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Abstract

Thermal Stability of Amorphous MoSiZr Thin films

Maciej Kaplan

Metallic glass is a class of materials which have a disordered structure of
atoms. Due to this, glasses lack grains and grain boundaries, which are
present in their crystalline counterparts. Metallic glasses have many inter-
esting properties worth investigating, such as high corrosion resistance or
high mechanical strength. However, metallic glasses are metastable and will
therefore crystallise if heated above the crystallisation temperature. MoSiZr
alloys have been studied and to gain knowledge of how the composition
affects the crystallisation temperature, which enables further improvement
of thermal stability. Crystallisation temperatures of the MoSiZr alloys were
investigated by heat treatments in vacuum and ex-situ X-ray diffraction and
X-ray reflectivity analysis. The highest thermal stability of the alloys was
exhibited by Mo48Si48Zr4, Mo43Si50Zr7, Mo50Si40Zr10 and Mo45Si43Zr12,
they remained amorphous after heat treatment at 1073 K. The resulting
crystalline phases are Mo3Si, Mo5Si3 and ZrO2. Oxidation of Zr in the
alloys is present only when the Zr content is ≥10 at%, crystallisation is oth-
erwise mainly driven by formation of Mo3Si. Further improvement of the
thermal stability is possible by introducing new alloying elements at the cost
of those that promote crystallisation. Keeping the content of Zr below 10
at% is of great importance to prevent oxidation.
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Termisk stabilitet av amorfa
metallskikt

Maciej Kaplan
Energibehovet i världen ökar fortfarande, därför kommer kärnkraften fortsätta vara en
viktig energikälla. Däremot visar händelserna i Fukushima p̊a att fortsatt förbättring av
säkerheten i en reaktor behövs. Kärnkraftsindustrin har mycket höga krav p̊a materialen
som de använder i sina reaktorer, de måste vara kemiskt och mekaniskt stabila i den
aggressiva miljö en reaktor skapar. Bränslestavarna, som används till att innesluta det
radioaktiva kärnbränslet, best̊ar av en legering (blandning av metaller) som inneh̊aller
minst 95% Zirkonium (Zr). Zr är ett lämpligt val för detta eftersom det har en relativt
hög smältpunkt, hög h̊allfasthet och en l̊ag neutronabsorbtion, vilket innebär att inter-
aktionen mellan neutroner och materialet är l̊ag.

Zr-legeringen är kemiskt instabil i exempelvis luft, den reagerar med syret som finns i
luften och bildar ett oxidskikt p̊a ytan som hindrar vidare oxidation, ytoxiden är själv-
passiverande. Stabiliteten och tjockleken av denna ytoxid beror p̊a yttre faktorer, framför
allt temperatur. Förhöjda temperaturer till̊ater syret att röra sig (diffundera) snabbare
genom oxiden och till̊ater d̊a vidare oxidation av Zr-legeringen. Detta leder till att skiktet
blir tjockare och till slut spricker och flagar av p̊a grund av inre spänningar. D̊a blottas nya
Zr-ytor som oxiderar. I en kärnreaktor utsätts bränslestavarna för en vattenatmosfär och
vid vanlig drift är ytoxiden tillräcklig för att skydda Zr-legeringen fr̊an vidare oxidation.
Vid en olycka däremot, som exempelvis i Chernobyl eller Fukushima, när temperatur-
kontrollen i en reaktor havererar är ytoxiden inte längre stabil. Det betyder att Zr-
legeringen ständigt oxiderar, vilket i sin tur leder till bildning av vätgas i reaktorn och
en hög risk för vätgasexplosion. Detta händelseförlopp ledde till en explosion i Fukushima.

Om man kan hindra oxidation av bränslestavarna kan säkerheten inom kärnkraften för-
bättras ytterligare. Eftersom mekanismen bakom självpassiveringen av Zr är komplex,
tar vi exempel fr̊an andra system. Aluminium (Al) är ett lämpligt exempel, Al är
en metall som (i oxiderande miljöer) ocks̊a bildar en ytoxid som är självpassiverande.
Anledningen till att denna ytoxid är passiverande är p̊a grund av att den är amorf, för Zr

a)

b)

är denna oxid istället kristallin.

Skillnaden mellan amorfa och kristallina material är den atomära ordningen.
Amorfa material har en slumpmässig atomär struktur, medan kristallina
material har en periodiskt ordnad atomär struktur. Detta ger upphov till
korn och korngränser, där korn är domäner i ett material som har en kristall-
struktur (atomär ordning) och orientering. I ett material bildas ofta många
korn och dessa behöver inte vara orienterade i samma riktning. När kor-
nen växer till och möter varandra bildas korngränser, dessa är kända för att
agera ”motorvägar” för atomär diffusion. Figuren till höger illustrerar a) ett material
med flera korn (polykristallint material) och b) ett amorft material. P̊a grund av sin
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atomära oordning saknar amorfa material korngränser och skulle därför kunna agera
som diffusionsbarriär, som ytoxiden p̊a Al. Däremot är en amorf struktur inte det mest
energetiskt fördelaktiga tillst̊andet, det är ett metastabilt tillst̊and. Det innebär att om
energi tillförs till systemet kan materialet bilda korn (kristallisera). Energi kan tillföras
genom att öka temperaturen. Motst̊andet mot kristallisation kallas termisk stabilitet och
definieras av vilken temperatur man kan hetta upp materialet innan det kristalliserar.

Amorfa material kan ocks̊a vara glaser, det vanligaste glaset är fönsterglas, kiseldioxid
(SiO2). Metallglaser är en underkategori till glaser. Det speciella med dem är att
de uppvisar karaktäristiska metallegenskaper, till exempel god elektrisk och termisk
ledningsförmåga och ”metallyster”, samtidigt som de har en amorf struktur. Oxid-
glaser är snarare elektriska och termiska isolatorer, de har l̊ag ledningsförmåga. Den
termiska stabiliteten är starkt kopplad till smältpunkten av de grundämnen ett metall-
glas best̊ar av. Vissa metaller har höga smältpunkter, vilket betyder att metallglaser har
goda förutsättningar för att agera som en diffusionsbarriär i en kärnreaktor.

I det här arbetet har metallglas best̊aende av Molybden (Mo), Kisel (Si) och Zirkonium
(Zr) undersökts med avseende p̊a termisk stabilitet. Mo utgör grunden för legeringen och
har mycket hög smältpunk (2623 ◦C), medan Si och Zr har en relativt hög smältpunkt
(1414 respektive 1855 ◦C). Dessa tre metaller har ocks̊a en l̊ag neutronabsorbtion. Detta
är viktigt eftersom kärnreaktionen i reaktorn styrs genom att bestr̊ala bränslet med neu-
troner.

För att tillverka ett metallglas med hög termisk stabilitet behöver man veta hur samman-
sättningen p̊averkar den termiska stabiliteten. Den undersöktes genom att växa tunna
filmer av Mo, Si och Zr med olika sammansättningar p̊a glas (substrat). Varje prov
analyserades för att bestämma om de var amorfa eller kristallina. De amorfa proverna
värmebehandlindlades fr̊an 600 ◦C i vakuum, vilket följdes upp av analys för att avgöra
om de kristalliserat. Denna process itererades med steg p̊a 100 ◦C tills alla prover
kristalliserat. Fyra prover förblev amorfa efter värmebehandling i 800 ◦C, efter 900 ◦C
bildade de kristallina MoSi-faser och/eller kristallin Zr-oxid. Det visade sig att alla prover
som innehöll minst 10 atom% Zr oxiderade under värmebehandlingarna.

Trots att n̊agra amorfa legeringar har visat relativt hög termisk stabilitet är detta inte
tillräckligt. Vidare utveckling av legeringen är möjlig och nödvändig för att tillämpas i
en kärnreaktor. Nya element kan tillsättas p̊a bekostnad av de som driver kristallisatio-
nen. Framför allt måste legeringen inneh̊alla mindre än 10 atom% Zr för att undvika
oxidation. Dessutom drivs oxidation av MoSi-faser, dessa skulle kunna elimineras genom
att ersätta Si med n̊agot annat grundämne och p̊a s̊a vis öka den termiska stabiliteten.

