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Abstract

The aim of the present thesis is the development of a new platinum-based bulk metallic
glass based on the ternary system of Pt-B-Si that i) complies with the hallmarking standard
Pt 850 (i.e. with at least 85 wt.-pct of platinum); ii) provides high hardness (HV>600) and
iii) has a critical casting diameter larger than 5 mm. To this end, the low melting point are-
as in the Pt-B-Si ternary system have first been established. Then, the partial substitution
of platinum by various transition metals (TM) as well as partial substitution of silicon by
germanium and its concomitant effect on the characteristic temperatures of the metallic
glass, i.e. the temperature of glass transition, Ty, the temperature of crystallization, Tx, as
well as the solidus, Ts, and liquidus temperature, Ti, have been assessed. Particular atten-

tion was given to the evolution of the temperature difference A T=Tx-Tqy that characterizes

the formability of the alloy in its supercooled liquid region.

A ternary eutectic valley has been located between the binary eutectics of Pt71B2s and
Pt73Si27z with a ternary eutectic point at a composition of PtzsB1sSi12 with a Ts of about
700°C. Another region of low Ts was the composition line connecting this ternary eutectic

to a second binary eutectic PtssBa2.

Among the TMs’ studied, copper lowered the melting point of the alloy most efficiently in
the region of 620°C and raised the Ty from around 250 to 280°C at substitution of one
fourth.

Starting from the ternary eutectic point and advancing along the low melting point valley
towards the second eutectic (PtssB42), the most promising composition was found at
PtsoCu16.6Si0.4B24 with a melting range of 570-630°C and a Ty of roughly 300°C. For this
composition, the partial substitution of silicon by germanium by up to one third had shifted
the primary crystallization of «-Pt and B4Si to the temperature of a secondary crystalliza-

tion of a so far unknown compound. The optimized alloy exhibiting 5 mm critical casting

diameter was found to be Pt49.95Sis.4B24Ge3Cu1s.65 with 4 T of 50 °C.



The unknown crystalline compound mentioned above was characterized by synchrotron X-
ray diffraction and resulted in the identification of a new hexagonal phase with lattice pa-
rameters of a = 8.973(1) A and ¢ = 2.959(1) A. Despite exhibiting a clear glass transition
and a supercooled liquid region in the DSC analysis, 5 mm as-cast samples typically con-
tain ordered domains with the same hexagonal structure of 2-3 nm in size. By increasing
the degree of crystallinity the unit cell volume of the hexagonal lattice decreased due to
rejection of copper atoms into the glassy matrix while the size of the pre-crystalline do-
mains in the remaining glassy matrix increased to 8 nm. The enrichment of the remaining
glass matrix in copper was also identified as principal reason for the continuous change of

glass transition temperature upon partial crystallization.

The hardness of the alloys developed here ranged between 450 and 600 HV in the amor-
phous state. It was observed that partial crystallization could increase the hardness close
to 800 HV yet it results in fragilization of the alloy. In order to increase the superficial hard-
ness of the alloy above 700 HV while keeping the bulk glassy and resilient, laser surface

treatment was done.

Fluxing with B203 was investigated to further increase the critical casting diameter of the
alloys. However, neither could the oxygen level be lowered nor the glass forming ability of
the alloy be improved by extensive fluxing at 1100°C. On the other hand minor addition of
scandium was effective in lowering the oxide level in the alloy below the quantitative detec-
tion limit of 5 ppm. Minor addition of rare earth (RE) and group 3A elements was further
investigated in the series of alloys with the general formula Pt49.95Cu1s65(RE or
3A)1Sis4GesB24 (RE = Sm, Ho, Tb, Gd, and Dy; 3A = Sc, Y). All elements substituted by
1 at.-pct of copper increased the Ty, between 6 and 17 °C with a similar yet somewhat

larger effect on Tx.

Keywords

Platinum — Bulk Metallic Glass — Amorphous Metals
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Résumé

L’objectif de cette thése était de développer un nouveau verre métallique a base de platine
a partir du systéme ternaire de Pt-B-Si. Cet alliage devait i) étre conforme a la norme de
poingonnage Pt 850 (c.-a-d. contenir au moins 85 % pds de platine); ii) avoir une dureté
supérieure a 600 HV et iii) avoir un diamétre critique de coulée supérieur a 5 mm. Afin de
remplir ces critéres, les zones a faible point de fusion du systéme Pt-Si-B ont d’abord été
établies. L'influence d’une substitution partielle du platine par différents métaux de transi-
tion (MT), ainsi celle de la substitution partielle du silicium par le germanium ont ensuite
été étudiées. Leurs effets sur les températures caractéristiques du verre métallique, c.-a-
d., la température de transition vitreuse, Ty, de cristallisation, T, du solidus, Ts, et du liqui-
dus, T, a été évalué. Une attention particuliere a été accordée a I'évolution de la diffé-
rence de température AT = Tx-Ty4 qui caractérise la formabilité de I'alliage dans la région ou

il forme un liquide en surfusion.

