).

TisoZrsoX4
X Wrize Wrix Wz.x Wri-zr Wri-x Wzr-x
J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | 9.5043 - - -5.7026 - -

Ag 9.4152 -1.4949 -24.8601 -5.6491 0.8970 14.9161
Au 9.4126 6.4421 -29.3425 -5.6476 -3.8653 17.6055
Zn 9.4598 -3.6248 11.8721 -5.6759 2.1749 -7.1232
Cd 9.4231 -5.5471 6.2964 -5.6539 3.3283 -3.7778
Cu 9.4493 -5.2025 -1.5468 -5.6696 3.1215 0.9281
Hg 9.4100 -0.5469 -0.6021 -5.6460 0.3281 0.3613
Sc 9.4387 1.3453 11.8023 -5.6632 -0.8072 -7.0814
Y 9.3916 3.0624 0.0667 -5.6350 -1.8375 -0.0400
La 9.3627 11.5445 -3.5544 -5.6176 -6.9267 2.1326
Hf 9.4780 14.8403 -1.0867 -5.6868 -8.9042 0.6520
v 9.5515 0.7781 15.4231 -5.7309 -0.4669 -9.2539
Nb 9.5304 3.8045 -1.1627 -5.7182 -2.2827 0.6976
Cr 9.5069 2.3960 24.3960 -5.7041 -1.4376 -14.6376
Mo 9.5645 18.7131 -1.8537 -5.7387 -11.2279 1.1122
W 9.5673 16.1981 -2.4257 -5.7404 -9.7188 1.4554
Mn 9.4754 -1.7727 9.9156 -5.6852 1.0636 -5.9494
Re 9.6012 6.9995 -6.3380 -5.7607 -4.1997 3.8028
Fe 9.5043 1.5346 12.2280 -5.7026 -0.9207 -7.3368
Ru 9.5251 9.3659 0.0000 -5.7151 -5.6195 0.0000
Os 9.5225 14.6800 -1.1753 -5.7135 -8.8080 0.7052
Co 9.4833 -1.9348 16.7969 -5.6900 1.1609 -10.0781
Ir 9.5225 14.6648 -1.1726 -5.7135 -8.7989 0.7036
Ni 9.4859 -1.9689 16.8146 -5.6915 1.1813 -10.0887
Pd 9.4625 17.2232 45.7087 -5.6775 -10.3339 | -27.4252
Pt 9.4623 -0.5198 1.1626 -5.6774 0.3119 -0.6976
Li 9.4019 -12.2768 14.2901 -5.6412 7.3661 -8.5741
Be 9.5067 -3.5732 31.7015 -5.7040 2.1439 -19.0209
Mg 9.4205 -12.4877 28.1605 -5.6523 7.4926 -16.8963
Al 9.4859 -6.2112 23.0879 -5.6915 3.7267 -13.8528
Ga 9.4702 -2.0204 8.9177 -5.6821 1.2123 -5.3506
In 9.4283 7.4803 -15.5786 -5.6570 -4.4882 9.3472
Si 9.4990 -3.1648 19.9821 -5.6994 1.8989 -11.9892
Ge 9.4859 -0.4552 10.1445 -5.6915 0.2731 -6.0867
Sn 9.4570 5.0026 0.4118 -5.6742 -3.0016 -0.2471
Pb 9.4362 16.8648 -29.5249 -5.6617 -10.1189 17.7149
Sb 9.4702 11.5444 -11.0036 -5.6821 -6.9267 6.6022
Te 9.4807 3.5174 -5.2075 -5.6884 -2.1104 3.1245
B 9.5382 5.8518 18.6822 -5.7229 -3.5111 -11.2093
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Table B. 5 Ordering energy and interchange energy values for TispZrs9X; alloy (in
atomic unit of energy).

TisoZraoX4
X Wrize Wric Wzrc Wri-zr Wri-c Wzrc
a.u(10®) | au(10® | au(10®) | au(10®) | au(10? a.u (10?)
None 3.4960 - - -2.0976

Ag 4.1330 -0.7760 -9.8040 -2.4798 0.4656 5.8824
Au 3.4700 2.2550 -11.0510 -2.0820 -1.3530 6.6306
Zn 3.4900 -1.4050 4.3710 -2.0940 0.8430 -2.6226
Cd 3.4740 -2.1500 2.3400 -2.0844 1.2900 -1.4040
Cu 3.4850 -2.0770 -0.9290 -2.0910 1.2462 0.5574
Hg 3.4690 -0.2830 0.0220 -2.0814 0.1698 -0.0132
Sc 3.4800 0.5260 4.1780 -2.0880 -0.3156 -2.5068
Y 3.4610 1.0310 0.0190 -2.0766 -0.6186 -0.0114
La 3.4490 4.2610 -1.3490 -2.0694 -2.5566 0.8094
Hf 3.4980 5.5460 -0.4070 -2.0988 -3.3276 0.2442
V 3.5290 0.2450 5.4370 -2.1174 -0.1470 -3.2622
Nb 3.5190 1.2790 -0.0466 -2.1114 -0.7674 0.0280
Cr 3.5100 0.9960 9.0120 -2.1060 -0.5976 -5.4072
Mo 3.5350 6.8730 -0.7250 -2.1210 -4.1238 0.4350
W 3.5360 6.0010 -0.9530 -2.1216 -3.6006 0.5718
Mn 3.4960 -0.6650 3.5040 -2.0976 0.3990 -2.1024
Re 3.5500 2.3680 -2.5160 -2.1300 -1.4208 1.5096
Fe 3.5080 0.5970 4.3370 -2.1048 -0.3582 -2.6022
Ru 3.5170 3.4610 0.0000 -2.1102 -2.0766 0.0000
Os 3.5160 5.4920 -0.4410 -2.1096 -3.2952 0.2646
Co 3.4990 -0.7180 6.1190 -2.0994 0.4308 -3.6714
Ir 3.5160 5.4870 -0.4400 -2.1096 -3.2922 0.2640
Ni 3.5000 -0.7320 6.1250 -2.1000 0.4392 -3.6750
Pd 3.4910 6.9690 16.9930 -2.0946 -4.1814 -10.1958
Pt 3.4900 -0.2620 0.7150 -2.0940 0.1572 -0.4290
Li 3.4650 -4.7580 5.5120 -2.0790 2.8548 -3.3072
Be 3.5080 -1.2850 11.9160 -2.1048 0.7710 -7.1496
Mg 3.4730 -4.4770 10.7380 -2.0838 2.6862 -6.4428
Al 3.5010 -2.2600 8.6990 -2.1006 1.3560 -5.2194
Ga 3.4940 -0.8060 3.4140 -2.0964 0.4836 -2.0484
In 3.4780 2.7820 -5.9840 -2.0868 -1.6692 3.5904
Si 3.5060 -1.2000 7.5370 -2.1036 0.7200 -4.5222
Ge 3.5000 -0.1680 3.7580 -2.1000 0.1008 -2.2548
Sn 3.4880 1.9300 0.0180 -2.0928 -1.1580 -0.0108
Pb 3.4800 6.3920 -11.3780 -2.0880 -3.8352 6.8268
Sb 3.4940 4.3970 -4.2280 -2.0964 -2.6382 2.5368
Te 3.4990 1.3030 -2.0540 -2.0994 -0.7818 1.2324
B 3.5220 2.3560 7.5200 -2.1132 -1.4136 -4.5120
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Table B. 6 Ordering energy and interchange energy values for TispZrs9X; alloy (in

SI units).
TisoZraoX4
X Wri.zr Wric Wzic Wrj.zr Wric Wzr-c
J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10*) | J/mol (10%)
None 9.1752 - - -5.5051 - -

Ag 10.8470 -2.0366 -25.7305 -6.5082 1.2220 15.4383
Au 9.1070 5.9182 -29.0032 -5.4642 -3.5509 17.4019
Zn 9.1595 -3.6874 11.4716 -5.4957 2.2124 -6.8830
Cd 9.1175 -5.6426 6.1413 -5.4705 3.3856 -3.6848
Cu 9.1463 -5.4511 -2.4381 -5.4878 3.2706 1.4629
Hg 9.1043 -0.7427 0.0577 -5.4626 0.4456 -0.0346
Sc 9.1332 1.3805 10.9651 -5.4799 -0.8283 -6.5791
Y 9.0833 2.7058 0.0499 -5.4500 -1.6235 -0.0299
La 9.0519 11.1829 -3.5404 -5.4311 -6.7098 2.1243
Hf 9.1805 14.5554 -1.0682 -5.5083 -8.7332 0.6409
\'% 9.2618 0.6430 14.2693 -5.5571 -0.3858 -8.5616
Nb 9.2356 3.3567 -0.1223 -5.5413 -2.0140 0.0734
Cr 9.2119 2.6140 23.6519 -5.5272 -1.5684 -14.1911
Mo 9.2776 18.0381 -1.9028 -5.5665 -10.8229 1.1417
W 9.2802 15.7495 -2.5011 -5.5681 -9.4497 1.5007
Mn 9.1752 -1.7453 9.1962 -5.5051 1.0472 -5.5177
Re 9.3169 6.2148 -6.6032 -5.5902 -3.7289 3.9619
Fe 9.2067 1.5668 11.3824 -5.5240 -0.9401 -6.8294
Ru 9.2303 9.0833 0.0000 -5.5382 -5.4500 0.0000
Os 9.2277 14.4137 -1.1574 -5.5366 -8.6482 0.6944
Co 9.1831 -1.8844 16.0592 -5.5098 1.1306 -9.6355
Ir 9.2277 14.4006 -1.1548 -5.5366 -8.6403 0.6929
Ni 9.1857 -1.9211 16.0750 -5.5114 1.1527 -9.6450
Pd 9.1621 18.2900 44,5979 -5.4972 -10.9740 -26.7587
Pt 9.1595 -0.6876 1.8765 -5.4957 0.4126 -1.1259
Li 9.0938 -12.4873 14.4662 -5.4563 7.4924 -8.6797
Be 9.2067 -3.3725 31.2734 -5.5240 2.0235 -18.7640
Mg 9.1148 -11.7498 28.1817 -5.4689 7.0499 -16.9090
Al 9.1883 -5.9313 22.8304 -5.5130 3.5588 -13.6982
Ga 9.1700 -2.1153 8.9600 -5.5020 1.2692 -5.3760
In 9.1280 7.3013 -15.7049 -5.4768 -4.3808 9.4230
Si 9.2014 -3.1494 19.7808 -5.5209 1.8896 -11.8685
Ge 9.1857 -0.4409 9.8628 -5.5114 0.2645 -5.9177
Sn 9.1542 5.0653 0.0472 -5.4925 -3.0392 -0.0283
Pb 9.1332 16.7757 -29.8614 -5.4799 -10.0654 17.9168
Sb 9.1700 11.5399 -11.0963 -5.5020 -6.9239 6.6578
Te 9.1831 3.4197 -5.3907 -5.5098 -2.0518 3.2344
B 9.2434 6.1833 19.7361 -5.5461 -3.7100 -11.8417
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Table B. 7 Ordering energy and interchange energy values for TisZrs50X; alloy (in
terms of atomic unit of energy).