Examensarbete 30 hp p̊a civilingenjörsprogrammet
Teknisk Fysik med Materialvetenskap

Uppsala Universitet, juni 2016
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1
Introduction

With the ever increasing need for energy in current societies, nuclear power will continue
to play an important role as an energy source. However, recent events in Fukushima
clearly demonstrate need for further improvement of safety features in various parts of
a nuclear reactor. This gives rise to many interesting questions from a materials science
perspective. The nuclear industry has exceedingly high demands on the materials they
use. They have to be both thermally and mechanically stable in the harsh environment
of a reactor. The fuel rods in a reactor, which embed the radioactive fuel, consist alloy of
at least 95% Zr. Zr is a suitable choice because of its neutron transparency, mechanical
properties and thermal properties [1].

The surface of Zr oxidises almost instantaneously at ambient conditions. The oxide is a
layer that prevents further oxidation, resulting in self-passivation of the Zr surface [2].
The thickness and stability of the oxide depend on external conditions. Elevated temper-
atures provides high mobility for oxygen in the oxide and the Zr substrate, resulting in
continuous oxidation of the Zr. Stresses within the oxide layer increase as its thickness
increase, eventually leading to cracking of the oxide. Subsequently, Zr is once again di-
rectly exposed to the external atmosphere [3]. The surface oxide of Zr is passive during
standard operation of a reactor. However, in the case of an accident, like the ones in
Chernobyl or Fukushima, where a different series of events lead to failure of temperature
regulation in the reactor. The reactor may then be overheated to such an extent that the
temperature is high enough to cause continuous oxidation of Zr. This leads to consump-
tion of oxygen from the water in the reactor core, simultaneously releasing hydrogen gas.
This in turn could cause the reactor to explode, which occurred in the nuclear accident
in Fukushima [4].

Thus further safety improvement is possible by applying a diffusion barrier to the fuel
rods. As the passivation of Zr is complicated, we look into other systems where the self-
passivating mechanism is well understood. Al is a suitable example, which similarly to
Zr oxidises at ambient conditions, the oxide is a thin, uniform and amorphous layer [5].
However, elevated temperatures can provide sufficient thermal energy for nucleation to
occur, followed by crystal growth, leading to decomposition of the amorphous structure.
This often results in a polycrystalline structure with grains and grain boundaries, where
the latter is known to provide paths of fast diffusion for oxygen. The key property of
self-passivation therefore lies in the amorphous structure of the oxide. The goal is hence
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to find a material, applied as a coating to the fuel rods, that have an amorphous structure
with a high thermal stability.

Amorphous structures can be found in several classes of materials, such as colloids, poly-
mers, ceramics and metals. Ceramic and metallic materials are the most suitable choice
for high temperature applications due to their high melting point. Amorphous metals
and ceramics often are referred to as glasses, where the most common example is window
glass (SiO2). All glasses are amorphous, but not all amorphous materials are glasses.
The difference between an amorphous material and a glass is that the glass exhibits a so
called glass transition temperature (Tg). At this temperature, glasses will not behave like
a solid nor liquid, instead they enter a superplastic state where they are easily formed to
desired shapes. This is described in more detail in Section 2.1.

Even though glasses have been known for a very long time, research to improve our under-
standing of glasses is still a rather young field of science. Especially metallic glasses, which
distinguish themselves from other glasses by maintaining their typical metallic properties,
for example high thermal/electrical conductivity and high reflectivity, while being amor-
phous. Metallic glasses were first synthesised by Klement et al. in 1960 [6]. They found
that crystallisation can be avoided if a metallic melt is cooled down at a sufficiently high
rate. However, metallic glasses are metastable and will, just like the Al-oxide mentioned
above, crystallise if heated to a certain temperature. This so called crystallisation tem-
perature (Tx) of a glass is highly, but not only, dependent on the melting point of the main
constituent element [7]. Hence, the element of choice for application in a nuclear reactor
should have a high melting point. Furthermore, the neutron cross section is a decisive
material property to be optimised, only a few elements are therefore suitable. By having
neutron transparency and melting point as primary criteria, Mo is a promising metal as
the base for the metallic glass. It provides a good compromise of the two main criteria [8].

Solidifying a pure metal without it crystallising demands very high cooling rates. A rapid
cooling results in a shorter time for atomic rearrangement, thus suppressing crystallisa-
tion, which is both time and temperature dependent. Addition of alloying elements is an
excellent way of decreasing the critical cooling rate. Alloying may increase the enthalpy
of formation of crystalline phases or suppress atomic rearrangement through a viscosity
increase. Glass transition can therefore be achieved at lower cooling rates. Alloying ele-
ments are also of importance for properties such as glass forming ability, thermal stability
and corrosion resistance. They may enhance all of these properties when chosen correctly.
In this work, the two alloying elements were chosen to be Zr and Si. The main reasons
being their low neutron cross sections as well as their expected effect on the glass forming
ability of the alloy (described in Chapter 3). Additionally, Si is known to provide alloys
with an enhanced resistance against oxidation by forming metal silicides. It is important
for Mo since elevated temperatures often induce evaporation of MoO3 [9]. This could
result in the film delaminating from the substrate, rendering it useless.

2



1.1 Aim of this study
The aim of this thesis is to understand how composition affects the thermal stability of the
MoSiZr alloy. This ternary alloy is not likely to have a sufficiently high thermal stability to
meet the demands of an overheated reactor. With knowledge of which elements promote
crystallisation in the alloy allows further improvement of thermal stability. This can be
done by adjusting the composition through addition of new alloying elements at the cost
of those that promote crystallisation.

3



2
Background

This chapter will cover the theoretical background of metallic glasses, their glass forming
ability and thermal stability in relation to classical nucleation theory. This will be followed
by a summary of the present state of knowledge of metallic glasses, specifically Mo-based
metallic glasses and lastly the analysis methods will be described.

2.1 Glass transition and Glass-forming ability
Solidification of a melt to a crystal results in a discontinuous decrease of its specific volume
(see Figure 2.1). Glass transition, however, involves supercooling of a liquid, i.e., cooling
it to a temperature below its melting point without solidifying to a crystal, resulting in
a continuous decrease of its specific volume and increase of viscosity [10]. At this point
it can be hard to distinguish exactly when the liquid transitions to a solid. Therefore the
transition between solid and liquid state has been arbitrarily set at a threshold viscosity
of 1015 poise (10 poise = 1 Pa s). An amorphous material with a viscosity above this
threshold is considered to be a solid.

Tm

Liquid

Supercooled
liquid

Glass

Crystal

Temperature

S
p

e
ci
fi
c 

V
o
lu

m
e

Tg

Figure 2.1: Temperature dependency of a melts specific volume. Figure reproduced based
on [10].

The glass-forming ability (GFA) of a material represents its inclination to form a glass. If
a metallic melt forms a glass depends on the cooling rate and various other properties of
its constituent elements, such as its thermodynamic and kinetic properties. Furthermore,
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GFA is not about stabilising the amorphous structure, but rather how one can prevent
nucleation and crystal growth [11]. The thermodynamic and kinetic properties can be
described by classical nucleation theory.

The Gibbs energy difference between a crystal and a melt at its melting point is zero. If
the temperature is further decreased, the Gibbs energy of the crystal will then become
lower than that of the melt. Thus the system may further reduce its free energy by crys-
tallisation. This is the driving force for nucleation, but it is suppressed by the interfacial
energy between the crystal and the melt, resulting in an energy barrier that needs to be
overcome to form a nucleus. Furthermore, the formation of a crystal nucleus requires
a fluctuation in the liquid to bring together enough atoms, or clusters of atoms, in a
crystalline configuration. Additional atomic rearrangement is then needed in order for
growth of the nucleus to occur, which is strongly related to the viscosity (η). Hence the
nucleation frequency (I) is a combination of viscosity and the probability of a fluctuation
to overcome the energy barrier, formulated as [12]:

I = A

η(T ) exp
(
−∆G∗

kBT

)
. (2.1)

A is a constant (1032 Pa s M−3 s−1), kB is the Boltzmann constant and ∆G∗ is the energy
barrier for formation of a spherical nucleus, described as

∆G∗ = (16/3)πσ3

[∆g(T )]2 , (2.2)

where σ is the interfacial energy between the liquid and the nuclei and ∆g is the Gibbs
energy difference between the liquid (Gl) and crystal state (Gc) at a given temperature.
This is essentially the driving force for crystallisation and can be expressed as:

∆g = Gl −Gc = ∆Hf −∆SfTm −
∫ Tl

T
∆C l−c

p (T )dT +
∫ Tl

T

∆C l−c
p

T
dT , (2.3)

where ∆Hf and ∆Sf are the enthalpy and entropy of fusion (respectively) at the tem-
perature where the liquid and crystal are in equilibrium (Tl). ∆C l−c

p is the heat capacity
difference between the liquid and the crystal, which increases as the undercooling of the
liquid grows [13]. Furthermore, the entropy is often related to multicomponent alloys,
increasing with higher alloying order. An entropy increase results in a lower energy
difference between the liquid and crystalline state (∆g), reducing the driving force for
crystallisation.