Une vallée eutectique ternaire a ainsi été localisée entre les eutectiques binaires Pt71B2o et
Pt73Si27. Son point eutectique a été identifié a la composition Pt73B15Si12 avec Ts = 700°C.
La ligne de composition reliant cet eutectique ternaire a I'eutectique binaire PtssB42 a éga-

lement été identifi€¢e comme étant une zone a faible Ts.

La suite du travail a permis de montrer que, parmi les MTs étudiés, le cuivre était plus
efficace pour abaisser Ts et augmenter T4 Lorsqu’un quart du platine est remplacé,
Ts=620 ° C et Tg=280 °C.

En partant du point eutectique ternaire et en passant le long de la vallée ayant un faible
point de fusion en direction de 'eutectique PtssBa42, la composition la plus prometteuse a
été trouvée pour PtsoCu16.6Sio.4B24. La plage de fusion de cet alliage varie de 570-630 °C
et sa Ty se situe a 300 °C. Pour cette composition, l'influence d’une substitution partielle
(0-33%) du silicium par du germanium a permis d’augmenter la température de cristallisa-
tion des phases primaires a-Pt et B4Si jusqu’a atteindre celle d’'un composé secondaire
inconnu. Une diffraction de rayons X en synchrotron a toutefois permis d’identifier que sa

structure est hexagonale et que ses paramétres de mailles sont a = 8,973 (1) Aetc =



2,959 (1) A. L’alliage optimisé, permettant d’atteindre un diamétre critique de coulée de 5

mm est Pt49.95Si6.4B24GesCuts.65 avec AT de 50 °C. Si les analyses DSC effectuées sur

alliage montrent clairement une transition vitreuse, ainsi qu’une région du liquid en surfu-
sion prononcée, les mesures de diffraction de rayons-X par synchrotron ont permis de
montrer que ce désordre apparent est en réalité formé de domaines ordonnés dont la taille
varie de 2 a 3 nm et dont la structure est la méme que celle de la nouvelle phase cristal-
line hexagonale. Une augmentation du degré de cristallinité permet la croissance des
zones ordonnées jusqu’a 8 nm. Durant ce processus, la taille de la maille diminue car les
atomes de cuivre sont rejetés dans la phase vitreuse. Cet enrichissement en cuivre de la
matrice vitreuse restante a été identifié comme étant le principal facteur expliquant le

changement continu de la Ty lors de la cristallisation partielle.

La dureté des alliages développés se situe entre 450 et 600 HV a I'état amorphe. Il a été
observé que la cristallisation partielle pouvait augmenter la dureté jusqu’a 800 HV, mais
elle induit une fragilisation de l'alliage. Afin d’augmenter la dureté superficielle de I'alliage
au-dessus de 700 HV, tout en gardant le coeur amorphe et tenace, il est proposé

d’effectuer un traitement de surface au laser.

Afin d’augmenter le diamétre critique de coulée des alliages, la possibilité d’effectuer un
fluxage avec du B203 a d’abord été étudiée. Aucune diminution du niveau d’oxygéne, ni
aucune augmentation du diameétre critique de coulé n’a pas été observée. En revanche, il
a été montré qu’une addition mineure de scandium abaisse le niveau d’oxygéne dans
l'alliage au-dessous de la limite de détection quantitative de 5 ppm. L’influence de quanti-
tés mineures de terre-rares (TR) et d’éléments du groupe 3A a également été étudiée pour
une série d’alliages ayant la formule générale suivante: Pts9.95Cuises (TR ou
3A)1Sis.4GesB24 (TR = Sm, Ho, Tb, Gd et Dy ; 3A = Sc, Y). Quelle que soit I'élément ajou-
té, la Tg4, augmente de 6 a 17 ° C avec un effet similaire mais un peu plus prononcé sur la
Tx.

Mots-clés

Platine — verre métallique — matériaux amorphes
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Platinum is the rarest of the three classical precious metals—gold, silver, platinum—used
in jewelry. Its primary production is either from elemental sources or as a by-product of
nickel production. Platinum has a silver grey luster and is fairly inert against most chemi-
cals. On the other hand, it has exceptional catalytic properties, which are put to service in
the most important industrial application of platinum by mass: catalysts in cars. As the
second largest application, roughly 30 percent of the world’s platinum production is used

for jewelry including high-end watches.

Pure platinum, as most face centered cubic (fcc) metals, is very soft and consequently suf-
fers from inadequate scratch resistance. Therefore, for watch making and jewelry applica-
tion, platinum is alloyed with other elements to improve its mechanical properties. Due to
the high platinum content required by the current hall-marking standards for platinum, the
increase in strength remains however typically limited. There is therefore a significant
technological interest in finding techniques to improve the mechanical strength in platinum
alloys. The technological goal of this thesis is the development and characterization of a
new hard platinum alloy for watch making, and in particular as a structural component e.g.
watchcases. The approach chosen for doing so has been the development of a new plati-
num-based bulk metallic glass. In the following chapter, a general overview is given on the
conventional crystalline platinum alloys as well as a general introduction to metallic glass-

es and their exceptional mechanical and physical properties.