TiseZrsoX4
X Wri.zr Wrix Wz x Wri-zr Wri-x Wzr-x
a.u(10®) | au(10® | au(10®) | au(10®) | au(10? a.u (10?)
None 3.4960 - - -2.0976 - -

Ag 3.4574 -0.7996 -9.8397 -2.0744 0.4797 5.9038
Au 3.4564 2.2278 -11.0344 -2.0738 -1.3367 6.6206
Zn 3.4764 -1.4080 4.3529 -2.0858 0.8448 -2.6118
Cd 3.4613 -2.1537 16.3343 -2.0768 1.2922 -9.8006
Cu 3.4714 -2.0881 -0.9665 -2.0828 1.2528 0.5799
Hg 3.4554 -0.2923 0.0508 -2.0732 0.1754 -0.0305
Sc 3.4673 0.5272 4.1409 -2.0804 -0.3163 -2.4846
Y 3.4483 1.0153 0.0193 -2.0690 -0.6092 -0.0116
La 3.4363 4.2457 -1.3483 -2.0618 -2.5474 0.8090
Hf 3.4853 5.5327 -0.4064 -2.0912 -3.3196 0.2438
V 3.5164 0.2386 5.3867 -2.1098 -0.1432 -3.2320
Nb 3.5064 1.2603 -0.4690 -2.1038 -0.7562 0.2814
Cr 3.4964 1.0037 8.9761 -2.0979 -0.6022 -5.3857
Mo 3.5224 6.8420 -0.7267 -2.1134 -4.1052 0.4360
W 3.5234 5.9814 -0.9570 -2.1140 -3.5888 0.5742
Mn 3.4834 -0.6639 3.4719 -2.0900 0.3984 -2.0832
Re 3.5384 2.3345 -2.5270 -2.1230 -1.4007 1.5162
Fe 3.4954 0.5984 4.3003 -2.0972 -0.3590 -2.5802
Ru 3.5044 3.4487 0.0000 -2.1026 -2.0692 0.0000
Os 3.5034 5.4806 -0.4402 -2.1020 -3.2884 0.2641
Co 3.4864 -0.7156 6.0852 -2.0918 0.4294 -3.6511
Ir 3.5034 5.4738 -0.4401 -2.1020 -3.2843 0.2641
Ni 3.4873 -0.7295 6.0850 -2.0924 0.4377 -3.6510
Pd 3.4774 7.0095 16.9359 -2.0864 -4.2057 -10.1615
Pt 3.4774 -0.2701 0.7449 -2.0864 0.1620 -0.4470
Li 3.4513 -4.7680 5.5139 -2.0708 2.8608 -3.3084
Be 3.4954 -1.2767 11.8950 -2.0972 0.7660 -7.1370
Mg 3.4594 -4.4467 10.7342 -2.0756 2.6680 -6.4405
Al 3.4874 -2.2485 8.6856 -2.0924 1.3491 -5.2114
Ga 3.4804 -0.8098 3.4146 -2.0882 0.4859 -2.0488
In 3.4634 2.7745 -5.9882 -2.0780 -1.6647 3.5929
Si 3.4934 -1.1987 7.5259 -2.0960 0.7192 -4.5155
Ge 3.4874 -0.1666 3.7455 -2.0924 0.1000 -2.2473
Sn 3.4754 1.9321 0.0024 -2.0852 -1.1593 -0.0014
Pb 3.4673 6.3873 -11.3896 -2.0804 -3.8324 6.8337
Sb 3.4813 4.3964 -4.2308 -2.0888 -2.6378 2.5385
Te 3.4863 1.2987 -2.0609 -2.0918 -0.7792 1.2365
B 3.5094 2.3688 7.5649 -2.1056 -1.4213 -4.5389
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Table B. 8 Ordering energy and interchange energy values for TisZrs50X; alloy (in
SI units).

TiseZrsoX4
X Wrize Wrix W2z.x Wrij-zr Wri-x Wzr-x
J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10*) | J/mol (10%)
None 9.1752 - - -5.5051 - -
Ag 9.0739 -2.0985 -25.8243 -5.4443 1.2591 15.4946
Au 9.0712 5.8469 -28.9595 -5.4427 -3.5082 17.3757
Zn 9.1237 -3.6953 11.4242 -5.4742 2.2172 -6.8545
Cd 9.0842 -5.6525 42.8693 -5.4505 3.3915 -25.7216
Cu 9.1106 -5.4801 -2.5367 -5.4664 3.2881 1.5220
Hg 9.0686 -0.7670 0.1332 -5.4412 0.4602 -0.0799
Sc 9.0999 1.3835 10.8678 -5.4600 -0.8301 -6.5207
Y 9.0501 2.6645 0.0506 -5.4300 -1.5987 -0.0304
La 9.0184 11.1427 -3.5386 -5.4110 -6.6856 2.1231
Hf 9.1472 14.5204 -1.0666 -5.4883 -8.7123 0.6399
\% 9.2287 0.6263 14.1373 -5.5372 -0.3758 -8.4824
Nb 9.2025 3.3077 -1.2308 -5.5215 -1.9846 0.7385
Cr 9.1764 2.6343 23.5576 -5.5058 -1.5806 -14.1346
Mo 9.2445 17.9567 -1.9072 -5.5467 -10.7740 1.1443
W 9.2471 15.6981 -2.5116 -5.5482 -9.4188 1.5070
Mn 9.1421 -1.7425 9.1120 -5.4853 1.0455 -5.4672
Re 9.2864 6.1268 -6.6322 -5.5719 -3.6761 3.9793
Fe 9.1736 1.5704 11.2860 -5.5042 -0.9422 -6.7716
Ru 9.1972 9.0511 0.0000 -5.5183 -5.4307 0.0000
Os 9.1946 14.3838 -1.1553 -5.5168 -8.6303 0.6932
Co 9.1500 -1.8781 15.9706 -5.4900 1.1269 -9.5824
Ir 9.1946 14.3659 -1.1551 -5.5168 -8.6196 0.6931
Ni 9.1524 -1.9147 15.9701 -5.4915 1.1488 -9.5820
Pd 9.1263 18.3964 44.4480 -5.4758 -11.0379 -26.6688
Pt 9.1263 -0.7088 1.9551 -5.4758 0.4253 -1.1730
Li 9.0579 -12.5135 14.4712 -5.4348 7.5081 -8.6827
Be 9.1736 -3.3508 31.2183 -5.5042 2.0105 -18.7310
Mg 9.0791 -11.6702 28.1717 -5.4475 7.0021 -16.9030
Al 9.1526 -5.9010 22.7953 -5.4916 3.5406 -13.6772
Ga 9.1342 -2.1254 8.9617 -5.4805 1.2752 -5.3770
In 9.0896 7.2815 -15.7159 -5.4538 -4.3689 9.4296
Si 9.1683 -3.1460 19.7515 -5.5010 1.8876 -11.8509
Ge 9.1526 -0.4374 9.8301 -5.4916 0.2624 -5.8981
Sn 9.1211 5.0708 0.0062 -5.4727 -3.0425 -0.0037
Pb 9.0999 16.7634 -29.8918 -5.4600 -10.0581 17.9351
Sb 9.1367 11.5382 -11.1036 -5.4820 -6.9229 6.6622
Te 9.1498 3.4085 -5.4088 -5.4899 -2.0451 3.2453
B 9.2103 6.2170 19.8540 -5.5262 -3.7302 -11.9124
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Table B. 9 Ordering energy and interchange energy values for TisZrs9X; alloy (in

atomic unit of energy).