However, thermodynamics alone does not describe the nucleation frequency, as seen in
equation 2.1. The viscosity, which is a kinetic parameter, is also temperature dependent.
It can be described by a modification of the Vogel-Fulcher-Tamman (VFT) relation [14]:

η = η0 exp
(
DT0

T − T0

)
(2.4)

Where η0 is inversely proportional to the molar volume of the liquid and T0 is the VFT
temperature, which is the temperature where the barrier for viscous flow would become
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infinite. D is the fragility parameter, ranging from 1 to 100, which describes whether
the liquid is ”strong” (D>20) or ”fragile” (D<10). The viscosity of a ”fragile” liquid
exhibits a weak temperature dependence close to its melting point. This means that
the viscosity increase is small upon undercooling of the melt, until reaching Tg, where a
rapid viscosity increase is observed. A ”strong” liquid exhibits a strong coupling between
temperature and viscosity close to its melting point, resulting in a significant viscosity
increase upon undercooling. High viscosity suppresses atomic rearrangement, thus de-
creasing nucleation rate and crystal growth. The fragility parameter for pure metals is
typically around 1, while SiO2 has D = 100, which is known to be an excellent glass
former [15].

The Turnbull criterion was based on this thermodynamic and kinetic approach, defining
the reduced glass transition temperature (Trg) as:

Trg = Tg

Tl

. (2.5)

Homogeneous nucleation is suppressed when Trg ≥ 2/3 even at low cooling rates, making
the metallic liquid easy to undercool without crystal nucleation. The reduced glass tran-
sition temperature has become an important criterion for GFA. It should be as large as
possible, reaching its maximum at a deep eutectic point, which is the composition of an
alloy, where its melting point is lower than that of the individual elements it consists of [7].

Based on this and data generated by synthesis of metallic glasses, Inoue proposed three
empirical rules for prediction of GFA [16]:

• An alloy should contain at least three components. The glass formation becomes
easier with increasing number of components in the alloy system. This criterion is
supported by equation 2.3, in which the entropy is related to the number of alloying
elements.

• The main constituent element of the alloy should have a significant size difference
compared to the other alloying elements (at least 12%).

• The main constituent elements should have a negative heat of mixing, since the two
above criteria rely on interactions of elements the alloy consists of. If they would
be prone to separate, none of the two above criteria would be of significance.

Inoue claims that supercooled metallic liquids, which follow these rules have a dense
random packed atomic configuration. New local atomic configurations arise, which are
different from those of corresponding crystalline phases. The metallic liquid also shows
a homogeneous atomic configuration of the components on a long-range scale [17]. Due
to a diffusivity decrease and viscosity increase, atomic rearrangement can be difficult in
the metallic liquid. This leads to high Tg, since atomic rearrangement on a long-range
scale is necessary for nucleation and crystal growth. Furthermore, such a metallic liquid
is said to have a high crystal/liquid interfacial energy, the effect of which was discussed
earlier (see equation 2.2).
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While this is true for many of the metallic glasses that have been produced, there are also
exceptions where these rules are defied, for example a Pd-based metallic glass presented
by Wang et al. [18]. The deviation from these empirical rules shows that the theory
behind glass transition is not yet fully understood and there might still be a vast number
of exceptional glass formers to be discovered.

2.2 Thermal stability of Metallic glasses
Many applications generate environments with elevated temperatures, making thermal
stability of metallic glasses one of their most important properties. High GFA is therefore
not enough, metallic glasses also need to remain amorphous during use. Crystallisation
of metallic glasses occurs below their melting point and can be described by classical
nucleation theory (see Section 2.1).

Apart from difficulties related to producing large specimens of metallic glasses, lack of
thermal stability can be considered as one of their main drawbacks. Thermal stability is
mainly defined by Tg and Tx. Staying below these temperatures allows the material remain
amorphous. Crystallisation of metallic glasses is an effect of both time and temperature.
It can be seen in Figure 2.2 that there is a finite time interval during which the amorphous
structure is maintained when a metallic glass is heated up to Tg. This time interval shrinks
as the glass is heated further until reaching the onset of crystallisation, Tx, where the
amorphous structure is lost. Similarly, there is a time scale during which a melt has to be
cooled in order to form an amorphous structure. These two characteristics and thus the
supercooled liquid region (SLR, ∆Tx = Tx − Tg) changes depending on the constituent
elements of the metallic glass.

Figure 2.2: Schematic time and temperature dependence of a solid. Figure from [19].

Various different quantitative criteria have been proposed to estimate thermal stability
(and GFA) [16]. However, predictability of glass formation and stability is still an open
question. By following Turnbulls criterion and assuming high GFA (high Trg) and high
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Tl implies a high Tg, which makes refractory metals especially interesting. Their high
melting points indicate a high cohesive energy, which increases the thermal stability
through suppression of atomic rearrangement [20]. Refractory based metallic glasses are
therefore expected to have a high thermal stability. Furthermore, the cohesive energy was
found to be proportional to the metallic bond valence, which is the number of electrons
per metal atom that contribute to the metallic bonding [21]. An increase in bond valence
would thus result in an increase of thermal stability, which is in agreement with scientific
literature [20, 22]. Another benefit of refractory metals is their high mechanical strength.
They usually have a high Youngs modulus, which is related to the atomic bonding force
(and melting point). Yang et al. found an increasing linear relationship between yield
strength and Tg [23]. Consequently, refractory based metallic glasses are also expected
to have a very high mechanical strength.

2.3 Metallic glasses
Metallic glasses are amorphous, their disordered structure of atoms lack the well de-
fined long range order of their crystalline counterparts. Compared to their crystalline
counterparts, they exhibit different mechanical properties due to their structure and
lack of dislocations [24]. Hence metallic glasses are easily distinguished from crystals,
and they also distinguish themselves from common glasses, which often are oxides. Ox-
ide glasses often exhibit electrical insulation, brittleness and low mechanical strength.
Metallic glasses, on the other hand, retain their electrical properties in an amorphous
state and may exhibit exceptional corrosion resistance, mechanical strength, elasticity
and magnetic properties [16]. This makes them very interesting as in, for instance, struc-
tural and electronic applications.

Klement et al. were first to produce a metallic glass by quenching a molten Au-Si alloy
at cooling rates of approximately 106 K s-1 [6]. The cooling rate at which a melt forms
an amorphous structure is called the critical cooling rate (Rc), which allows avoiding
crystallisation. The crystalline state is the energetically favourable atomic arrangement,
thus the glassy state is a metastable state. However, the magnitude of the critical cooling
rate restricts the dimensions of metallic glasses. It is increasingly difficult to maintain
the cooling rate as the specimen size increases. Metallic glasses were initially produced
in the form of ribbons, powders or wires, with at least one dimension (critical thickness)
in the µm regime.

Later on, research has been conducted in order to decrease the critical cooling rate and
enhance the thermal stability. A breakthrough came in 1969 from Chen and Turnbull,
who synthesised PdCuSi glasses at a critical cooling rate of 102 K s-1 allowing the glasses
to have a critical thickness of 1 mm [25]. This was done by water quenching the molten
alloy in an evacuated fused silica tube. They found that ease of glass formation and their
stability increased by replacing small amounts of Pd with Cu, Ag or Au. Additionally
some of the glasses showed a SLR of 40 K, this allowed them to study the crystallisation
in close detail. In 1980 Turnbull et al. succeeded in synthesising metallic glasses with
critical cooling rates of 1 K s-1 through suppression of heterogeneous nucleation [26, 27].
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By processing the metallic melt in a flux of molten boron oxide or surface etching with a
mixture of HCl and H2O2, followed by heating and cooling cycles, all of which is a quite
demanding process. Despite the low cooling rate, the resulting metallic glasses were still
limited in their dimensions reaching ingots with critical thickness of only 1 cm at best.