1.1 Platinum, the noblest of metals

Platinum has a substantial presence in both industrial and luxury applications. As of the
end of 2015, the main industrial sectors responsible for platinum consumptions are namely
autocatalysis, jewelry and other industrial applications e.g. electronics and glassmaking.
The main suppliers of platinum are South Africa followed by Russia; Figure 1:1 shows the

figures of supply and demand for platinum market as the end of 2015.
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Platinum demand Platinum supply
Other uto-catalyst Recycling South Africa
Industries 104 tones 63 tones 120 tones
52 tones " Z A
[— Russia
v 20 tones 4
81 tones
Other
25 tones

Figure 1:1 Global supply and demand of platinum as the end of 2015. [1]

Pure platinum suffers from inadequate scratch resistance due to its inherently low hard-
ness (~ 60 HV). Thus for jewelry and watch-making applications, alloying platinum with
other elements is necessary to provide adequate mechanical properties and in particular
improve the hardness. Platinum alloys currently used in jewelry contain more than 85 wt.%
of platinum. The most common purity level required for commercialized platinum alloys is
Pt950 designating 95 wt.% of platinum. There are also hallmarking standards of Pt900 and
Pt850 respectively containing 90 wt.% and 85 wt.% platinum. The general requirements for

an alloy for jewelry application can be described as followings:
¢ Accordance with existing hallmarking standards. (e.g. Pt850 or higher)
e Scratch and wear resistance, quantified by hardness.
o Chemical inertness; resistance to corrosion, oxidation and tarnishing.
e The ease of processing, in terms of the ability to be cast, deformed and machined.

Common alloying elements for platinum alloys for jewelry and watch-making are namely

copper, palladium, ruthenium, iridium, cobalt, chromium, gallium, and indium [2].
e Solution hardening (e.g. Co, Pd, Ru, Ir, Co, Cr [2-5])
e Precipitation hardening (e.g. Ti, Al, V [2,5-9])

e A combination of methods such as solution hardening and deformation (e.g. Pt-Ga-
In [10])

It has further been reported that platinum can be case hardened by charging the surface

region with boron [11].
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All of the above-mentioned alloys are crystalline. A significant drawback of crystalline Pt-
based alloys is their rather high melting temperature. Due to the limited amounts of alloy-
ing elements hardness of crystalline platinum alloys hardly goes beyond 300 HV. In recent
years another promising possibility for developing new alloys fulfilling the criteria neces-

sary for jewelry application has appeared: platinum-based bulk metallic glasses.

1.2 The potential of Pt-based metallic glasses

Metallic glasses form a new class of materials that have been studied since the sixties of
the 20t century. At the beginning limited to very small volumes due to the high cooling
rates required to prevent crystallization, metallic glasses can now be produced with a
smallest dimension of several millimeters or even centimeters. Metallic glass forming com-
positions are often found near low lying eutectics, i.e. for compositions for which the liquid
state is stabilized down to relatively low temperature with respect to the melting points of
its components. Hence, the first class of platinum-based bulk metallic glasses has been
developed based on the Pt-P eutectic composition with a melting point around 500 °C. In
this system, bulk metallic glasses are developed by substituting a considerable portion of
Pt with transition metals such as Cu, Co and Ni. Examples of alloys in this system capable
of providing glassy structure while maintaining acceptable purity for jewelry applications
are Pts7.5Cu14.7Nis.sP22.5 developed by Schroers et al. [12] corresponding to 85 wt.% of
Platinum. An alloy with higher purity level in the same system is Pt74.7Cu1.5Ago.3P18B4Si1.5
developed by Demetriou et al. corresponding to 95 wt.% of platinum [13]. Glass formers of
the Pt-Ni-Cu-P family have a rather low critical cooling rate of 103K/s [14]. One of the most
interesting features of Pt-based BMG is the possibility of being shaped in the super-cooled
liquid region (SCLR), i.e. the temperature range between the glass transition and crystalli-
zation in which the material relaxes into a viscous liquid exhibiting viscosities in the range
of 10"°-107 Pa's. Forming in super-cooled liquid region provides the opportunity of produc-
ing parts with rather complex shapes, while maintaining an excellent surface quality [15].
Thermoplastic forming in the super-cooled liquid region can be of particular interest for
watch-making industry reducing the costs and time of fabrication for parts with rather com-
plex geometry. The hardest Pt-P-based bulk metallic glasses exhibit a hardness of 420 HV
i.e. beyond the hardness values typically observed in conventional crystalline Pt-alloys
[16]. Yet the phosphorous present in the system brings about undesirable features such as

difficult processing due to reactivity of phosphorous.
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It is worth noticing, phosphorous is not the only alloying element leading to a low-melting
eutectic. Reviewing the phase diagram databases eight alloying elements can be identified
leading to a eutectic temperature below 1000°C (in order of rising eutectic temperature): P,
As, Sb, Bi, Ge, B, Si and Te. It is interesting to note that the four elements leading to the
lowest temperature come all from the group VB of the periodic table. The melting point and
the composition of the eutectic increases from each period to the next. The liquidus and
eutectic lines around the platinum rich eutectic are indicated in Figure 1:2. It is clear that
besides phosphorous essentially the eutectics of platinum with B, Si and As would be in-

teresting to build upon.