Ti4oZr5gX1
X Wrize Wrix Wzr.x Wri-zr Wri-x Wzr-x
a.u(10®) | au(10® | au(10® | au(10?) | au(10®) | a.u(10?
None 3.3591 - - -2.0154 - -

Ag 3.3311 -1.0159 -10.1340 -1.9986 0.6096 6.0804
Au 3.3301 1.9570 0.0122 -1.9980 -1.1742 -0.0073
Zn 3.3521 -1.4319 4.1849 -2.0112 0.8592 -2.5109
Cd 3.3351 -2.1898 2.2599 -2.0010 1.3139 -1.3559
Cu 3.3461 -2.1850 -1.3081 -2.0076 1.3110 0.7849
Hg 3.3300 -0.3814 0.3107 -1.9980 0.2288 -0.1864
Sc 3.3420 0.5357 3.7990 -2.0052 -0.3214 -2.2794
Y 3.3219 0.8723 0.0133 -1.9932 -0.5234 -0.0080
La 3.3089 4.0881 -1.3401 -1.9854 -2.4528 0.8041
Hf 3.3611 5.4034 -0.3987 -2.0167 -3.2420 0.2392
V 3.3952 0.1815 4.9156 -2.0371 -0.1089 -2.9493
Nb 3.3842 1.0899 -0.4910 -2.0305 -0.6539 0.2946
Cr 3.3732 1.0644 8.6170 -2.0239 -0.6387 -5.1702
Mo 3.4013 6.5549 -0.7492 -2.0408 -3.9329 0.4495
W 3.4032 5.7915 -0.9869 -2.0419 -3.4749 0.5921
Mn 3.3591 -0.6566 3.1750 -2.0154 0.3940 -1.9050
Re 3.4193 2.0236 -2.6283 -2.0516 -1.2141 1.5770
Fe 3.3721 0.6059 3.9525 -2.0233 -0.3636 -2.3715
Ru 3.3821 3.3305 0.0000 -2.0293 -1.9983 0.0000
Os 3.3802 5.3583 -0.4325 -2.0281 -3.2150 0.2595
Co 3.3621 -0.7030 5.7694 -2.0173 0.4218 -3.4616
Ir 3.3802 5.3515 -0.4325 -2.0281 -3.2109 0.2595
Ni 3.3631 -0.7179 5.7751 -2.0178 0.4307 -3.4651
Pd 3.3531 7.3358 16.3481 -2.0118 -4.4015 -9.8088
Pt 3.3521 -0.3503 1.0246 -2.0113 0.2102 -0.6147
Li 3.3249 -4.8625 5.5267 -1.9950 2.9175 -3.3160
Be 3.3721 -1.2069 11.6786 -2.0233 0.7242 -7.0072
Mg 3.3340 -4.1768 10.6611 -2.0004 2.5061 -6.3967
Al 3.3641 -2.1419 8.5453 -2.0184 1.2852 -5.1272
Ga 3.3561 -0.8449 3.4202 -2.0137 0.5069 -2.0521
In 3.3381 2.6935 -6.0121 -2.0028 -1.6161 3.6073
Si 3.3701 -1.1885 7.4214 -2.0221 0.7131 -4.4529
Ge 3.3641 -0.1598 3.6255 -2.0184 0.0959 -2.1753
Sn 3.3511 1.9531 -0.1384 -2.0106 -1.1718 0.0830
Pb 3.3421 6.3394 -11.4695 -2.0052 -3.8036 6.8817
Sb 3.3571 4.3817 -4.2525 -2.0142 -2.6290 2.5515
Te 3.3631 1.2561 -2.1295 -2.0178 -0.7537 1.2777
B 3.3871 2.4820 7.9643 -2.0323 -1.4892 -4.7786
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Table B. 10 Ordering energy and interchange energy values for Tis0ZrsoX; alloy (in
SI units).

Ti4oZr5gX1
X Wrize Wrix Wz.x Wri-zr Wri-x Wzr-x
J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | 8.8158 |- - -5.2895 - -

Ag 8.7423 -2.6663 -26.5964 -5.2454 1.5998 15.9579
Au 8.7397 5.1360 0.0321 -5.2438 -3.0816 -0.0193
Zn 8.7974 -3.7581 10.9832 -5.2785 2.2549 -6.5899
Cd 8.7528 -5.7471 5.9310 -5.2517 3.4483 -3.5586
Cu 8.7817 -5.7346 -3.4332 -5.2690 3.4408 2.0599
Hg 8.7395 -1.0009 0.8154 -5.2437 0.6006 -0.4892
Sc 8.7710 1.4060 9.9705 -5.2626 -0.8436 -5.9823
Y 8.7184 2.2894 0.0349 -5.2310 -1.3736 -0.0209
La 8.6843 10.7291 -3.5171 -5.2106 -6.4374 2.1103
Hf 8.8212 14.1810 -1.0464 -5.2927 -8.5086 0.6278
v 8.9106 0.4763 12.9009 -5.3464 -0.2858 -7.7405
Nb 8.8818 2.8604 -1.2885 -5.3291 -1.7163 0.7731
Cr 8.8529 2.7936 22.6153 -5.3117 -1.6761 -13.5692
Mo 8.9265 17.2032 -1.9662 -5.3559 -10.3219 1.1797
W 8.9316 15.1997 -2.5900 -5.3590 -9.1198 1.5540
Mn 8.8158 -1.7233 8.3327 -5.2895 1.0340 -4.9996
Re 8.9738 5.3109 -6.8980 -5.3843 -3.1865 4.1388
Fe 8.8501 1.5903 10.3734 -5.3101 -0.9542 -6.2240
Ru 8.8763 8.7409 0.0000 -5.3258 -5.2445 0.0000
Os 8.8713 14.0628 -1.1351 -5.3228 -8.4377 0.6811
Co 8.8239 -1.8449 15.1416 -5.2943 1.1070 -9.0850
Ir 8.8713 14.0449 -1.1350 -5.3228 -8.4269 0.6810
Ni 8.8263 -1.8841 15.1567 -5.2958 1.1305 -9.0940
Pd 8.8001 19.2527 42.9053 -5.2800 -11.5516 | -25.7432
Pt 8.7976 -0.9192 2.6890 -5.2786 0.5515 -1.6134
Li 8.7262 -12.7614 14.5047 -5.2357 7.6569 -8.7028
Be 8.8501 -3.1676 30.6504 -5.3101 1.9006 -18.3903
Mg 8.7500 -10.9620 27.9800 -5.2500 6.5772 -16.7880
Al 8.8289 -5.6215 22.4269 -5.2974 3.3729 -13.4561
Ga 8.8081 -2.2174 8.9762 -5.2849 1.3305 -5.3857
In 8.7607 7.0689 -15.7787 -5.2564 -4.2414 9.4672
Si 8.8449 -3.1192 19.4775 -5.3069 1.8715 -11.6865
Ge 8.8289 -0.4195 9.5149 -5.2974 0.2517 -5.7090
Sn 8.7948 5.1258 -0.3632 -5.2769 -3.0755 0.2179
Pb 8.7712 16.6376 -30.1017 -5.2627 -9.9826 18.0610
Sb 8.8106 11.4997 -11.1608 -5.2863 -6.8998 6.6965
Te 8.8263 3.2967 -5.5888 -5.2958 -1.9780 3.3533
B 8.8895 6.5141 20.9022 -5.3337 -3.9084 -12.5413
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Table B. 11 Ordering energy and interchange energy values for TizoZrsoX; alloy (in

atomic unit of energy).

Ti392r60X1
X Wrize Wrix Wzr.x Wri-zr Wri-x Wzr-x
a.u(10®) | au(10® | au(10® | au(10?) | au(10®) | a.u(10?
None 3.3591 - - -2.0154 - -

Ag 3.3170 -1.0406 -10.1643 -1.9902 0.6244 6.0986
Au 3.3160 1.9229 -10.8700 -1.9896 -1.1537 6.5220
Zn 3.3371 -1.4339 4.1660 -2.0022 0.8604 -2.4996
Cd 3.3210 -2.1938 2.2519 -1.9926 1.3163 -1.3511
Cu 3.3320 -2.1960 -1.3460 -1.9992 1.3176 0.8076
Hg 3.3150 -0.3922 0.3402 -1.9890 0.2353 -0.2041
Sc 3.3279 0.5368 3.7604 -1.9968 -0.3221 -2.2562
Y 3.3079 0.8563 0.0123 -1.9847 -0.5138 -0.0074
La 3.2949 4.0693 -1.3392 -1.9769 -2.4416 0.8035
Hf 3.3471 5.3885 -0.3977 -2.0082 -3.2331 0.2386
V 3.3811 0.1746 4.8620 -2.0287 -0.1048 -2.9172
Nb 3.3702 1.0707 -0.4939 -2.0221 -0.6424 0.2963
Cr 3.3591 1.0705 8.5729 -2.0155 -0.6423 -5.1438
Mo 3.3882 6.5212 -0.7520 -2.0329 -3.9127 0.4512
W 3.3892 5.7695 -0.9899 -2.0335 -3.4617 0.5939
Mn 3.3441 -0.6565 3.1404 -2.0064 0.3939 -1.8842
Re 3.4052 1.9886 -2.6393 -2.0431 -1.1932 1.5836
Fe 3.3581 0.6060 3.9138 -2.0149 -0.3636 -2.3483
Ru 3.3681 3.3174 0.0000 -2.0209 -1.9905 0.0000
Os 3.3661 5.3435 -0.4325 -2.0197 -3.2061 0.2595
Co 3.3481 -0.7019 5.7328 -2.0088 0.4211 -3.4397
Ir 3.3661 5.3376 -0.4315 -2.0197 -3.2026 0.2589
Ni 3.3481 -0.7168 5.7306 -2.0088 0.4301 -3.4384
Pd 3.3390 7.3675 16.2743 -2.0034 -4.4205 -9.7646
Pt 3.3381 -0.3601 1.0560 -2.0028 0.2160 -0.6336
Li 3.3099 -4.8726 5.5276 -1.9860 2.9235 -3.3166
Be 3.3571 -1.1999 11.6513 -2.0143 0.7200 -6.9908
Mg 3.3190 -4.1479 10.6490 -1.9914 2.4888 -6.3894
Al 3.3500 -2.1301 8.5277 -2.0100 1.2780 -5.1166
Ga 3.3421 -0.8489 3.4211 -2.0052 0.5093 -2.0526
In 3.3240 2.6836 -6.0136 -1.9944 -1.6102 3.6081
Si 3.3561 -1.1866 7.4078 -2.0136 0.7120 -4.4447
Ge 3.3491 -0.1589 3.6106 -2.0094 0.0953 -2.1663
Sn 3.3370 1.9551 -0.1544 -2.0022 -1.1730 0.0926
Pb 3.3280 6.3336 -11.4763 -1.9968 -3.8001 6.8858
Sb 3.3431 4.3789 -4.2539 -2.0058 -2.6273 2.5523
Te 3.3490 1.2512 -2.1375 -2.0094 -0.7507 1.2825
B 3.3731 2.4940 8.0085 -2.0239 -1.4964 -4.8051
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Table B. 12 Ordering energy and interchange energy values for TizoZrsoX; alloy (in
SI units).