Inoue et al. investigated rapid solidification of alloys containing rare-earth and non-ferrous
metals [28]. LaAlNi and LaAlCu alloys were found to be exceptional glass formers. At a
cooling rate of 100 K s-1 they were able to produce metallic glasses with a Tx of up to 750
K, a ∆Tx of 69 K and a critical thickness of 5 mm. At the beginning of the 1990s they
also discovered a new family of metallic glasses based on Zr by Cu-mould casting. The
SLR (∆Tx) of the ZrAlCuNi alloy they developed was as wide as 127 K, which was until
then unheard of [29]. This discovery caught wind in the US, where Peker and Johnson
developed a quinary alloy of ZrTiCuNiBe [30]. The alloy have a critical cooling rate of 10
K s-1 and a critical thickness of 14 mm. This alloy was further developed and hit commer-
cial applications in, for instance, the sporting goods market under the name Vitreloy [31].

In 1997, Inoue et al. revisited the Pd-based metallic glasses. A new alloy composed of
PdCuNiP with cylindrical shape of 72 mm diameter and critical cooling rate of 1.57 K
s-1 was developed [32]. Additionally, they found that if the melt were to be exposed to
molten boron oxide flux they could decrease the critical cooling rate to 0.1 K s-1. This
method of suppressing heterogeneous nucleation also lead to an increase of Tx from 663
K to 670 K.

Fe-based metallic glasses are in close proximity to Zr- and Pd-based metallic glasses. All
of them exhibit high strength, hardness and strong soft magnetic properties. However,
Fe-based metallic glasses can be produced at a lower cost and have superior properties
compared to the other two [16, 33]. They are one of the most frequently studied metallic
glasses and early reports of them range all the way back to 1970s [34]. The first al-
loy exceeding a critical thickness of 1 mm was FeAlGaPCB, developed by Inoue et al.
in 1995 [35]. Interestingly enough, all Fe-based glasses that have a critical thickness of
at least 1 mm are metal-metalloid type glasses. This type of glasses typically contain
80 at% metal and 20 at% metalloid. The number of elements varies from binary to
multicomponent systems with up to nine elements in total. However, the Fe content is
typically quite low (around 50 at%), as a result of heavy alloying. The thermal stabil-
ity Fe-based glasses is not remarkable, reaching just below 1000 K [16]. Although the
properties of Fe-based metallic glasses are promising, their synthesis causes restrictions
to their applications. The maximum critical thickness of a sample synthesised to date is
FeCoCrMoCBY, reaching a critical thickness of 16 mm [16, 36].

Of course, these are not the only metallic glasses developed, there is a vast quantity
of different alloys that have shown amorphous structure, such as Ni-, Al-, Ti- and W-
based glasses [11, 37, 38]. W-based alloys display the highest thermal stability among all
metallic glasses found in this work, reaching 1456 K [39]. Mo-based systems have also
shown the possibility of forming glasses and are discussed in closer detail in the next
section.
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2.4 Molybdenum-based Metallic glasses
Besides the properties specific for nuclear applications, glasses based on Mo are expected
to have a high thermal stability for several reasons. The melting point of Mo is the
sixth highest among all elements (2896 K) and its bond valence is the highest among all
4d transition metals [20, 40]. Furthermore its cost is relatively low compared to other
refractory metals. Reports of Mo-based glasses are rare in scientific literature, however,
their properties are often remarkable.

Rapid liquid quenching of binary alloys of, for instance, MoP or MoB result in crystalline
materials [41]. However, ternary and higher order systems exhibited a Tx above 1000 K,
with the highest at 1186 K, exhibited by Mo40Cr25Fe15B8C7Si5. Furthermore, additions
of W to the system increases the thermal stability up to 1223 K, as one would expect.
However, high refractory and metalloid content often gives rise to brittleness. By decreas-
ing these contents ductile metallic glasses were produced at the cost of thermal stability,
barely reaching 1000 K [42].

A wide composition range in the MoSiZr system was investigated by preparing a vast
number of thin film samples by Cathodic Arc Plasma Deposition (CAPD) [43]. Eval-
uation of compositions where amorphous structure is obtained and their crystallisation
temperature was performed. Samples were exposed to short heat treatments in vacuum
(60 s, <10-3 Pa). Even some binary alloys of MoZr displayed amorphous structures, with
Tx around 1073 K. Based on the results from samples produced by CAPD the authors
also deposited samples in a narrower composition range by sputtering. They present
diffraction data of Mo50Zr40Si10, which was stable to 1123 K. However, they claim that
the highest thermal stability was at 1273 K displayed by Mo50Si34Zr16 although without
presenting any proof. The MoZrAl system was also investigated by the same experimen-
tal method. Its thermal stability was slightly lower, reaching 1123 K.

A Mo-based multicomponent alloy was presented by Zhang et al. [44]. In their study, the
alloy was produced in the form of a powder by mechanical alloying (MA), a solid-state pro-
cessing technique [45]. The authors describe their procedure going from a binary alloy to a
glass containing seven elements. The resulting alloy is Mo44Si26Co12Ta5Zr5Y5Fe3, which
was mainly characterised by diffraction and Differential Scanning Calorimetry (DSC).
The thermal stability was found to have Tg and Tx at 1202 and 1324 K, respectively.

2.5 Analysis methods

2.5.1 X-Ray Diffraction
When electromagnetic radiation illuminates a material, it interacts with the electron cloud
of the material, resulting in scattering. If the wavelength of said radiation is of similar
length as the inter-atomic distance of the material, interference between the diffracted
waves occurs. This effect is used in X-Ray Diffraction (XRD), a common method used
for structural characterisation of materials. Interference can be either destructive or con-
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structive, depending on the phase difference between the waves. The periodic structure
of a crystal diffracts the incident X-rays into specific directions in which constructive
interference occurs. X-rays are diffracted by the crystallographic planes, as depicted in
Figure 2.3. The condition for when constructive interference occurs can be described by
Bragg’s law:

nλ = 2d sin Θ, (2.6)
where n is a positive integer, λ the wavelength, d the crystallographic plane distance, Θ
the incident angle and 2Θ the detector angle. 2d sin Θ is the pathway difference of the
two beams, marked red in Figure 2.3.

d

λ

2Θ

Θ Θ

Θ

Figure 2.3: Schematic illustration of Bragg’s law. The red market lines are the pathway dif-
ference between the two waves. When it is equal to a multiple of λ, constructive interference
occurs.

The most common way to perform XRD measurements is the so-called Θ−2Θ scan.
It is arranged in a way that the incident angle and reflected angle are equal. Such a
scan requires the possibility of moving the X-Ray source, which is not possible in all
diffractometers. Instead, the sample holder is rotated, which results in the very same
measurement, referred to as a 2Θ−ω scan. However, this work is about thin films, thus
analysis was performed by Grazing Incidence XRD (GIXRD). This means that the inci-
dent angle (ω) is held constant and performing a detector scan. The reason for this is
that a wave travels a maximum distance of l = t/sin ω within the film, where t is the
film thickness. When the incident angle decreases, l increases, resulting in an increased
signal intensity during the measurement [46]. However, it should be noted that preferred
orientation of crystallites in a sample should be avoided during such measurement.

An important aspect in this work is the peak broadening of the Bragg reflections. A
single crystal scatters the incoming X-Rays in well defined directions that are determined
by its crystal structure. These signals are, for a perfect single crystal without defects,
sharp, narrow peaks displayed in a diffractogram. The width of the peaks is important
while studying materials. It is affected by several different factors, such as beam prop-
erties, instrumental resolution, material defects and crystallite size. These contribute to
broadening of peaks observed in a measurement. The most important factor in the scope
of this work is the crystallite size. It can be described by the Scherrer equation:

L = Kλ

β cos ΘB
, (2.7)
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where β is the Full Width at Half Maximum (FWHM) in radians of a peak, ΘB is the
Bragg angle (position) of said peak and K is the Scherrer constant. L is the size of the
domains within the material where X-Rays are scattered coherently, most often referred
to as crystallite size.

2.5.2 X-Ray Reflectivity
Similar to XRD, X-Ray Reflectivity (XRR) measurements are performed using a diffrac-
tometer. However, the momentum transfer in XRR measurements is typically an order
of magnitude smaller than that of XRD measurements [47]. In other words, the Θ range
in an XRR experiment is from 0◦ to a several degrees, whereas XRD measurements may
range from a several degrees to 100◦. XRR is, just like XRD, based on interference,
however, the angle differences result in probing of different length scales. Interference in
XRD is caused by the inter-atomic distances in a crystal lattice, which is too short to
cause interference at small angles. Interference may therefore be caused by a change in
the scattering potential, which reflectivity relies on. This means that different materials
with different properties, such as electron density, causes X-rays to scatter at interfaces
between layers in a sample (see Figure 2.4(a)). XRR is therefore a suitable method for
investigation of thin films and multilayers. The obtained data can be used to determine
thickness, roughness and other specific properties of a sample.
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Figure 2.4: a) Schematic illustration of reflections of electromagnetic radiation at different
interfaces, figure reproduced based on [47]. b) GenX simulation of a 50 nm Mo film fused silica
substrate, both with 0.5 nm roughness.