1000
900
— 800
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o
£ 700 Bi
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—
500 ¢ Below hallmarking standard
- - Pt850
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400 1 | I |
0 10 20 30 40 50

Concentration of alloying element [wt.%)]

Figure 1:2 Positions of other low-lying Pt-X eutectics in the temperature composition
space.

1.3 Developing and processing a new hard Pt-based BMG for watch application

It is clear that both Pt-Si and Pt-B are capable of producing relatively deep eutectics at 29
at.-pct of Boron and 23 at.-pct of Silicon [17],[18]. Compared to Pt-As based alloys, the Pt-
Si and Pt-B systems leave still some room for further alloying elements that might facilitate
the glass formation. On the other hand, the eutectic temperature of these binaries is signif-

icantly above that of the Pt-P and Pt-As system. A potential remedy to this shortcoming is
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to investigate ternary eutectics. Comparing the Pt-Si-B system with similar ternary systems
such as Ni-Si-B, Co-Si-B and Fe-Si-B hints towards the existence of an even deeper ter-
nary eutectic [19,20]. Some of these Ni-Si-B and Fe-Si-B alloys have also been obtained in
amorphous form [21-28]. The ternary eutectic reaction in the system Pt-Si-B could by
analogy be estimated to happen between 700-750°C. The experimental observation of a
ternary eutectic at roughly 700°C during preliminary research has built the starting point of

the present thesis.

It was further also encouraging to see that the Pt-Si-B system was some sort of a model
case on topological ground [29-32]: the atomic size ratio Pt:Si:B is near' 1:0.8:0.6 and the
smallest atom is more abundant than the middle sized one. Last but not least, the choice
of the Pt-Si-B system was comforted by the observation in the literature that both Si and B

have been found to improve the hardness in Pt-based alloys [34,35].

There is considerable work in the literature evaluating different minor and major substitu-
tions on characteristic temperatures such as Tq, Tx, Ts and T for improving the glass form-
ing ability. Transposing these results to the system at hand [36,37] constitutes the main
body of work to be done in the optimization process. The following activities are, hence,
the steps taken for developing and processing a new hard Pt-based BMG with superior

hardness destined for watch application:

a) Thermodynamic exploration of the platinum-rich corner of Pt-Si-B ternary phase di-
agram for locating the whereabouts of possible ternary eutectic point using Differen-

tial Scanning Calorimetry (DSC) accompanied by the study of microstructure.

b) Considering the analogies between Pt-Si-B and other existing glass formers, minor
substitution of the base metal with other elements can be helpful for increasing the

chance of glass formation.

c) The possibility of forming metallic glass in this system is studied, while using high

cooling rates induced by melt spinning.

d) The effect of composition on characteristic temperatures such as glass transition,
Tg, crystallization, Tx, end of solidification, Ts, and, onset of solidification, Ti is eval-

uated and their functionality according to the composition is investigated.

" The atomic radii depend on the compound and the nature of the bond, therefore it is not
judicious to define a unique atomic size for each individual atom [33].

5
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e) Production of glassy alloys with larger dimensions by suction casting is done.

f) The influence of crystallization and processing parameters on thermo-physical and

mechanical properties are extensively studied.

g) A set-up for producing prototype watch components from the glassy feedstock is

designed and made.

14 Objectives of this thesis

The objectives of this thesis can be summarized as follows:

e Producing a Pt 850 alloy with critical casting diameter larger than 5 mm usable for

watch applications.
e Development of a Pt 850 alloy with superior hardness (HV>600).

¢ Investigation of the influence of processing parameters and crystallization on physi-

cal and mechanical properties of the newly developed Pt-based BMG.

e Establishing the dependence of the glass forming ability and thermophysical proper-

ties on composition.
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21 Historical and phenomenological approach to glass forming

Interestingly enough, glass is defined by what it is not! Glass or an amorphous material is
a non-crystalline solid [38]. Glassy or amorphous materials are characterized by the ab-
sence of crystalline periodicity in long-range order. By definition glass is a frozen liquid,
which does not crystallize when cooled down from the liquid state below its glass transition
temperature (Tg). The glass transition temperature is arbitrarily defined as the temperature
at which viscosity becomes larger than 103 Pa's. Glassy materials are found in all major
bonding classes: covalent, lonic, van der Waals, hydrogen bond, and metallic [39]. Among
these, metallic glasses require the highest cooling rate for glass formation. This is due to

the isotropic character of metallic binding [40].