Ti392r60X1
X Wrize Wrix Wz.x Wri-zr Wri-x Wzr-x
J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | 8.8158 |- - -5.2895 |- -

Ag 8.7054 -2.7311 -26.6762 -5.2232 1.6386 16.0057
Au 8.7028 5.0466 -28.5281 -5.2217 -3.0279 17.1168
Zn 8.7581 -3.7633 10.9335 -5.2548 2.2580 -6.5601
Cd 8.7159 -5.7576 5.9100 -5.2295 3.4546 -3.5460
Cu 8.7448 -5.7633 -3.5326 -5.2469 3.4580 2.1195
Hg 8.7002 -1.0293 0.8927 -5.2201 0.6176 -0.5356
Sc 8.7341 1.4088 9.8690 -5.2405 -0.8453 -5.9214
Y 8.6815 2.2474 0.0323 -5.2089 -1.3484 -0.0194
La 8.6473 10.6799 -3.5147 -5.1884 -6.4079 2.1088
Hf 8.7843 14.1420 -1.0438 -5.2706 -8.4852 0.6263
v 8.8737 0.4583 12.7602 -5.3242 -0.2750 -7.6561
Nb 8.8450 2.8101 -1.2962 -5.3070 -1.6860 0.7777
Cr 8.8160 2.8096 22.4995 -5.2896 -1.6858 -13.4997
Mo 8.8923 17.1149 -1.9737 -5.3354 -10.2689 1.1842
W 8.8949 15.1421 -2.5979 -5.3369 -9.0853 1.5587
Mn 8.7764 -1.7229 8.2418 -5.2659 1.0338 -4.9451
Re 8.9369 5.2192 -6.9267 -5.3621 -3.1315 4.1560
Fe 8.8134 1.5904 10.2717 -5.2880 -0.9543 -6.1630
Ru 8.8396 8.7066 0.0000 -5.3038 -5.2240 0.0000
Os 8.8344 14.0239 -1.1350 -5.3006 -8.4143 0.6810
Co 8.7869 -1.8421 15.0457 -5.2722 1.1053 -9.0274
Ir 8.8344 14.0085 -1.1325 -5.3006 -8.4051 0.6795
Ni 8.7869 -1.8813 15.0399 -5.2722 1.1288 -9.0239
Pd 8.7632 19.3359 42.7116 -5.2579 -11.6016 | -25.6269
Pt 8.7607 -0.9450 2.7714 -5.2564 0.5670 -1.6629
Li 8.6869 -12.7880 14.5071 -5.2121 7.6728 -8.7043
Be 8.8107 -3.1492 30.5786 -5.2864 1.8895 -18.3472
Mg 8.7107 -10.8862 27.9481 -5.2264 6.5317 -16.7688
Al 8.7920 -5.5903 22.3808 -5.2752 3.3542 -13.4285
Ga 8.7712 -2.2279 8.9785 -5.2627 1.3368 -5.3871
In 8.7238 7.0432 -15.7826 -5.2343 -4.2259 9.4695
Si 8.8079 -3.1142 19.4416 -5.2848 1.8685 -11.6650
Ge 8.7896 -0.4170 9.4759 -5.2737 0.2502 -5.6855
Sn 8.7579 5.1310 -0.4052 -5.2547 -3.0786 0.2431
Pb 8.7343 16.6224 -30.1193 -5.2406 -9.9734 18.0716
Sb 8.7738 11.4924 -11.1642 -5.2643 -6.8954 6.6985
Te 8.7894 3.2837 -5.6100 -5.2736 -1.9702 3.3660
B 8.8527 6.5455 21.0183 -5.3116 -3.9273 -12.6110

136




Table B. 13 Ordering energy and interchange energy values for TiggCo31X; alloy

(in atomic unit of energy).

Ti68C031X1
X Wrico Wrix Weox Wri-co Wri-x Wco-x
a.u(10®) | au(10® | au(10® | au(10?) | au(10?) | a.u(10?
None 0.3482 - - -0.2089 - -
Ag 0.3204 -8.8528 0.8697 -0.1922 5.3117 -0.5218
Au 0.3204 -7.8234 8.0441 -0.1922 4.6940 -4.8265
Zn 0.3588 -1.2065 0.6130 -0.2153 0.7239 -0.3678
Cd 0.3214 -3.3861 0.1918 -0.1928 2.0317 -0.1151
Cu 0.3343 -4.1094 -0.5318 -0.2006 2.4656 0.3191
Hg 0.3167 -2.7988 6.6461 -0.1900 1.6793 -3.9877
Sc 0.3251 1.1306 0.2954 -0.1951 -0.6784 -0.1773
Y 0.3048 5.0986 7.7077 -0.1829 -3.0592 -4.6246
La 0.2929 7.7282 12.8403 -0.1757 -4.6369 -7.7042
Hf 0.3442 14.9040 18.1065 -0.2065 -8.9424 -10.8639
V 0.3767 -0.5189 -4.8673 -0.2260 0.3114 2.9204
Nb 0.3665 12.7488 12.3314 -0.2199 -7.6493 -7.3988
Cr 0.3581 2.2825 0.3006 -0.2149 -1.3695 -0.1804
Mo 0.3832 22.6138 24.4005 -0.2299 -13.5683 -14.6403
W 0.3832 24.6120 25.2043 -0.2299 -14.7672 -15.1226
Mn 0.3455 -0.0330 0.4944 -0.2073 0.0198 -0.2966
Re 0.3978 17.0625 16.1942 -0.2387 -10.2375 -9.7165
Fe 0.3581 1.1767 0.1712 -0.2149 -0.7060 -0.1027
Ru 0.3655 14.4179 16.0209 -0.2193 -8.6508 -9.6126
Os 0.3645 14.7230 17.9671 -0.2187 -8.8338 -10.7803
Zr 0.3415 14.7247 16.2406 -0.2049 -8.8348 -9.7444
Ir 0.3638 14.6872 17.9426 -0.2183 -8.8123 -10.7656
Ni 0.3489 0.3302 0.0000 -0.2094 -0.1981 0.0000
Pd 0.3390 17.0184 10.0499 -0.2034 -10.2110 -6.0299
Pt 0.3387 -2.0460 7.4790 -0.2032 1.2276 -4.4874
Li 0.3102 -4.3926 -0.4716 -0.1861 2.6356 0.2829
Be 0.3571 2.7098 0.2020 -0.2143 -1.6259 -0.1212
Mg 0.3187 2.8769 -1.6432 -0.1912 -1.7262 0.9859
Al 0.3472 0.2562 -3.2624 -0.2083 -0.1537 1.9575
Ga 0.3397 -1.7542 1.1992 -0.2038 1.0525 -0.7195
In 0.3224 2.0799 10.0083 -0.1934 -1.2480 -6.0050
Si 0.3509 -1.3963 -3.7317 -0.2106 0.8378 2.2390
Ge 0.3445 0.2581 -0.1462 -0.2067 -0.1549 0.0877
Sn 0.3326 6.2202 6.8083 -0.1995 -3.7321 -4.0850
Pb 0.3241 10.5824 19.4103 -0.1945 -6.3495 -11.6462
Sb 0.3363 11.4515 14.9037 -0.2018 -6.8709 -8.9422
Te 0.3397 7.4043 7.1579 -0.2038 -4.4426 -4.2947
B 0.3703 11.4582 17.9834 -0.2222 -6.8749 -10.7901
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Table B. 14 Ordering energy and interchange energy values for TigsCo3:X; alloy
(in SI units).