All XRR measurements performed in this work were conducted in Bragg-Brentano geom-
etry and 2Θ−ω scan mode. This results in specular reflection of the incoming radiation,
where the momentum transfer (q) is perpendicular to the sample surface. The relation
between the angle and the momentum transfer is described as |q| = |k0−k| = 4π/λ· sinΘ,
where k0 and k are the wave vectors of the incoming and outgoing radiation, respectively.

A measurement starts at low angles, where total reflection occurs, up to the critical
angle, Θc. The X-Rays penetrate into the material when the critical angle is passed
and if the sample is a bare substrate, only a decrease of intensity with increasing angle
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will be observed. However, if a film is deposited on the substrate, the signal will be
modulated due to interference from the air-film and film-substrate interfaces. Figure
2.4(b) shows a simulation of a 50 nm thick Mo film on a fused silica substrate, both
with 0.5 nm roughness. The oscillations that appear in the simulation are called Kiessig
fringes. The distance between two of neighbouring fringes can be used to determine
to the thickness of the film. Likewise, the distance between a fringe and its second
nearest neighbour corresponds to twice the film thickness. Film thickness and the distance
between two neighbouring fringes (∆q) are related through ∆q = 2π/t, where t is the
film thickness. With this approach analysis can be done based on the distance between
all fringes to calculate the total thickness of a multilayer film. A MATLAB code is
provided in Appendix where an arbitrary number of Kiessig oscillations are calculated to
an average film thickness.
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3
Experimental

The amorphous alloy that have been investigated consists of Mo, Si and Zr. Mo, the
foundation of the alloy, is most important and was chosen for its thermal and neutron
properties. The other two elements were selected for similar reasons, both have even lower
neutron cross sections than Mo and moderately high melting points [8, 40]. Furthermore,
a combination of these elements follow the empirical rules proposed by Inoue. The atomic
size mismatch between them is greater than 12 % (rMo = 136, rSi = 116 and rZr = 159
pm, rMo/Si = 1.17, rMo/Zr = 0.86) [40]. The heat of mixing (∆Hmix) between all of them
is negative (∆Hmix

Mo−Si = −35, ∆Hmix
Mo−Zr = −6, ∆Hmix

Si−Zr = −84 kJ mol−1) [48]. Due to
this, the alloy is expected to have high GFA and thermal stability.

3.1 Sample preparation

The samples were grown by Lena Thorsson at Ångström Laboratory via magnetron-
sputtering and just a brief description of this will be provided in the course of this work.
The composition given below is nominal, not measured, the nominal composition is hence-
forth referred to as composition. The samples were grown on 75× 25× 1 mm fused silica
substrates with a compositional gradient along its long axis (see Figure 3.1(a)). To en-
hance amorphicity of the Mo-films, a seed layer of Al70Zr30 was grown with a nominal
thickness of 3 nm. The MoSiZr layer was deposited and capped with another Al70Zr30
layer with nominal thickness of 3 nm. The substrate was rotated during deposition of both
seed and capping layers, they are therefore expected to be identical for all samples. A
schematic representation of the entire film can be seen in Figure 3.1(b). The thickness of
the MoSiZr layer is varying between the samples as a result of the compositional gradient.
Furthermore, Lena Thorsson also performed structural characterisation of the as-grown
samples. Estimation of the composition and the first round of structural characterisation
therefore provides the starting point for this work. Each substrate was subsequently cut
along its long axis into five pieces enumerated 1 through 5, from its Mo-rich end. The
strips were then cut in half, one of which was used for destructive measurements.
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Figure 3.1: a) The fused silica substrate with the deposited film, indicated in gray. The Mo
content decreases along its compositional gradient with decreasing enumration. b) Schematic
representation of an as-grown sample.

Compositions of the samples are plotted into a ternary diagram (Figure 3.2(a)), where
each shape/color represents a substrate cut into pieces. Each series of five samples has
a continuous composition gradient. For simplicity, the assigned composition for each
separate sample was set to its average composition. The ternary sample composition
range is 43 to 71 at% Mo, 19 to 50 at% Si and 1 to 30 at% Zr, while binary samples
show a larger spread in Mo-content (see Figure 3.2(a)). Table 3.1 shows the composition
of all the samples. Most of the as-grown samples are amorphous, while a few are not.
Figure 3.2(b) is a visualisation of the as-grown samples where red squares represent
crystalline samples while blue triangles represent amorphous samples. Samples that are
not amorphous have been disregarded in further investigation.
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Figure 3.2: a) Ternary diagram representation of the samples included in this work, each
color represents one substrate cut into five pieces. b) Stability regions for the amorphous and
crystalline phases of the as-grown samples. Red squares are crystalline samples while blue
triangles are amorphous samples. Note that neither of the Si nor Zr axes go beyond 75 at%
while the Mo-axis starts at 25 at% in both diagrams.
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Table 3.1: The composition of all samples. Note the absence of LTH22A2 and A4, where the
gradient is considered too flat to produce more than three samples.

Sample at% Sample at%
Mo Si Zr Mo Si Zr

LTH16 A1* 87 0 13 LTH22 A1* 89 11 0
A2* 83 0 17
A3 78 0 22 A3* 83 17 0
A4 68 0 32
A5 60 0 40 A5* 78 22 0

LTH18 A1 66 0 34 LTH26 A1 68 28 4
A2 55 0 45 A2 62 33 5
A3* 45 0 55 A3 56 36 8
A4* 37 0 63 A4 50 40 10
A5* 28 0 72 A5 45 43 12

LTH20 A1 71 19 10 LTH27 A1 66 33 1
A2 64 23 13 A2 58 40 2
A3 57 24 19 A3 53 44 3
A4 50 26 24 A4 48 38 4
A5 44 26 30 A5 43 50 7

LTH21 A1 71 22 7 LTH28 A1 62 38 0
A2 65 25 10 A2 56 44 0
A3 58 28 14 A3 50 50 0
A4 51 31 18 A4 47 53 0
A5 45 31 24 A5 42 58 0

* As-grown samples with crystalline structure.

3.2 Heat treatment sequencing
The crystallisation temperature was evaluated by repeated heat treatments followed by
ex situ XRD/XRR analysis (see Section 2.5). Samples that remained amorphous after a
heat treatment were put through a subsequent heat treatment at increased temperature.
Heat treatments and analysis were conducted until crystallisation was observed, this is
referred to as a sequence. Heat treatments were conducted in a vacuum furnace at a
pressure of <10−4 Pa. Samples were placed inside the furnace, then it was flushed with
argon four times. Before the start of each heat treatment, the furnace was baked 12
hours at 423 K, to achieve high vacuum conditions in the system with a base pressure
of <10−5 Pa. Samples were heat treated multiple times, starting from 873 K proceeding
with 100 K steps up to 1173 K. Ramp time to the target temperature was increased as
target temperature increased to keep the heating rate below 10 K min-1. When target
temperature was reached, the sample was held at the temperature for 90 min. The heating
conditions of treatments at the different temperatures are presented in Table 3.2.
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Table 3.2: Heating conditions for the heat treatments, where dwell time is the time the furnace
is held at the target temperature. Ramp time is the time during which the furnace is heated to
the target temperature.

Target temperature (K) 873 973 1073 1173
Dwell time (min) 90 90 90 90
Ramp time (min) 90 90 105 105

Ramp rate (K min-1) 6.4 7.6 7.4 8.4

3.3 Analysis parameters
Analysis was performed using a PANalytical X’Pert MRD II or Bruker D8 diffractometer,
measurement parameters are presented in Table 3.3. The as-grown samples were char-
acterised by a Bruker D8 diffractometer, except for a few. These, and the analysis after
heat treatments were all analysed using the PANalytical X’Pert MRD II diffractometer.

XRD measurements were performed by grazing incidence, where ω is the incident angle
and 2Θ is the detector angle. Early characterisation was performed with lower incident
angle (0.5◦). However, relative errors due to misalignment at such low incident angles
were found to be too large. Therefore the incident angle was later adjusted to 2◦.

Table 3.3: Analysis parameters for the Bruker D8 and PANalytical X’Pert MRD II instruments.