Glass has been known to humanity for millennia. To the general public, glass is used as a
term to describe brittle and transparent materials abundantly used in each aspect of our
daily lives. Chemically, the material that we call glass is a mixture of metal or semimetal
oxides. The most abundant kind of oxide glass is obtained from melting silica sand and
can be easily formed, or turned into different colors or taints by addition of different impuri-
ties or “additives”. In physics, however, glass is more generally a solid state of matter lack-
ing translational symmetry. Compared to crystalline material for which melting is typically a
phase transformation of 15t order with a significant jump in viscosity at the melting point, a
glass is a material exhibiting a so called “glass transition” and subsequent rapid decrease
in viscosity as the temperature goes from the glass transition to the melting point. The
glass transition temperature, Tg, is arbitrarily defined at a viscosity of 10'® Pa's and is typi-

cally significantly below the melting point, Tm.

Glassy structures are, thermodynamically metastable and are formed because the kinetics
of forming crystalline structures are slow compared to the time available upon cooling be-

tween Tm and Tg. In oxide glasses and polymers the time for crystallization can be from a
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few seconds to several hours or days particularly due to steric hindering of side chains in
polymers. In metals, however, crystallization is typically much faster due to the isotropic
nature of the metallic bond. The first observation of the glassy state in metallic systems
was done by Klement et al. [41] in 1960 in a Au7sSizs alloy. Amorphous structures in metals
can be obtained if the metal is cooled from the liquid state to below the glass transition

temperature in nano- to microseconds for pure metals or miliseconds to seconds for alloys.

Quite a number of techniques have been devised to attain amorphous states in metals and
alloys. These methods commonly apply a very efficient cooling rate: e.g. melt spinning,
splat cooling, atomization, radiative cooling of miniaturized structures, and copper mould
casting of small volumes?. With the advent of the highly stable bulk metallic glasses and
concomitant advances in melt treatment technology by fluxing, amorphous metals can

nowadays be obtained even by gently cooling the liquid in a quartz mould.

Structure-wise, glass is very close to a frozen-in liquid, which does not crystallize when
cooled down from the liquid state below its glass transition temperature (Tg). While the
physical understanding of the glass formation and the glass transition are still only partly
solved problems, the phenomenological recipe to design alloys able to be solidified in the
glassy state have been established over the years. According to Inoue [42] there are three

golden rules making a composition capable of bulk glass formation [42]:
e A bulk metallic glass should be composed of at least three elements.

e There should be a significant difference in atomic sizes of the main 3 constituents of
the system. (More than 12%).

e The heat of mixture of the main three elements should be quite negative.

The first rule is also known as the “confusion principle” i.e. putting together elements ca-
pable of producing different crystalline structures, which are energetically equally favoura-
ble thus upon quenching settling down for one individual crystalline structure is rendered
difficult [43]. The second rule indicates the importance of atomic topology and close pack-
ing of atoms in the liquid state increasing the viscosity and inhibiting the necessary chemi-

cal fluctuations necessary for producing the nuclei. Furthermore, strong glass formers oc-

2 We exclude here the processes of amorphous metal deposition from the gas phase upon
cryogenic substrates as well as all forms of mechanical means to render a structure amor-
phous, i.e. high energy ball milling and the like.

8



Chapter 2 State of the art

cur at the vicinity of deep eutectics [44,45]. Research has brought significant detail and
ramification to these golden rules. In what follows the literature on the major features of

metal glass theory is reviewed.

2.2 Glass vs. Crystal

In his seminal paper, Turnbull [46] describes glass as a form of hardened cooled liquid.
The quantitative indication of this hardness described in his statement is the shear viscosi-
ty being the proportionality factor between the rate of shear deformation and the applied
shear stress in a Newtonian liquid. The viscosity value separating liquids from glass is ar-
bitrarily set to 102 poise (10'® Pa's). The increase of the viscosity as a function of tempera-

ture is described by Fulcher’s equation:
n= A.exp(T_LTo) (2.1)

where A, a and To are parameters depending on the specific materials. Looking at Eq.(2.1)
the viscosity is relatively low above Ti (liquidus) and decreases slowly by temperature, yet
by approaching To the viscosity increases rapidly, hence the glass transition temperature is
the temperature at which the viscosity is 10'? poise. The viscosity can be plotted against

the inverse of temperature scaled by Tg resulting in what is known as Angell-plot shown in

Figure 2:1.
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Figure 2:1 Angell plot, showing the temperature dependence of some metallic and non-
metallic glass liquids (from [15]).
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Commonly, liquids with strong directional bonding such as silica show a relatively weak
dependency of viscosity to temperature maintaining a viscous state at the whole range of
temperatures while fragile liquids exhibit a low viscosity at high temperature and by ap-
proaching the Ty the viscosity increases rapidly [47]. The quantification of the degree of

the dependency of viscosity to temperature is descried by the fragility index, m, given by:

__ dlog(m)
m= —d(Tg/T) (2.2)

T=Ty

A strong glass like silica has a fragility index of m=20. A high value of m (i.e. m>100) on
the other hand characterizes a fragile liquid whose vitrification requires higher cooling

rates. Most metallic glasses show intermediate liquid fragility below 60.