Ti68C031X1

X Wri.co Wrix Weo-x Wri-co Wri-x Wco-x

J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | 0.9138 -0.5483
Ag 0.8409 -23.2341 2.2824 -0.5045 13.9404 -1.3694
Au 0.8409 -20.5323 21.1117 -0.5045 12.3194 -12.6670
Zn 0.9416 -3.1663 1.6089 -0.5650 1.8998 -0.9653
Cd 0.8435 -8.8869 0.5033 -0.5061 5.3321 -0.3020
Cu 0.8774 -10.7850 -1.3956 -0.5264 6.4710 0.8373
Hg 0.8311 -7.3454 17.4426 -0.4987 4.4073 -10.4656
Sc 0.8533 2.9672 0.7753 -0.5120 -1.7803 -0.4652
Y 0.7999 13.3812 20.2287 -0.4799 -8.0287 -12.1372
La 0.7687 20.2827 33.6992 -0.4612 -12.1696 | -20.2195
Hf 0.9033 39.1154 47.5201 -0.5420 -23.4693 | -28.5121
v 0.9887 -1.3619 -12.7740 -0.5932 0.8172 7.6644
Nb 0.9620 33.4591 32.3635 -0.5772 -20.0755 | -19.4181
Cr 0.9398 5.9905 0.7889 -0.5639 -3.5943 -0.4733
Mo 1.0056 59.3496 64.0388 -0.6034 -35.6097 | -38.4233
W 1.0056 64.5939 66.1485 -0.6034 -38.7563 | -39.6891
Mn 0.9067 -0.0866 1.2976 -0.5440 0.0520 -0.7785
Re 1.0440 44.7803 42.5014 -0.6264 -26.8682 | -25.5009
Fe 0.9398 3.0882 0.4492 -0.5639 -1.8529 -0.2695
Ru 0.9594 37.8396 42.0467 -0.5756 -22.7038 | -25.2280
Os 0.9567 38.6402 47.1545 -0.5740 -23.1841 -28.2927
Zr 0.8962 38.6447 42.6233 -0.5377 -23.1868 | -25.5740
Ir 0.9548 38.5463 47.0902 -0.5729 -23.1278 | -28.2541
Ni 0.9157 0.8666 0.0000 -0.5494 -0.5200 0.0000
Pd 0.8898 44.6645 26.3758 -0.5339 -26.7987 | -15.8255
Pt 0.8890 -5.3697 19.6286 -0.5334 3.2218 -11.7772
Li 0.8142 -11.5283 -1.2376 -0.4885 6.9170 0.7426
Be 0.9372 7.1118 0.5301 -0.5623 -4.2671 -0.3181
Mg 0.8364 7.5505 -4.3127 -0.5018 -4.5303 2.5876
Al 0.9112 0.6724 -8.5623 -0.5467 -0.4034 5.1374
Ga 0.8917 -4.6038 3.1472 -0.5350 2.7623 -1.8883
In 0.8461 5.4588 26.2667 -0.5077 -3.2753 -15.7600
Si 0.9210 -3.6646 -9.7939 -0.5526 2.1987 5.8763
Ge 0.9041 0.6773 -0.3836 -0.5424 -0.4064 0.2302
Sn 0.8728 16.3247 17.8684 -0.5237 -9.7948 -10.7210
Pb 0.8507 27.7735 50.9421 -0.5104 -16.6641 -30.5653
Sb 0.8826 30.0542 39.1146 -0.5296 -18.0325 | -23.4687
Te 0.8917 19.4324 18.7858 -0.5350 -11.6594 | -11.2715
B 0.9718 30.0719 47.1973 -0.5831 -18.0432 | -28.3184
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Table B. 15 Ordering energy and interchange energy values for Tig7Co03,X; alloy

(in atomic unit of energy).

Ti67C032X1
X Wrico Wrix Weox Wri-co Wri-x Wco-x
a.u(10®) | au(10®) | au(10®) | au(10%) | au(10%) | au(10?
None 0.3482 - - -0.2089
Ag 0.3130 -8.8840 0.8538 -0.1878 5.3304 -0.5123
Au 0.3130 -7.8842 7.9830 -0.1878 4.7305 -4.7898
Zn 0.3306 -1.2105 0.6110 -0.1983 0.7263 -0.3666
Cd 0.3140 -3.3871 0.1858 -0.1884 2.0323 -0.1115
Cu 0.3269 -4.1278 -0.5378 -0.1961 2.4767 0.3227
Hg 0.3092 -2.8128 6.6210 -0.1855 1.6877 -3.9726
Sc 0.3177 1.1259 0.2952 -0.1906 -0.6755 -0.1771
Y 0.2973 5.0988 7.6754 -0.1784 -3.0593 -4.6052
La 0.2852 7.7085 12.7949 -0.1711 -4.6251 -7.6770
Hf 0.3370 14.8938 18.0613 -0.2022 -8.9363 -10.8368
V 0.3693 -0.5269 -4.8750 -0.2216 0.3162 2.9250
Nb 0.3591 12.7629 12.2925 -0.2155 -7.6577 -7.3755
Cr 0.3509 2.2737 0.2956 -0.2106 -1.3642 -0.1774
Mo 0.3764 22.5892 24.3196 -0.2259 -13.5535 -14.5918
W 0.3764 24.6042 25.1429 -0.2259 -14.7625 -15.0857
Mn 0.3380 -0.0394 0.4944 -0.2028 0.0237 -0.2966
Re 0.3903 17.0478 16.1177 -0.2342 -10.2287 -9.6706
Fe 0.3509 1.1720 0.1704 -0.2106 -0.7032 -0.1023
Ru 0.3584 14.4241 15.9859 -0.2150 -8.6545 -9.5916
Os 0.3574 14.7137 17.9230 -0.2144 -8.8282 -10.7538
Zr 0.3343 14.7316 16.2054 -0.2006 -8.8389 -9.7232
Ir 0.3571 14.6776 17.8992 -0.2143 -8.8066 -10.7395
Ni 0.3417 0.3230 0.0000 -0.2050 -0.1938 0.0000
Pd 0.3316 16.9803 10.0311 -0.1989 -10.1882 -6.0187
Pt 0.3306 -2.0590 7.4560 -0.1983 1.2354 -4.4736
Li 0.3028 -4.3949 -0.4806 -0.1817 2.6369 0.2883
Be 0.3499 2.7096 0.2013 -0.2100 -1.6258 -0.1208
Mg 0.3110 2.9018 -1.6295 -0.1866 -1.7411 0.9777
Al 0.3397 0.2719 -3.2610 -0.2038 -0.1632 1.9566
Ga 0.3323 -1.7544 1.1847 -0.1994 1.0527 -0.7108
In 0.3150 2.0635 9.9870 -0.1890 -1.2381 -5.9922
Si 0.3435 -1.3896 -3.7445 -0.2061 0.8337 2.2467
Ge 0.3370 0.2601 -0.1569 -0.2022 -0.1561 0.0941
Sn 0.3251 6.2214 6.7959 -0.1951 -3.7329 -4.0775
Pb 0.3167 10.5643 19.3955 -0.1900 -6.3386 -11.6373
Sb 0.3289 11.4400 14.8744 -0.1973 -6.8640 -8.9246
Te 0.3326 7.3983 7.1213 -0.1995 -4.4390 -4.2728
B 0.3635 11.4610 17.9809 -0.2181 -6.8766 -10.7886
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Table B. 16 Ordering energy and interchange energy values for Tig7Co03,X; alloy
(in SI units).

Ti67C032X1

X Wri.co Wrix Weo-x Wri-co Wri-x Wco-x

J/mol (10%) | J/mol (10%) | J/mol (10°) | J/mol (10%) | J/mol (10%) | J/mol (10%
None | 0.9138 -0.5483
Ag 0.8214 -23.3159 2.2407 -0.4928 13.9895 -1.3444
Au 0.8214 -20.6919 20.9513 -0.4928 12.4151 -12.5708
Zn 0.8676 -3.1768 1.6037 -0.5206 1.9061 -0.9622
Cd 0.8240 -8.8895 0.4875 -0.4944 5.3337 -0.2925
Cu 0.8578 -10.8334 -1.4113 -0.5147 6.5001 0.8468
Hg 0.8116 -7.3822 17.3768 -0.4869 4.4293 -10.4261
Sc 0.8337 2.9548 0.7746 -0.5002 -1.7729 -0.4648
Y 0.7804 13.3817 20.1440 -0.4682 -8.0290 -12.0864
La 0.7484 20.2309 33.5801 -0.4490 -12.1385 | -20.1481
Hf 0.8845 39.0885 47.4016 -0.5307 -23.4531 -28.4410
v 0.9691 -1.3829 -12.7943 -0.5815 0.8298 7.6766
Nb 0.9424 33.4961 32.2616 -0.5655 -20.0976 | -19.3570
Cr 0.9210 5.9672 0.7758 -0.5526 -3.5803 -0.4655
Mo 0.9880 59.2851 63.8265 -0.5928 -35.5711 -38.2959
W 0.9880 64.5734 65.9872 -0.5928 -38.7440 | -39.5923
Mn 0.8871 -0.1035 1.2976 -0.5323 0.0621 -0.7785
Re 1.0244 44.7418 42.3008 -0.6147 -26.8451 -25.3805
Fe 0.9210 3.0758 0.4473 -0.5526 -1.8455 -0.2684
Ru 0.9405 37.8558 41.9548 -0.5643 -22.7135 | -25.1729
Os 0.9379 38.6159 47.0386 -0.5627 -23.1695 | -28.2232
Zr 0.8774 38.6628 42.5308 -0.5264 -23.1977 | -25.5185
Ir 0.9372 38.5212 46.9762 -0.5623 -23.1127 | -28.1857
Ni 0.8969 0.8478 0.0000 -0.5381 -0.5087 0.0000
Pd 0.8702 445646 26.3265 -0.5221 -26.7388 | -15.7959
Pt 0.8676 -5.4038 19.5680 -0.5206 3.2423 -11.7408
Li 0.7947 -11.5343 -1.2612 -0.4768 6.9206 0.7567
Be 0.9184 7.1113 0.5282 -0.5510 -4.2668 -0.3169
Mg 0.8161 7.6157 -4.2767 -0.4897 -4.5694 2.5660
Al 0.8917 0.7137 -8.5585 -0.5350 -0.4282 5.1351
Ga 0.8721 -4.6045 3.1093 -0.5233 2.7627 -1.8656
In 0.8266 5.4156 26.2107 -0.4960 -3.2494 -15.7264
Si 0.9014 -3.6469 -9.8273 -0.5409 2.1881 5.8964
Ge 0.8845 0.6826 -0.4118 -0.5307 -0.4096 0.2471
Sn 0.8533 16.3281 17.8357 -0.5120 -9.7968 -10.7014
Pb 0.8311 27.7258 50.9033 -0.4987 -16.6355 | -30.5420
Sb 0.8631 30.0242 39.0376 -0.5178 -18.0145 | -23.4225
Te 0.8728 19.4166 18.6897 -0.5237 -11.6500 | -11.2138
B 0.9541 30.0794 47.1907 -0.5725 -18.0476 | -28.3144
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APPENDIX C

Table C. 1 AHY, S°, AS“* ASM An/no and critical cooling rate for TigoZrz;oX,
alloy (in SI units).