XRD XRR

D8 MRD II D8 MRD II
2Θ 20− 80◦ 20− 80◦ 2Θ− ω 0.1− 8◦ 0.1− 6◦

ω 0.5◦ 2◦ − − −
Step size 0.05◦ 0.05◦ Step size 0.01◦ 0.005◦

Step time 10 s 5 s Step time 2 s 2 s
Slit 1/2◦ 1/2◦ Slit 1/32◦ 1/32◦

Radiation wavelength 1.54 Å (CuKα)
Scan mode Continuous
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4
Results and Discussion

After sample preparation, five samples were subjected to heat treatment according to
the procedure described in Section 3.2. XRD analysis indicate crystallisation mainly by
precipitation of molybdenum silicides or by oxidation of Zr. Complementary XRR was
then used to confirm the oxidation.

4.1 Crystallisation in binary systems
The binary samples showed weak thermal stability and GFA. Mo68Zr32 (LTH16A4) was
the only sample to resist crystallisation after 90 min at 873 K, shown by the diffraction
results presented in Figure 4.1. The difference in intensities of the broad amorphous peak
(at 37◦) between the as-grown and heat treated samples is due to measurements by dif-
ferent instruments. The as-grown sample was measured with the Bruker D8 instrument
while the rest were measured with the PANalytical X’Pert MRD II instrument. A dif-
ference persists despite intensity normalisation, probably due to a better signal-to-noise
ratio of the Bruker D8 instrument. The broad peak at around 20◦ originates from the
fused silica substrate, which also is amorphous. The two following peaks, at around 37◦

and 65◦, are the first and second order diffraction peaks from the amorphous structure
of the MoSiZr layer. These so called halos are the characteristic signature of an amor-
phous structure. Furthermore, differences in the substrate signal between the two heat
treatments are due to a misalignment error of the angle of incidence, which was supposed
to be 0.5◦. The intensity from the substrate is lower after heat treatment at 873 K than
that after 973 K, indicating a lower angle during the former measurement. It should also
be noted that the reference patterns are normalised to the highest intensity reflection,
intensities can therefore only be compared within one pattern.

Crystalline reflections are visible after heat treatment at 973 K and were identified as
Zr and ZrO2 (see Figure 4.1). Even though all samples have been heat treated in high
vacuum (<10-4 Pa) oxidation is detected. This proves how difficult it is to remove oxygen
and/or humidity from the furnace atmosphere. However, the presence of ZrO2 might seem
questionable, since the peak at 60◦ is not observed. This will become clear as we move
into the ternary system where oxidation once again is observed. It seems that Zr is highly
inclined to crystallise and oxidise. Sakurai et al. discuss this system very briefly, claiming
that Mo50Zr50 crystallises at 1073 K [43]. They do not disclose the resulting crystalline
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phase, neither is it stated whether or not oxidation occurs. Mo55Zr45 (LTH18A2), in this
work, show traces of crystallinity already after heat treatment at 873 K, while Mo45Zr55
(LTH18A3) was not grown amorphous. The experimental procedures were also slightly
different, rendering direct comparison between the results difficult. However, the main
interest lies in the ternary system, since the binary is expected to have lower thermal
stability and GFA.
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Figure 4.1: XRD data of Mo68Zr32 (LTH16A4) after heat treatment sequence to 973 K. Refer-
ence patterns of the crystal reflections from [49, 50].

The binary MoSi system showed even weaker resistance against crystallisation than the
MoZr system. None of the samples remained amorphous during heat treatment at 873 K.
Figure 4.2 presents the XRD results of Mo62Si38, two crystalline phases are identified as
Mo3Si and Mo5Si3. This is also the only binary sample where Mo3Si is visible, only
Mo5Si3 is visible in the remaining four samples.
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Figure 4.2: XRD data of Mo62Si38 (LTH28A1) after heat treatment sequence to 973 K. Reference
patterns of the crystal reflections from [51].
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4.2 Crystallisation in ternary the system

4.2.1 Samples with low Zr content
A substantial difference is seen in the ternary system where even a small addition of
Zr (1 at%) enhances the thermal stability significantly. Mo66Si33Zr1 (LTH27A1) exhibit
signs of crystallinity after heat treatment at 973 K. The amorphous structure shows no
observable change after 90 min at 873 K, compared to 873 K for the binary MoSi system.
This is a clear indication that the MoSiZr system is likely to follow the empirical criteria
proposed by Inoue (see Section 2.3). Further addition of Zr enhances the thermal stability
even more. The entire heat treatment sequence of Mo68Si28Zr4 (LTH26A1) is presented
in Figure 4.3. The amorphous structure is clearly maintained after the first two heat
treatments. After 90 min at 1073 K crystalline reflections appear, identified as Mo3Si.
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Figure 4.3: XRD data for Mo68Si28Zr4 (LTH26A1) after heat treatment sequence to 1073 K.
Reference patterns of the crystal reflections from [51].

Further analysis of the sample was done by use of XRR data. The data after each
corresponding heat treatment of Mo68Si28Zr4 was fitted. The fitting was performed using
the GenX software by building a layer model, which is shown in Figure 4.4 [52]. The
model includes the three grown layers described earlier (see Section 3.1) and a top oxide
layer. The samples are exposed to ambient conditions and will therefore form an oxide,
which grows during heat treatments.

SiO2

Al70Zr30

Al70Zr30
MoSiZr

Al35Zr15O50

Figure 4.4: The GenX model used for fitting of the XRR data.

The fittings after each corresponding heat treatment are presented in Figure 4.5 as black
solid lines. The fittings give information regarding thicknesses and surface roughness of
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each layer. Table 4.1 present the total film thickness and the thickness of each individual
layer present in the model. According to the fit, the thickness of the seed layer is 4 to
5 nm, which is expected to be the same for all samples, since the deposition parameters
for the seed layer (and cap layer) are identical for all samples.
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Figure 4.5: XRR data fittings of Mo68Si28Zr4 (LTH26A1) after heat treatment sequence to 1073
K. Red dots correspond to the data points, while the black, solid lines are the corresponding
fits of each data set.

The fittings indicate that the top oxide layer grows continuously during the heat treat-
ments, until entirely consuming the cap layer. The thickness of the capping layer after
heat treatment at 973 K was determined to be less than a nm by fitting. The last fit
was therefore performed under the assumption that the entire capping layer was oxidised.
Attempts were made to fit the data with an additional layer (MoxSiyZrzO100−x−y−z) be-
tween the capping oxide and the MoSiZr layer. Its thickness was determined to be less
than 1 nm with a roughness of around 2 nm, which is unreasonable in the simulation
model. Furthermore, there are no visible traces of oxidation in the XRD measurements,
consequently the presence of such an oxide is unlikely and therefore excluded.

Table 4.1: Thicknesses in nm of each layer given by the fitting and the total film thickness
determined by statistical analysis.

Layer As-grown 873 K 973 K 1073 K
Oxide 2.5 3.9 4.1 5.2
Cap 2.7 1.1 0.7 -

MoSiZr 80.8 80.8 81.0 79.4
Seed 4.3 5.1 5.2 5.1
Total 90.4 90.8 91.0 89.8
Total* 91 95 96 95

* Film thickness by statistical analysis.
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The total film thickness increases after each heat treatment except for the last at 1073 K,
where it instead decreases. The increase can be explained by oxidation of the cap layer,
while the decrease is likely to originate from crystallisation of the MoSiZr layer. Upon
observing signs of crystallinity in XRD measurements, a shrinkage is observed in the
MoSiZr layer by XRR, giving further indications that indeed crystallisation takes place.
Amorphous alloys are known to have a lower density than their crystalline counterparts,
explaining a thickness decrease of the MoSiZr layer between the last two steps [17]. The
thicknesses of each layer given by the fittings are probably not precise, but the observed
trends cannot be neglected. Furthermore, the distances between the Kiessig fringes can be
analysed to give a total film thickness. Positions of at least 10 fringes were extracted using
the HighScore Plus software and a statistical analysis was performed. The MATLAB code
provided in Appendix was developed to perform this analysis. The total thickness found
by this method was 91, 95, 96 and 95 nm for the as-grown, and after heat treated at
873, 973 and 1073 K, respectively. Once again an indication of shrinkage of the film
thickness is observed, thus all analysis methods point towards the same trend. However,
the difference of the total film thicknesses derived by the two methods is rather significant.
It was not possible to achieve a reasonable fit using GenX by restricting the total film
thickness according to the statistical analysis. This is probably due to the sample being
a gradient film, which is not taken into account in the fitting model. This also results in
the fittings not entirely resembling the XRR data.
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Figure 4.6: XRD data of Mo53Si44Zr3 (LTH27A3) and Mo48Si48Zr4 (LTH27A4), Mo43Si50Zr7
(LTH27A6) after heat treatment sequence to 1073 K and 1173 K, respectively. Note that there
are a few overlapping peaks in the reference patterns of the two phases. Reference patterns of
the crystal reflections from [51].