For a liquid to turn into glass or vitrify, crystallization must be avoided. Crystallization is
induced through nucleation and growth. In order to form a nucleus an interface has to be
created between the liquid and the crystal, which requires energy and acts as a barrier.
The driving force is the change of Gibbs free energy between the crystal and the liquid.
For a cluster to be stable enough to become a nucleus it should be of a critical size, thus
random chemical fluctuation in liquid should bring a certain number of atoms correspond-
ing to the composition of the nucleus together to attain a stable state. Commonly, there are
qguenched-in nuclei or heterogeneous sites present in solidifying liquids, thus usually crys-
tallization upon solidification is triggered by heterogeneous nucleation. In absence of het-
erogeneous nucleation sites the nucleation is necessarily homogenous. Homogeneous
nucleation requires typically much larger undercooling than heterogeneous nucleation.
This in turn may lead to significant increase in viscosity, particularly for strong solids, at the
undercooling sufficient for homogeneous nucleation. This highlights the importance of

avoiding impurities or oxides in particular when preparing the materials for glass formation.

For avoiding crystallization, if the number of crystal nuclei appearing at a given tempera-
ture én, in a given volume v;, appearing at a specific frequency, I ((nucleation frequen-

cy)/(time*volume)) one can write [46]:
on = Iv,6t. (2.3)

For the first crystal embryo to form from the liquid the time t,,;,, = n*t;, (n* being the critical
number of atoms and 7; the mean time of each atomic fluctuation) is needed [46]. Now, for

a liquid with larger viscosity, the chemical fluctuations necessary for bringing together the

10
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needed composition of atoms are less frequent. Eq. (4) describes the frequency of nucleus
formation [46]:
kn

5 exp(=ba’B/T,(4T;)%) (2.4)

I =

k,, and b are constants while a« and g are dimensionless parameters:

_ (NVP)3g _ AHp

= 25m (- ’
B =% (N: Avogadro’s number) (2.5)

The main force against nucleation is described by a, which is proportional to the surface
tension of liquid-crystal interface. g is the area of crystal melted at the melting temperature

by the enthalpy of AH,,. The temperature-dependence of I and u (the speed of crystal-
liquid interface) are depicted in Figure 2:2.
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Figure 2:2 Temperature dependence of I and u (from [15]).

For example, at viscosities close to 102 poise and t; ~ 10~ 125, for a hypothetical cluster of
100 atoms, the time necessary for formation would be in the order of 10-'° s. Under these
conditions this liquid would solidify or vitrify if it was cooled at a rate greater than 10'?K/s
(provided the nucleation and not the growth is the critical step). In reality, such cooling
rates are not practical for producing glass, e.g. melt-spinning applies a cooling rate in the
order of only 108 K/s and the most efficient splat coolers go not beyond 10° K/s [48]. Now
looking back at Fulcher’s equation describing the dependence of viscosity to temperature,
Eq. (1), the increase in the driving force for crystallization upon cooling is accompanied by
increasing inability to crystallize due to temperature dependent viscosity [15]. In a system
capable of glass formation, the temperature dependence of viscosity is more severe than

the dependence of Gibbs free energy on temperature. The C-shape of the T-T-T diagrams

11
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comes from the difficulty to attach fresh atoms to the growing crystal which becomes more
difficult by increasing the viscosity. Figure 2:2 shows an example of an experimental de-
termination of data points of such a T-T-T curve. It should be noted that obtaining the data
points in the vicinity of the nose of the T-T-T diagram is not an easy task due to rapid ki-
netics of crystallization. It should be noted that measuring the data points at the vicinity of
the nose of the diagram as depicted in Figure 2:3 is extremely difficult and only possible by
electromagnetic levitation. The nose of a T-T-T diagram for a moderate glass former lies at

10 s, while that of a bulk metallic glass can be as low as 10 s [15].
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Figure 2:3 Time-Temperature-Transformation depicting the onset of crystallization in
Zr41.2Ti13.8Cu125Ni10.0Be225 glassy alloy (from [49]).

Temperature
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Time

Figure 2:4 Time-temperature-transformation diagram for the onset of crystallization of
glass forming liquid, and the critical cooling rate above which crystallization is avoided
(from [50]).

Therefore, a cooling rate higher than the critical cooling rate represented by the tangent to

the nose of the C-shaped curve would result in glass formation, cf. Figure 2:4.

12
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The rate of crystallization can be described by the crystal nucleation rate, I, and the speed,
u, of crystal-liquid interface. Both of these quantities are strongly dependent on reduced

temperature, T,, and undercooling, AT, given by:

T Tn—T
T, = —, AT, = =
Tm Tm

(2.6)

Tm is the equilibrium crystallization temperature, i.e. the melting temperature, and T the
actual temperature. The rate of the displacement, u, of the liquid-crystal interface is given
by

us%fmn) (2.7)

where k,is a system-dependent constant. Eq.(2.7) indicates that u is related to the under-

cooling (i.e. the driving force for crystallization) and inversely related to the viscosity, 1.