Ti602r39X1
X AHY s’ AS'ee ASM An/no R.
J/mol (10%) | J/mol.K J/mol.K | J/mol.K K/s (10°)
None -1.3686 0.3871 5.5927 5.9799 0.9084 4.5131
Ag -1.2636 0.3867 5.9813 6.3680 0.8387 5.0038
Au -1.2809 0.3870 5.9813 6.3683 0.8502 4.7158
Zn -1.3478 0.3945 5.9813 6.3758 0.8946 3.8702

Cd -1.3223 0.3836 5.9813 6.3650 0.8776 4.2036
Cu -1.3091 0.4254 5.9813 6.4067 0.8689 4.2329
Hg -1.3224 0.3821 5.9813 6.3634 0.8778 4.1788
Sc -1.3623 0.3935 5.9813 6.3748 0.9042 3.7142

Y -1.3347 0.4498 5.9813 6.4311 0.8859 3.8292
La -1.3527 0.4955 5.9813 6.4768 0.8978 3.4723
Hf -1.3861 0.3844 5.9813 6.3657 0.9200 3.4492
Vv -1.3847 0.4134 5.9813 6.3947 0.9191 3.4108
Nb -1.3533 0.3887 5.9813 6.3701 0.8983 3.8173
Cr -1.4050 0.4356 5.9813 6.4169 0.9325 3.1469
Mo -1.4102 0.4012 5.9813 6.3825 0.9360 3.1811
W -1.4005 0.4002 5.9813 6.3815 0.9296 3.2569

Mn -1.3518 0.4042 5.9813 6.3856 0.8972 3.7948
Re -1.3628 0.3984 5.9813 6.3798 0.9046 3.6525
Fe -1.3732 0.4385 5.9813 6.4198 0.9114 3.4530
Ru -1.3752 0.4072 5.9813 6.3885 0.9128 3.5144
Os -1.3912 0.4037 5.9813 6.3850 0.9234 3.3370
Co -1.3684 0.4349 5.9813 6.4162 0.9082 3.5135

Ir -1.3912 0.4025 5.9813 6.3838 0.9234 3.3404
Ni -1.3686 0.4367 5.9813 6.4181 0.9084 3.5050
Pd -1.5020 0.3983 5.9813 6.3797 0.9970 2.4176
Pt -1.3337 0.3959 5.9813 6.3773 0.8852 3.9934
Li -1.3144 0.3820 5.9813 6.3633 0.8724 4.3458

Be -1.4001 0.4878 5.9813 6.4691 0.9293 3.0609
Mg -1.3480 0.3870 5.9813 6.3683 0.8947 3.9053

Al -1.3678 0.3884 5.9813 6.3697 0.9079 3.6738
Ga -1.3476 0.3949 5.9813 6.3763 0.8945 3.8688
In -1.3191 0.3974 5.9813 6.3787 0.8755 4.1924
Si -1.3735 0.4758 5.9813 6.4571 0.9116 3.3462
Ge -1.3584 0.4390 5.9813 6.4203 0.9016 3.6039
Sn -1.3512 0.3897 5.9813 6.3710 0.8969 3.8303
Pb -1.3214 0.4262 5.9813 6.4075 0.8770 4.0322
Sb -1.3499 0.3820 5.9813 6.3633 0.8960 3.8713
Te -1.3361 0.3859 5.9813 6.3672 0.8868 4.0200
B -1.4076 0.6709 5.9813 6.6522 0.9343 2.5506

141



Table C. 2 AHY, S°, AS“* ASM An/no and critical cooling rate for TisoZrs X,
alloy (in SI units).

TisoZrsoX4
X AHM s° AS' AS™ An/ng R.
J/mol (10%) | J/mol.K | J/mol.K J/mol.K K/s (10°)

None -1.3686 0.3871 5.5927 5.9799 0.9084 4.5131
Ag -1.2682 0.3890 6.0154 6.4043 0.8418 4.8175
Au -1.2852 0.3893 6.0154 6.4047 0.8530 4.5458
Zn -1.3552 0.3968 6.0154 6.4122 0.8995 3.6955
Cd -1.3298 0.3856 6.0154 6.4010 0.8826 4.0136
Cu -1.3159 0.4279 6.0154 6.4432 0.8734 4.0484
Hg -1.3291 0.3842 6.0154 6.3996 0.8822 4.0004
Sc -1.3696 0.3953 6.0154 6.4107 0.9091 3.5487
Y -1.3409 0.4510 6.0154 6.4664 0.8900 3.6733
La -1.3581 0.4964 6.0154 6.5118 0.9014 3.3395
Hf -1.3920 0.3863 6.0154 6.4017 0.9239 3.3096
V -1.3923 0.4159 6.0154 6.4313 0.9241 3.2543
Nb -1.3602 0.3910 6.0154 6.4064 0.9028 3.6510
Cr -1.4132 0.4381 6.0154 6.4535 0.9380 2.9967
Mo -1.4161 0.4036 6.0154 6.4190 0.9399 3.0510
W -1.4062 0.4026 6.0154 6.4180 0.9334 3.1250
Mn -1.3592 0.4067 6.0154 6.4220 0.9022 3.6222
Re -1.3691 0.4008 6.0154 6.4162 0.9087 3.4993
Fe -1.3806 0.4411 6.0154 6.4564 0.9164 3.2962
Ru -1.3819 0.4097 6.0154 6.4250 0.9172 3.3627
Os -1.3975 0.4061 6.0154 6.4215 0.9276 3.1968
Co -1.3763 0.4374 6.0154 6.4528 0.9135 3.3489
Ir -1.3975 0.4049 6.0154 6.4202 0.9276 3.2001
Ni -1.3766 0.4393 6.0154 6.4547 0.9137 3.3405
Pd -1.5106 0.4007 6.0154 6.4161 1.0026 2.3005
Pt -1.3408 0.3983 6.0154 6.4137 0.8900 3.8160
Li -1.3221 0.3841 6.0154 6.3995 0.8776 4.1457
Be -1.4096 0.4904 6.0154 6.5058 0.9356 2.9040
Mg -1.3573 0.3889 6.0154 6.4043 0.9009 3.7089
Al -1.3766 0.3907 6.0154 6.4060 0.9137 3.4934
Ga -1.3552 0.3973 6.0154 6.4127 0.8995 3.6921
In -1.3241 0.3991 6.0154 6.4145 0.8789 4.0337
Si -1.3818 0.4784 6.0154 6.4938 0.9172 3.1854
Ge -1.3659 0.4415 6.0154 6.4569 0.9066 3.4389
Sn -1.3578 0.3916 6.0154 6.4069 0.9012 3.6682
Pb -1.3250 0.4276 6.0154 6.4430 0.8795 3.8973
Sb -1.3554 0.3841 6.0154 6.3995 0.8997 3.7178
Te -1.3424 0.3881 6.0154 6.4035 0.8910 3.8511
B -1.4162 0.6735 6.0154 6.6889 0.9400 2.4263
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Table C. 3 AHY, S°, AS“* ASM An/no and critical cooling rate for TisoZrsX,
alloy (in SI units).

TisoZraoX4
X AH" s’ AS e ASM An/ne R.
J/mol (10%) | J/mol.K | J/mol.K J/mol.K K/s (10°)