Crystallisation is driven by molybdenum silicides for samples containing less than 10 at%
Zr. Figure 4.6 shows the only three ternary samples where the Mo5Si3 phase is present,
which was common in the binary MoSi system. Mo3Si and Mo5Si3 are the two competing
phases, with the former being the most common in the ternary system. Mo5Si3 is found in
the ternary system only when the Zr content is <8 at% and the Si content is comparable
to or greater than that of Mo. LTH27A3, A4 and A5 presented in Figure 4.6, holding
the highest Si content (Mo53Si44Zr3, Mo48Si48Zr4 and Mo43Si50Zr7) are those that exhibit
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the Mo5Si3 phase. Interestingly enough, Mo5Si3 is found in all five binary samples, with
Mo62Si38 (lowest Si content out of the five) being the exception where both MoSi phases
are found (see Figure 4.2). This is in contrast to the ternary system where Mo3Si is
the common phase. The crucial difference is of course the content of Zr, which seems
to suppress the formation of Mo5Si3. One explanation could be that Zr increases the
distance between the Mo and Si atoms, thus increasing the difficulty of atoms to cluster
together for nucleation. Another explanation could be the ∆Hmix between Si and Zr
being much higher than that of the two other combinations. This results in Si and Zr
being more likely to bond to each other than Mo and Si (or Mo and Zr). Furthermore,
Mo53Si44Zr3 has a significantly lower signal from the crystalline phases than the other
two samples (see Figure 4.6). The amorphous halo is also visible, which means that the
sample is partly crystalline and partly amorphous. The other two samples exhibit a fully
crystalline structure without visible traces of the amorphous halo. This indicates that Tx

is close to 1073 K for Mo53Si44Zr3, while 1173 K is probably well above Tx for the other
two.

4.2.2 Samples with high Zr content
Samples containing at least 10 at% Zr are considered to have high Zr content. The XRD
data from the entire heat treatment sequence of Mo51Si31Zr18 (LTH21A4) is presented in
Figure 4.7. The as-grown data was acquired using a different instrument (Bruker D8) than
the following three data sets, again resulting in an intensity difference. Even though the
main amorphous halo around 38◦ seems to be unchanged between each heat treatment,
new crystalline reflections appear around 30◦, 50◦ and 60◦. These were identified as
cubic ZrO2, indicating that the MoSiZr layer oxidises during heat treatment at 1073 K.
However, the seed and the cap layers consist of Al70Zr30, thus there is a possibility that
this oxide signal originates from one of these.
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Figure 4.7: The two last XRD data sets from heat treatment sequence of Mo51Si31Zr18
(LTH21A4) to 1073 K. Reference patterns of the crystal reflections from [49].

Scherrers equation can be used to determine where in the sample the signal of ZrO2 is
coming from (see Section 2.5.1). It can be concluded that the signal indeed comes from
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the MoSiZr layer if the coherence length (or crystallite size) given by Scherrers equation
exceeds the thickness of the seed/cap layers. The data was fitted using HighScore Plus
software. A pseudo-Voigt peak function and a Shifted Chebyshev I background function
was used for the fit, which is presented in Figure 4.8. However, the low intensities from
the peaks around 50◦ and 60◦ are expected to give large errors. Thus only the FWHM
and position of the first peak around 30◦ of the ZrO2 phase was used for Scherrer analysis.
Furthermore, a comparison to the amorphous phase was also done by Scherrer analysis.
The position and FWHM of the main amorphous halo of the MoSiZr layer is extracted
from the two data sets. Since ZrO2 has a cubic structure, the Scherrer constant is set to a
value corresponding to cubic crystallites and miller index of the peak [53]. The Scherrer
constant for the main amorphous halo is set to correspond to spherical crystallites with
cubic symmetry.
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Figure 4.8: Fit to experimental data of Mo51Si31Zr18 (LTH21A4) after heat treatment at 973
and 1073 K.

Table 4.2: Peak data and calculated crystallite sizes from fit to experimental data.

Peak Haloa Halob ZrO2

Position, 2Θ (◦) 38.3 38.5 30.3
Miller index - - 111
FWHM (◦) 6.3 6.2 0.77

Scherrer constant 0.94 0.94 1.41
Crystallite size (nm) 1 1 17
a after 973 K, b after 1073 K

Table 4.2 presents the result from profile fitting and the calculated crystallite sizes. The
amorphous phase exhibits no significant change between the two heat treatments, even
when oxidation occurs. This indicates that a higher thermal stability is possible to achieve
by substituting Zr. Furthermore, the ZrO2 crystallites are clearly too large to fit only
in the cap/seed layers, which are measured to be around 4 to 5 nm (Table 4.1). The
formation of ZrO2 is also likely from a thermodynamic point of view. The Gibbs energy
of formation for ZrO2 is smaller (more negative) than it is for the other competing oxides,
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MoO3 and SiO2 [54].

XRR data of the entire heat treatment sequence of Mo51Si31Zr18 (LTH21A4) is presented
in Figure 4.9. It is seen that the oscillations disappear earlier after heat treatments at 873
and 973 K compared to the as-grown sample. These are indications of an irregular film
thickness, or a consequence of high roughness of the top layer and/or the roughness of the
layer interfaces within the film. A film with uniform thickness and a low roughness will
display oscillations also at higher angles. After heat treatment at 1073 K results in the
oscillations reach significantly longer than earlier. This trend is observed in the samples
that exhibit oxidation of Zr. One explanation for this is that the ZrO2 forms by island
growth. This results in different scattering properties depending on where the signal
comes from, leading to less constructive interference and thus fewer oscillations. During
heat treatment at 1073 K these islands meet and form a continuous film throughout the
entire probing area, resulting in oscillations at higher angles.

1 0 7 3  K

9 7 3  K

8 7 3  K

A s - g r o w n

1 2 3 4

Int
en

sity
 (a

.u.
)

2 Θ ( °)
Figure 4.9: XRR data of Mo51Si31Zr18 (LTH21A4) after heat treatment sequence to 1073 K.

This behaviour could not be demonstrated by fitting in GenX. However, statistical anal-
ysis of the Kiessig oscillations in the XRR data was performed. The total film thickness
was then determined to be 143, 146, 148 and 149 nm for the as-grown, heat treated at
873, 973 and 1073 K samples, respectively. A different trend is observed compared to
LTH26A1, since addition of oxygen decreases the density, a film thickness decrease is no
longer required. Thus a steady increase of total film thickness indicates that oxidation
indeed takes place. Furthermore, this finding decreases the probability of the crystalline
peaks (in Figure 4.7) originating from a ternary intermetallic phase that is not yet in-
cluded in the Inorganic Crystal Structure Database (ICSD). Therefore it is concluded
that crystallisation indeed takes place in the MoSiZr layer by formation of ZrO2.

Four samples remained amorphous during heat treatment at 1073 K, two of them were
presented earlier in Figure 4.6. The other two are presented in Figure 4.10, where the
observed crystalline phases are Mo3Si and ZrO2. The data was again fitted using the
HighScore software, using the same modeling parameters. The first crystalline reflection
from ZrO2 has a FWHM of 0.74◦ and 0.68◦ and position at 30.3◦ and 30.3◦ for Mo50Si40Zr10
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and Mo45Si43Zr12, respectively. This results in a crystallite size of >17 nm, indicating
that the origin of the signal again is from the MoSiZr layer. Furthermore, the Mo5Si3
phase is absent, even though the Mo and Si contents are comparable to each other in
Mo45Si43Zr12. This is further argument that Si and Zr are most likely to bond to each
other since this sample has higher Zr content than those where Mo5Si3 is present. The
oxidation of the sample, however, seems to only be affected by the content of Zr.
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Figure 4.10: XRD data of Mo50Si40Zr10 (LTH26A4) and Mo45Si43Zr12 (LTH26A5) after 90 min
heat treatment at 1173 K. Reference patterns of the crystal reflections from [49, 51].