As was mentioned previously, strong glass formers occur often in the vicinity of eutectic
compositions. Sometimes, one or even two of the components formed in the eutectic de-
composition are very close to the eutectic composition. In the event that the solids formed
in the eutectic decomposition are far from the composition of the liquid significant chemical
fluctuations are necessary for creating clusters corresponding to the desired chemical
composition of stable embryos. Furthermore, the significant atomic size difference be-
tween the constituents of glass formers brings about formation of close packing in liquid
further increasing the viscosity and hindering the chemical fluctuations necessary for nu-

cleation.

23 Topological considerations in glass formation

One of the particularities of strong glass formers is the small difference between the densi-
ty of liquid and the density of the solid in fully crystalline form. This difference is in the
range of 0.3-0.54 % [33] and thus only a small fraction of the typical 4-6% of shrinkage for
crystalline solid bcc and fcc metals at solidification. Such a small difference indicates the
formation of locally highly close packed structures, so-called clusters, in the liquid state in
bulk metallic glasses. The close packing and formation of dense structures in liquid reduc-
es the diffusivity of atoms thus hinders nucleation and crystallization [33]. It further indi-

cates that the enthalpy of crystallization is rather small, which, for a given loss of entropy

13
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upon crystallization, leads to a low melting temperature and a low driving force for crystal-
lization.

By considering atoms as hard spheres for a single sized particle size the highest random
atomic packing density is 64%. As a principle of powder technology, by introducing signifi-
cant atomic size distribution the packing density can be somewhat increased. The earliest
work [51] on the structure of amorphous/liquid structure has presented atoms in the sys-
tem as hard spheres and restriction is imposed by the inability of the atoms to get closer
than their respective diameter. The shortcoming of considering atoms as hard spheres is
the fact that atomic radii depend on each individual compound and have not a fixed value.
The atomic radius is closely related to the neighbouring atoms and the nature of the atom-
ic bonds as reflected by the concept of enthalpy of mixing. In case of a strong interaction,
exchange energies are positive, i.e. the heat of mixing is negative, and atoms will typically

get closer. Furthermore, the average coordination of the atoms will also affect the apparent
or effective radius.

In short the two main parameters determining the topological conditions of the alloys are
atomic sizes and their respective atomic concentrations. One of the most consequent
works on evaluation of the topological aspects of glass forming compositions are done by
Miracle and coworkers [44,52-57]. His statistical analysis elucidated that successful bulk
metallic glasses have characteristic ratios of atom sizes and relative concentration [55].
Examples of such common trends are presented in Figure 2:5.
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Figure 2:5 Normalized atomic radii vs. composition diagrams of (a) ordinary Fe-based and
(b) bulk Zr-based amorphous alloys (from [44]).

As it can be seen in Figure 2:5, each data point corresponds to an atomic concentration

and the corresponding size relative to the main element. The data point belonging to the
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same alloys produce a single curve that can be concave or convex. Commonly, strong
glass formers exhibit a convex curve in such diagrams. Naturally, all binary and some ter-
nary alloys can only show selected regions of this type of atomic size distribution plot (e.g.
Figure 2:5). Yet, the trend for most of intermediate glass formers is similar, meaning the
larger the difference in the atomic radii of the base metal and solute, the smaller is the so-
lute concentration. In the case of strong glass formers, i.e. Zr-, Rare earth metal- or Pd-
based BMG’s the atomic size distribution plot is characterized by a minimum at an inter-
mediate atomic size as shown in Figure 2:4 (b). The base element in these glass formers
has the largest atomic size and the smallest atom often has the next-highest concentration
[44]. According to Egami and Waseda [58] vitrification is favoured by local atomic strains
generated by size differences between base metal and the solute atoms reaching a critical
level. This results in a topological instability of a given crystalline structure by changing the

local atomic coordination number [58].

[ 0.1+15
min ~ Base atom
CSolute = r2 _K3r3 | (28)

Solute atom Base atom

As can be seen in Eq. (2.8), the critical solute concentration for vitrification decreases with
increasing difference in atomic size of the constituents. The majority of the convex shapes
such as Figure 2:5 (b) cannot be described by the criterion presented in Eq. (2.8). Eq. (2.8)
is true in the case of all the alloying elements occupying the substitutional positions. Yet
for small atoms such as boron or carbon the hypothesis of a substitutional occupancy is no
longer valid, thus interstitial solute atoms produce a different strain in the crystal lattice

compared to the one calculated by Egami and Waseda [45].

Glass former with at least one element larger than the base metal and at least one ele-
ment smaller, (e.g. Figure2:5 (a)) are generally more stable than their binary amorphous

counterparts.

In the case of substitutional atoms, the smaller atoms tend to produce compressive lattice
strains while the larger atoms produce tensile strains in the matrix. The resulting strain
fields with opposite signs attract one another, thus reducing the internal stresses and form-
ing relatively more stable short-range ordered configurations (clusters). If these short-
range configurations or clusters are based on the crystal symmetry, their formation will

favour the crystal and make amorphization more difficult. Yet, if the short-range ordered
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clusters are not compatible with the crystal symmetry of the solid solution, their formation

should favour vitrification [44].