None -1.3763 0.3916 5.7601 6.1516 0.9011 3.8489
Ag -1.5128 0.3947 6.1674 6.5621 0.9904 2.0300
Au -1.2712 0.3950 6.1674 6.5624 0.8323 4.1704
Zn -1.3691 0.4033 6.1674 6.5707 0.8964 3.1131
Cd -1.3414 0.3889 6.1674 6.5563 0.8782 3.4154
Cu -1.3210 0.4357 6.1674 6.6031 0.8649 3.4967
Hg -1.3363 0.3888 6.1674 6.5562 0.8749 3.4472
Sc -1.3790 0.3969 6.1674 6.5643 0.9028 3.0438
Y -1.3435 0.4477 6.1674 6.6151 0.8796 3.2271
La -1.3538 0.4902 6.1674 6.6576 0.8863 3.0029
Hf -1.3901 0.3894 6.1674 6.5569 0.9101 2.9351
V -1.4054 0.4233 6.1674 6.5907 0.9201 2.7451
Nb -1.3673 0.3970 6.1674 6.5644 0.8952 3.1409
Cr -1.4315 0.4462 6.1674 6.6136 0.9372 2.4864
Mo -1.4123 0.4105 6.1674 6.5779 0.9247 2.7102
W -1.4041 0.4094 6.1674 6.5768 0.9193 2.7634
Mn -1.3706 0.4137 6.1674 6.5811 0.8973 3.0734
Re -1.3688 0.4075 6.1674 6.5749 0.8962 3.0773
Fe -1.3915 0.4492 6.1674 6.6166 0.9111 2.7959
Ru -1.3841 0.4168 6.1674 6.5842 0.9062 2.9327
Os -1.3963 0.4131 6.1674 6.5805 0.9142 2.8184
Co -1.3915 0.4454 6.1674 6.6128 0.9110 2.8052
Ir -1.3963 0.4118 6.1674 6.5792 0.9142 2.8214
Ni -1.3918 0.4474 6.1674 6.6148 0.9112 2.7978
Pd -1.5328 0.4074 6.1674 6.5748 1.0036 1.8898
Pt -1.3499 0.4049 6.1674 6.5723 0.8838 3.2633
Li -1.3419 0.3884 6.1674 6.5558 0.8785 3.4382
Be -1.4352 0.4992 6.1674 6.6666 0.9397 2.3537
Mg -1.3875 0.3914 6.1674 6.5588 0.9084 2.9855
Al -1.4000 0.3966 6.1674 6.5640 0.9166 2.8615
Ga -1.3680 0.4038 6.1674 6.5712 0.8956 3.1212
In -1.3175 0.4002 6.1674 6.5676 0.8626 3.6324
Si -1.4013 0.4871 6.1674 6.6545 0.9175 2.6306
Ge -1.3780 0.4496 6.1674 6.6171 0.9022 2.9078
Sn -1.3610 0.3937 6.1674 6.5611 0.8911 3.2048
Pb -1.3051 0.4260 6.1674 6.5934 0.8545 3.6615
Sb -1.3500 0.3882 6.1674 6.5556 0.8839 3.3282
Te -1.3443 0.3937 6.1674 6.5611 0.8802 3.3675
B -1.4354 0.6822 6.1674 6.8496 0.9398 2.0006
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Table C. 4 AH, S°, AS“* ASM An/no and critical cooling rate for TioZrsoX,
alloy (in SI units).

TiagZrsoX4
X AHM s° AS'e As™ An/ng R.
J/mol (10%) | J/mol.K | J/mol.K | J/molK K/s (10°)

None -1.3763 0.3916 5.7601 6.1516 0.9011 3.8489
Ag -1.2502 0.3937 6.1674 6.5611 0.8185 4.4620
Au -1.2638 0.3941 6.1674 6.5615 0.8274 4.2552
Zn -1.3646 0.4024 6.1674 6.5698 0.8934 3.1482
Cd -1.4474 0.3877 6.1674 6.5551 0.9476 2.4780
Cu -1.3155 0.4350 6.1674 6.6024 0.8613 3.5458
Hg -1.3312 0.3877 6.1674 6.5551 0.8716 3.4926
Sc -1.3744 0.3955 6.1674 6.5629 0.8998 3.0804
Y -1.3383 0.4458 6.1674 6.6132 0.8762 3.2731
La -1.3478 0.4880 6.1674 6.6554 0.8825 3.0534
Hf -1.3841 0.3882 6.1674 6.5556 0.9062 2.9820
V -1.4009 0.4226 6.1674 6.5900 0.9172 2.7757
Nb -1.3588 0.3961 6.1674 6.5635 0.8896 3.2154
Cr -1.4273 0.4455 6.1674 6.6129 0.9345 2.5116
Mo -1.4060 0.4097 6.1674 6.5771 0.9205 2.7556
W -1.3979 0.4086 6.1674 6.5760 0.9153 2.8085
Mn -1.3661 0.4129 6.1674 6.5803 0.8944 3.1074
Re -1.3632 0.4067 6.1674 6.5741 0.8925 3.1223
Fe -1.3870 0.4485 6.1674 6.6159 0.9081 2.8274
Ru -1.3786 0.4160 6.1674 6.5834 0.9026 2.9746
Os -1.3904 0.4123 6.1674 6.5797 0.9103 2.8620
Co -1.3874 0.4447 6.1674 6.6121 0.9084 2.8324
Ir -1.3904 0.4110 6.1674 6.5784 0.9103 2.8653
Ni -1.3877 0.4467 6.1674 6.6141 0.9085 2.8255
Pd -1.5290 0.4066 6.1674 6.5740 1.0011 1.9071
Pt -1.3454 0.4040 6.1674 6.5714 0.8808 3.3006
Li -1.3381 0.3873 6.1674 6.5547 0.8761 3.4693
Be -1.4323 0.4986 6.1674 6.6660 0.9378 2.3681
Mg -1.3848 0.3901 6.1674 6.5576 0.9067 3.0034
Al -1.3965 0.3956 6.1674 6.5630 0.9143 2.8855
Ga -1.3634 0.4029 6.1674 6.5703 0.8926 3.1574
In -1.3104 0.3988 6.1674 6.5662 0.8580 3.7042
Si -1.3978 0.4865 6.1674 6.6539 0.9151 2.6522
Ge -1.3736 0.4490 6.1674 6.6164 0.8993 2.9386
Sn -1.3557 0.3923 6.1674 6.5597 0.8876 3.2499
Pb -1.2973 0.4243 6.1674 6.5917 0.8494 3.7429
Sb -1.3437 0.3871 6.1674 6.5545 0.8797 3.3845
Te -1.3388 0.3927 6.1674 6.5601 0.8765 3.4162
B -1.4318 0.6816 6.1674 6.8490 0.9374 2.0172
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Table C. 5 AH, S°, AS“* ASM An/no and critical cooling rate for TioZrsoX,
alloy (in SI units).

TisoZrsoX4
X AHM s° AS'e As™ An/ng R.
J/mol (10%) | J/mol.K | J/mol.K | J/mol.K K/s (10°)

None -1.2695 0.3653 5.5927 5.9580 0.8070 5.5554
Ag -1.1374 0.3716 6.0154 6.3870 0.7230 6.4537
Au -1.2500 0.3720 6.0154 6.3874 0.7946 4.5698
Zn -1.2756 0.3810 6.0154 6.3964 0.8109 4.2340
Cd -1.2466 0.3635 6.0154 6.3788 0.7925 4.6792
Cu -1.2176 0.4148 6.0154 6.4302 0.7740 4.8891
Hg -1.2380 0.3645 6.0154 6.3799 0.7870 4.7689
Sc -1.2806 0.3696 6.0154 6.3850 0.8141 4.2194
Y -1.2401 0.4154 6.0154 6.4308 0.7883 4.5576
La -1.2430 0.4550 6.0154 6.4704 0.7902 4.3442
Hf -1.2794 0.3638 6.0154 6.3791 0.8133 4.2194
V -1.3086 0.4021 6.0154 6.4174 0.8318 3.7650
Nb -1.2600 0.3742 6.0154 6.3896 0.8010 4.4570
Cr -1.3403 0.4255 6.0154 6.4409 0.8520 3.3491
Mo -1.2983 0.3887 6.0154 6.4040 0.8253 3.9184
W -1.2920 0.3875 6.0154 6.4029 0.8213 3.9739
Mn -1.2737 0.3920 6.0154 6.4074 0.8097 4.2187
Re -1.2590 0.3855 6.0154 6.4009 0.8003 4.3961
Fe -1.2937 0.4286 6.0154 6.4440 0.8224 3.8415
Ru -1.2779 0.3953 6.0154 6.4107 0.8123 4.1406
Os -1.2859 0.3914 6.0154 6.4068 0.8174 4.0318
Co -1.2986 0.4248 6.0154 6.4402 0.8255 3.7975
Ir -1.2859 0.3901 6.0154 6.4054 0.8174 4.0367
Ni -1.2989 0.4268 6.0154 6.4421 0.8257 3.7872
Pd -1.4442 0.3854 6.0154 6.4008 0.9181 2.5323
Pt -1.2531 0.3827 6.0154 6.3981 0.7966 4.4846
Li -1.2564 0.3640 6.0154 6.3794 0.7987 4.5743
Be -1.3541 0.4793 6.0154 6.4947 0.8608 3.0688
Mg -1.3117 0.3652 6.0154 6.3806 0.8339 3.8635
Al -1.3161 0.3737 6.0154 6.3891 0.8366 3.7832
Ga -1.2737 0.3816 6.0154 6.3969 0.8097 4.2548
In -1.2016 0.3725 6.0154 6.3878 0.7639 5.3126
Si -1.3139 0.4671 6.0154 6.4825 0.8352 3.4972
Ge -1.2829 0.4291 6.0154 6.4445 0.8155 3.9629
Sn -1.2564 0.3670 6.0154 6.3823 0.7987 4.5275
Pb -1.1754 0.3955 6.0154 6.4109 0.7472 5.5949
Sb -1.2357 0.3636 6.0154 6.3790 0.7855 4.8321
Te -1.2379 0.3705 6.0154 6.3859 0.7869 4.7672
B -1.3484 0.6622 6.0154 6.6776 0.8572 2.6423
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Table C. 6 AH, S°, AS“* ASM An/no and critical cooling rate for TizoZreoX,
alloy (in SI units).