Table 4.3 summarises all ternary samples with respect to heat treatment temperature
during which crystallisation occurred and the resulting crystalline phase. A break point
is clearly visible in the sample composition at which oxidation of Zr occurs. Every sam-
ple containing at least 10 at% Zr exhibits traces of ZrO2 in XRD measurements upon
crystallisation. The ratio between Mo and Si does not seem to be of primary importance
for these samples. The content of Mo and Si varies from 44 to 71 at% and from 19 to 43
at%, respectively, in samples with at least 10 at% Zr. Yet Zr oxidises in all of these sam-
ples, most often as the only crystalline phase, but occasionally in conjunction with Mo
or Mo3Si. Samples containing a smaller amount of Zr do not show any trace of oxidation
in XRD measurements.

Another fact to point out is that the highest thermal stability (1273 K) in this system
was exhibited by Mo50Si34Zr16, according to Sakurai et al. [43]. Mo51Si31Zr18, presented
in Figure 4.7, is closest to that composition out of all samples in this work. The results in
this work clearly indicate that crystallisation occurs (by oxidation) earlier than 1273 K.
The heat treatments of Sakurai et al. were conducted at a pressure of <10−3 Pa, while
heat treatments in this work were conducted at a pressure of <10−4 Pa. Therefore, the
short heat treatments of 60 s of Sakurai et al. were probably not long enough for Zr to
oxidise. This is a very valuable information, because application in a nuclear reactor
means direct exposure to water at a much longer exposure time than the heat treatments
conducted in this work. Early discoveries of oxidation are therefore of great importance.

The question addressed this work has been the crystallisation temperature of the amor-
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phous MoSiZr alloy. It has been determined by heat treatments in high vacuum condi-
tions, in order to minimise the number of variables. Despite vacuum conditions, oxidation
was observed, indicating that oxidation in air or more corrosive environments would be
devastating. The experimental procedure has therefore provided more information than
initially expected.

Table 4.3: Sample name, composition, heat treatment temperature for crystallisation and re-
sulting crystalline phase for all ternary samples.

Sample at% T (K) Phase
Mo Si Zr

LTH20 A1 71 19 10 1073 Mo + ZrO2
A2 64 23 13 1073 ZrO2
A3 57 24 19 1073 ZrO2
A4 50 26 24 1073 ZrO2
A5 44 26 30 1073 ZrO2

LTH21 A1 71 22 7 973 Mo
A2 65 25 10 1073 Mo + ZrO2
A3 58 28 14 1073 ZrO2
A4 51 31 18 1073 ZrO2
A5 45 31 24 1073 ZrO2

LTH26 A1 68 28 4 1073 Mo3Si
A2 62 33 5 1073 Mo3Si
A3 56 36 8 1073 Mo3Si
A4 50 40 10 1173 Mo3Si + ZrO2
A5 45 43 12 1173 Mo3Si + ZrO2

LTH27 A1 66 33 1 973 Mo3Si
A2 58 40 2 973 Mo3Si
A3 53 44 3 1073 Mo3Si + Mo5Si3
A4 48 38 4 1173 Mo3Si + Mo5Si3
A5 43 50 7 1173 Mo3Si + Mo5Si3

It is clear that further research in this system is needed in order to match the demands
of a nuclear reactor. The crystallisation temperatures found in this work are not excep-
tional. Further alloying of the metallic glass is essential to enhance its thermal stability.
It is now known that formation of ZrO2 occurs at Zr concentrations of at least 10 at%.
Furthermore, the remaining amorphous phase in those cases seems to remain unchanged.
This indicates further improvement of thermal stability is possible by replacement of Zr
with other metals or metalloids. Moreover, evaporation of compounds have been excluded
in the above analysis. This might be a source of error since oxidation of Mo can result
in MoO3, which is likely to evaporate at elevated temperatures [9]. However, its forma-
tion might be suppressed by the high likelihood of ZrO2 formation. Both these events
change the composition of the remaining alloy. Determination of the actual composition
is therefore important. Knowledge of the actual composition is necessary for the next
step to be taken in the process of further development of the alloy.
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5
Conclusions

Both binary systems showed a weak resistance against crystallisation at elevated tempera-
tures, only one sample (Mo68Zr32) remained amorphous during heat treatment at 873 K.
Small additions of Zr to the MoSi system increased the thermal stability significantly,
however, oxidation of Zr occurs when its concentration is ≥10 at%. Oxidation of Zr was
already known, but we now know that it occurs even when the Zr content exceeds 9 at%.
Furthermore, the remaining amorphous structure seems to be unchanged in samples that
only form ZrO2. As a result, the composition of the remaining amorphous structure is
unknown and might demonstrate a high thermal stability. Mo and Si form strong bonds
when heat treated since crystallisation is driven by formation of Mo3Si or Mo5Si3. The
latter phase appears only when the Si content is comparable or greater than the Mo con-
tent. Samples which crystallised during heat treatment at 1173 K (see Table 4.3) have a
high Si content (≥38 at%). Two of these samples crystallised by formation of Mo3Si and
oxidation of Zr. Consequently improvement of the thermal stability should be possible by
replacement of Si and Zr. The MoSiZr alloy is also likely to follow Inoues empirical rules,
as seen in Chapter 4, additions of a third element (Zr in this case), significantly enhance
the thermal stability of the alloy. This enables easier prediction of thermal stability for
future development through further alloying.

As demonstrated in Figure 2.2 crystallisation is a result of both time and temperature.
This is clearly seen in the results when comparing them to the work of Sakurai et al. [43].
Heat treatments that exceed Tg are more likely to result in crystallisation during 90 min
than during 60 s. Furthermore, cycling heat treatments and ex-situ measurements are
very time consuming, but it gives rise to results that have so far not been presented in
scientific literature, such as the oxidation of Zr.
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6
Outlook

It is definitely possible to improve the thermal stability of this Mo-based metallic glass,
the highest Tx reported for a Mo-based metallic glass is 1324 K [44]. A Mo-based metallic
glass with high GFA could (hypothetically) have a Tg = Tl,Mo · Trg = 2896 · 2/3 = 1930K
according to Turnbulls criterion. While the highest Tx of a metallic glass found to date is
at 1465 K, this seems unlikely [39]. However, the present knowledge of metallic glasses is
limited, mechanisms of GFA and thermal stability are probably not fully exploited. Fur-
ther understanding of glass transition is therefore important in order to achieve maximal
GFA and thermal stability of metallic glasses.

DSC should be considered as a method for determination of Tg and Tx. DSC instruments
are present at Ångström Laboratory, however, extensions of these for analysis of thin
films are not. The possibility of modifying the DSC equipment to study thin films should
be investigated. DSC may provide information about the glass transition temperature,
while heat treatments rather give indications of Tx. Knowledge of Tg is important since
operation in the SLR (above Tg) of a glass leads to crystallisation within a finite time
interval. Additionally, deposition of an amorphous thin film does not demand a wide
SLR. Consequently, Tg and Tx should both be high and as close to each other as possible
to achieve maximum thermal stability.

Additional alloying elements are essential in order to increase the thermal stability further.
There are many candidates for these, however, the restrictions mentioned in Chapter 1
still apply. Nb has already been investigated for nuclear power applications, it has also
been found to enhance corrosion resistance of metallic glasses [55]. Its heat of mixing with
Mo is negative. Another common alloying element for enhanced thermal stability and
GFA is Y. The main reason for it seems to be its large atomic radius (178 pm), resulting in
a large size mismatch between it and Mo. However, the heat of mixing between these two
elements is not negative. The last element that will be proposed is P, which is has a small
atomic radius (110 pm). Its heat of mixing with Mo is highly negative (−54 kJ mol-1)
[48]. The most important point of its addition is, however, its enhancement of corrosion
resistance, P-containing metallic glasses have the highest corrosion resistance [18].
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Appendix

Oscillation statistics
clear all; close all; clc;
%Radiation wavelength used in the measurement
lambda = 1.54056; %Å, CuKalfa in this case!

%Positions of Kiessig oscillations in TWO THETA (degrees).
Oscillations = [];

%Recalculation from two Theta to q
Theta = Oscillations ./ 2;
q = 4.*pi.*sind(Theta)./lambda;

%Create a matrix which extracts the distance between two neighbouring
%oscillations, and the distance to the second, third, ... nearest neighbour
Distance = dist(q);

for i=1:size(Distance,1)-1
%Each distance is calculated to a thickness, when i=1 the mean value
%thickness given by the nearest neighbours. When i=2 the mean value of the
%thickness given by the second nearest neighbours. And so on.
meandistance(i) = mean(diag(Distance, i))/i;
%Store the mean value for a certain i.
thickness(i) = 2*pi / meandistance(i);
end

%Calculate the average value of the thicknesses given by the loop.
Film = mean(thickness);
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