Considering the potential cluster formation in the liquid leading to dense packing can be
used as a guideline for alloy development. According to the relative size of alloying ele-
ments and the base elements preferential clusters appear in BMG’s. In the case of Pt-Si-B
system, a common ratio of cluster can be seen in the rsi/rrt =0.8, corresponding to a cluster
in which 10 Pt atoms are surrounding one Si atom. The rs/rrt=0.63 present a less common
cluster yet it corresponds to an atom of boron surrounded by 8 atoms of platinum. A mix-
ture of 8 and 10 clusters in liquid would increase the chance of glass formation upon solidi-
fication, as it has been the case in Ca-Mg-Cu bulk metallic glasses [59]. In Pt-Si-B system
an alloy with a composition of PteoSi10Bso would correspond to such 8 and 10 cluster mod-
el. Such cluster packing models have also been used to rationalize the size distribution

and concentration conditions in Al-RE-based BMGs [60].

2.4 Criteria for predicting the glass forming ability (GFA)

For any alloy development activity it is essential to have a yardstick for selecting the opti-
mized composition while avoiding sample production at large scale. The most apparent
indication of a strong glass or an alloy with a good glass forming ability (GFA) is the critical
diameter (dc) into which the material can be cast or processed while retaining the amor-
phous structure. The critical cast diameter is directly related to the critical cooling rate
(CCR) for avoiding crystallization, the basic assumption being that the cooling rate is lim-
ited by thermal conductivity in the amorphous metal rather than the mould/sample heat
transfer characteristic to a given cooling method. However, measuring the CCR for each
individual composition is not practical. Thus, numerous models and criteria have been
proposed to link the GFA to thermodynamic parameters of the alloy. The most common
criteria based on which the GFA of a composition can be evaluated, are presented in the

following.

The first yardstick, the reduced glass transition temperature (Trg), was proposed by Turn-

bull based on homogeneous nucleation theory and is given by [46],:

T,
T,, = g/Tl 2.9)
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Tg is the glass transition temperature and Ti the liquidus temperature, both on the Kelvin
scale. Turnbull [46] claimed that a good glass former should have a Ty larger than 2/3.
The factors defining the glass transition temperature in an alloy being not well understood,
it is commonly held that the most direct way to increase the reduced glass transition tem-
perature is to reduce the liquidus temperature. This is in line with the experimental obser-
vations that strong glass-formers are often located in the compositional vicinity of deep
eutectics. Albeit it has quite early on been observed that the glass transition temperature
does also vary with composition in a non-negligible way the hunt for low melting points is
still a good first shot. A first approach to find the composition of lowest melting point in a
multicomponent alloy is by centrifugation of the melt during solidification: the changes in
density between the solidifying solid and the remaining liquid will separate the solidified

phases from the liquid [61,62].

Since solidification and, hence, liquidus temperature can easily be observed by a change
in reflectivity of the surface, screening of liquidus temperatures in multicomponent alloys
can be done by combinatorial methods. Schroers and coworkers [63—65] have devised a

neat way of analyzing Tg and AT in a combinatorial approach. The basic idea is to deposit

a range of multicomponent alloys on a wafer by gradient sputtering. Underneath the de-
posited glass the wafer is structured such that the deposited layer adheres only on a grid
and does not stick over a circular area. The circular area has an access to a layer of ther-
mally unstable material that decomposes at intermediate temperature, creating a gas
pressure underneath the membrane. When the wafer is heated, the gas-producing com-
pound decomposes and the metal glass membrane starts bulging up under the gas pres-
sure once Tg is reached. The deformation stops either when the bubble bursts or when the
crystallization temperature Tx is reached. By monitoring optically at which temperature the

deformation starts and stops upon heating a Tg, Tx vs. composition map can be drawn.

The theoretical understanding of the glass transition and the effect of alloying elements on
it, is not very advanced. According to Angell [66] Glass transition is “...generally and cor-
rectly thought of as that phenomenon in which a viscous liquid passes continuously into
the amorphous solid state during cooling”. The relation between the atomic composition
and the Ty is not established yet. Langer [67] states that “It is remarkable that, after many
decades of intense study, there is still no generally accepted, fundamental understanding

of glassy states of matter or the processes by which they are formed”.
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Furthermore, glass transitions exhibit characteristic thermodynamic properties. Kauzmann
showed in 1948 [68] that the entropy presumed for a specific heat measurement in a high-
temperature glass-forming material appears to extrapolate down to a value comparable to
the entropy of the corresponding crystalline state at a thermodynamic transition tempera-
ture Tk, roughly the same as the dynamic temperature Toin Eq (2.1). The specific heat Cp
increases rapidly and irreversibly from lower to higher values with increasing temperature
near the T4. Langer [67] suggests that a considerable fraction of the degrees of freedom of
a glassy material appears to be frozen. The quenched glass thus “somehow is unable to
explore a statistically significant fraction of its configuration space on experimental time
scales” [67]. Upon reheating, the frozen or deactivated degrees of freedom are reactivated

and the specific heat suddenly rises again.

Chen [69] has proposed that the excess entropy of disorder associated with random mix-
ing of har