Ti392r60X1
X AH" s’ AS'ee ASM An/no R.
J/mol (10%) | J/mol.K | J/mol.K | J/mol.K K/s (10°)

None -1.2695 0.3653 5.5927 5.9580 0.8070 5.5554
Ag -1.1198 0.3677 5.9813 6.3490 0.7119 6.9412
Au -1.1310 0.3681 5.9813 6.3495 0.7190 6.6695
Zn -1.2602 0.3772 5.9813 6.3585 0.8011 4.5240
Cd -1.2315 0.3593 5.9813 6.3407 0.7829 4.9966
Cu -1.2016 0.4111 5.9813 6.3924 0.7638 5.2330
Hg -1.2223 0.3605 5.9813 6.3418 0.7770 5.1013
Sc -1.2651 0.3653 5.9813 6.3466 0.8042 4.5125
Y -1.2243 0.4107 5.9813 6.3920 0.7782 4.8814
La -1.2264 0.4499 5.9813 6.4312 0.7796 4.6635
Hf -1.2627 0.3596 5.9813 6.3409 0.8027 4.5286
V -1.2929 0.3983 5.9813 6.3796 0.8219 4.0260
Nb -1.2438 0.3703 5.9813 6.3516 0.7906 4.7743
Cr -1.3253 0.4219 5.9813 6.4032 0.8425 3.5737
Mo -1.2814 0.3849 5.9813 6.3662 0.8146 4.2058
W -1.2749 0.3837 5.9813 6.3651 0.8105 4.2681
Mn -1.2579 0.3883 5.9813 6.3696 0.7996 4.5134
Re -1.2420 0.3817 5.9813 6.3631 0.7895 4.7201
Fe -1.2781 0.4249 5.9813 6.4063 0.8125 4.1068
Ru -1.2615 0.3915 5.9813 6.3729 0.8019 4.4376
Os -1.2691 0.3876 5.9813 6.3690 0.8067 4.3267
Co -1.2835 0.4211 5.9813 6.4024 0.8159 4.0534
Ir -1.2690 0.3863 5.9813 6.3676 0.8067 4.3318
Ni -1.2834 0.4231 5.9813 6.4044 0.8159 4.0475
Pd -1.4294 0.3816 5.9813 6.3630 0.9086 2.7011
Pt -1.2378 0.3789 5.9813 6.3602 0.7868 4.7904
Li -1.2419 0.3600 5.9813 6.3413 0.7895 4.8741
Be -1.3397 0.4757 5.9813 6.4570 0.8517 3.2679
Mg -1.2981 0.3610 5.9813 6.3423 0.8252 4.1076
Al -1.3019 0.3698 5.9813 6.3512 0.8276 4.0278
Ga -1.2586 0.3777 5.9813 6.3591 0.8001 4.5422
In -1.1845 0.3681 5.9813 6.3494 0.7530 5.7092
Si -1.2993 0.4635 5.9813 6.4448 0.8260 3.7266
Ge -1.2672 0.4254 5.9813 6.4067 0.8055 4.2371
Sn -1.2402 0.3627 5.9813 6.3440 0.7884 4.8514
Pb -1.1568 0.3909 5.9813 6.3722 0.7353 6.0410
Sb -1.2185 0.3595 5.9813 6.3409 0.7746 5.1912
Te -1.2215 0.3666 5.9813 6.3479 0.7765 5.1099
B -1.3339 0.6586 5.9813 6.6399 0.8480 2.8149
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Table C. 7 AH, S°, AS“*, ASM, An/no and critical cooling rate for TiggCo3 X,
alloy (in SI units).

Ti68C031X1
X AHM s’ AS'ee ASM An/no R.
J/mol (10%) | J/mol.K | J/mol.K | J/molK K/s (107)
None -0.1193 0.8795 5.2093 6.0888 0.1002 3.1960
Ag -0.0158 0.8593 5.5791 6.4383 0.0133 3.7550
Au -0.0619 0.8591 5.5791 6.4382 0.0519 3.2420
Zn -0.1092 0.8582 5.5791 6.4372 0.0917 2.8493
Cd -0.0714 0.8834 5.5791 6.4625 0.0599 3.1233
Cu -0.0644 0.8729 5.5791 6.4520 0.0541 3.2280
Hg -0.1076 0.8681 5.5791 6.4471 0.0904 2.8068
Sc -0.1215 0.9130 5.5791 6.4921 0.1020 2.6491
Y -0.1934 1.0237 5.5791 6.6027 0.1624 1.9685
La -0.2427 1.1012 5.5791 6.6803 0.2038 1.6013
Hf -0.3622 0.8865 5.5791 6.4656 0.3042 1.2909
V -0.0957 0.8656 5.5791 6.4447 0.0804 2.9559
Nb -0.3184 0.8584 5.5791 6.4375 0.2674 1.5142
Cr -0.1448 0.8800 5.5791 6.4591 0.1216 2.5249
Mo -0.4884 0.8599 5.5791 6.4390 0.4102 0.9066
W -0.5138 0.8595 5.5791 6.4386 0.4314 0.8332

Mn -0.1167 0.8611 5.5791 6.4401 0.0980 2.7825
Re -0.3938 0.8590 5.5791 6.4381 0.3307 1.1956

Fe -0.1323 0.8822 5.5791 6.4612 0.1111 2.6166
Ru -0.3539 0.8624 5.5791 6.4415 0.2972 1.3558
Os -0.3664 0.8608 5.5791 6.4399 0.3077 1.2963
Zr -0.3503 0.8795 5.5791 6.4586 0.2942 1.3407

Ir -0.3656 0.8603 5.5791 6.4394 0.3070 1.2994
Ni -0.1194 0.8809 5.5791 6.4599 0.1002 2.7222
Pd -0.3438 0.8590 5.5791 6.4381 0.2887 1.4002
Pt -0.1270 0.8584 5.5791 6.4375 0.1067 2.6663
Li -0.0536 0.8700 5.5791 6.4491 0.0450 3.3590
Be -0.1485 0.9228 5.5791 6.5018 0.1247 2.4342
Mg -0.1286 0.8954 5.5791 6.4744 0.1080 2.6303
Al -0.1021 0.8585 5.5791 6.4376 0.0857 2.9211
Ga -0.0998 0.8582 5.5791 6.4373 0.0838 2.9290
In -0.1781 0.9223 5.5791 6.5014 0.1496 2.2047
Si -0.0833 0.9123 5.5791 6.4914 0.0700 2.9777
Ge -0.1164 0.8825 5.5791 6.4616 0.0977 2.7397
Sn -0.2102 0.9032 5.5791 6.4823 0.1765 2.0275
Pb -0.3157 0.9808 5.5791 6.5599 0.2651 1.3877
Sb -0.3070 0.8725 5.5791 6.4516 0.2578 1.5474
Te -0.2270 0.8598 5.5791 6.4389 0.1906 1.9847
B -0.3334 1.1028 5.5791 6.6819 0.2800 1.2326
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Table C. 8 AHY, S°, AS“*, ASM, An/no and critical cooling rate for Tig7Co3X,
alloy (in SI units).

Ti67C032X1
X AH" s’ AS e ASM An/ne R.
J/mol (10%) | J/mol.K | J/mol.K | J/mol.K K/s (107)

None -0.1193 0.8795 5.2093 6.0888 0.1002 3.1960
Ag -0.0162 0.8780 5.6424 6.5204 0.0136 3.5986
Au -0.0627 0.8778 5.6424 6.5202 0.0527 3.1030
Zn -0.1019 0.8767 5.6424 6.5191 0.0856 2.7948
Cd -0.0712 0.9027 5.6424 6.5451 0.0598 2.9973
Cu -0.0641 0.8911 5.6424 6.5335 0.0538 3.1012
Hg -0.1081 0.8870 5.6424 6.5295 0.0908 2.6888
Sc -0.1206 0.9327 5.6424 6.5751 0.1013 2.5468
Y -0.1929 1.0444 5.6424 6.6868 0.1620 1.8893
La -0.2421 1.1226 5.6424 6.7650 0.2033 1.5364
Hf -0.3619 0.9058 5.6424 6.5482 0.3039 1.2394
Vv -0.0945 0.8839 5.6424 6.5263 0.0794 2.8473
Nb -0.3178 0.8771 5.6424 6.5195 0.2669 1.4554
Cr -0.1440 0.8981 5.6424 6.5406 0.1209 2.4298
Mo -0.4880 0.8783 5.6424 6.5207 0.4098 0.8713
W -0.5134 0.8780 5.6424 6.5204 0.4311 0.8007
Mn -0.1162 0.8795 5.6424 6.5219 0.0976 2.6749
Re -0.3929 0.8775 5.6424 6.5199 0.3299 1.1507
Fe -0.1317 0.9003 5.6424 6.5427 0.1106 2.5163
Ru -0.3537 0.8807 5.6424 6.5232 0.2970 1.3021
Os -0.3662 0.8792 5.6424 6.5216 0.3075 1.2448
Zr -0.3499 0.9153 5.6424 6.5577 0.2939 1.2872
Ir -0.3656 0.8788 5.6424 6.5212 0.3070 1.2472
Ni -0.1188 0.8990 5.6424 6.5414 0.0998 2.6176
Pd -0.3416 0.8775 5.6424 6.5199 0.2869 1.3527
Pt -0.1275 0.8769 5.6424 6.5193 0.1070 2.5558
Li -0.0534 0.8891 5.6424 6.5315 0.0449 3.2244
Be -0.1477 0.9407 5.6424 6.5831 0.1241 2.3426
Mg -0.1274 0.9148 5.6424 6.5572 0.1070 2.5316
Al -0.1011 0.8772 5.6424 6.5196 0.0849 2.8108
Ga -0.0996 0.8768 5.6424 6.5192 0.0837 2.8126
In -0.1784 0.9421 5.6424 6.5845 0.1498 2.1122
Si -0.0824 0.9303 5.6424 6.5727 0.0692 2.8663
Ge -0.1157 0.9006 5.6424 6.5430 0.0972 2.6352
Sn -0.2097 0.9228 5.6424 6.5652 0.1761 1.9478
Pb -0.3161 1.0012 5.6424 6.6436 0.2655 1.3283
Sb -0.3067 0.8916 5.6424 6.5340 0.2575 1.4859
Te -0.2262 0.8786 5.6424 6.5210 0.1900 1.9088
B -0.3343 1.1206 5.6424 6.7630 0.2807 1.1804
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