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Abstract

Knowledge about the temperature-dependent viscosity behaviour η(T ) of a glass melt
holds strong interest for both, technology and science due to hot-forming and cooling
processes as well as to gain deeper knowledge about the melt structure, e.g. the fragility
of a melt or the role of the network formers and modifiers. Unfortunately, it is not easy to
measure the entire viscosity above the glass transition temperature Tg with comparatively
slow running viscometric methods for some glass systems due to crystallisation occurring
during the measurements. This crystallisation strongly influences the viscosity of the
resulting heterogeneous systems. As a result, a gap in viscosity data is obtained between Tg
and the temperature of the stable liquid. Further, it has been demonstrated in the literature
that one can superimpose the -lg qc vs 1/Tf curve derived from calorimetry experiments
on the lg η vs 1/T relationship by using a so-called parallel shift factor lg K. Thus, K
enables retrieving η without the need to conduct viscosity measurements. This holds
crucial importance since the proneness to crystallise of the glasses studied here prevents
determination of liquid viscosity by rheological methods within a wide temperature range
above Tg. This cumulative doctoral thesis was designed to test a combined experimental
approach based on calorimetry and viscometry to narrow the gap in viscosity data for
several fragile glass systems that appears due to fast crystallisation. A new commercial
high-rate calorimeter was combined with conventional calorimetry to cover cooling and
heating rates up to 40,000 K s−1 (2,400,000 Kmin−1) and thereby receive viscosities from
Tg down to η = 104.9 Pa s by applying parallel shift factorsKonset,Kpeak andKend. In detail,
the fragile melts tested in this study are silicate glasses (lithium disilicate, diopside and
standard glass DGG I), a fluorophosphate glass (N-PK52A), tellurite glasses (pure TeO2

and two sodium tellurite glasses) and Zr–based bulk metallic glasses (Vitreloy 105 and
AMZ4). It was found that this combined experimental approach is suitable to narrow the
η(T ) gap for the mentioned melts. New data were obtained from the glass transition region
down to η = 106.3 Pa s for the fluorophosphate glass, 105.5 Pa s for silicate glasses, 105.3 Pa s
for tellurite glasses and 104.9 Pa s for metallic glasses. A subsequent highly-constrained
parameterisation of the available viscosity data makes it possible to describe the entire
viscosity range. A smaller gap remains in the viscosity data of all glasses after this
experimental procedure. Additionally, for pure TeO2, whose weak glass-forming ability
and strong tendency to crystallise prevent reliable measurements in the undercooled state,
the parameterisation provides the first experimentally-determined viscosity curve. In
case of the metallic glasses, the already-available measured viscosity data from literature
suggest the existence of an unusual viscosity behaviour, the fragile-to-strong (F–S)
transition. The new data and fits provided in this thesis narrowed down the appearance
of this F-S transition to a region at higher temperature.
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1 Introduction

1 Introduction

The glass-forming ability [1] of a melt is a central aspect that defines not only its
large-scale manufacturing potential but also the simplicity by which its viscosity can be
measured experimentally. Unfortunately, it is notably difficult to determine the viscosity
for melts that tend to crystallise or easily demix above their glass transition temperature
Tg [2], given that crystallisation and demixing strongly influence the overall viscosity
of the resulting heterogeneous systems [3–8]. One example from manufacturing is the
viscosity of all conventional glasses, which holds technological interest as an essential
feature for the applicable production and hot-forming processes. Indeed, most metallic
glass compositions are characterised by a relatively low glass-forming ability and require
high quenching rates [9].

In general, the formation of a glass takes place if the cooling of a melt is sufficiently
fast to prevent its crystallisation. Literature [10] has recently proposed an enhanced and
more detailed definition of glass: "Glass is a nonequilibrium, noncrystalline condensed
state of matter that exhibits a glass transition. The structure of glasses is similar to
that of their parent supercooled liquids (SCL), and they spontaneously relax toward the
SCL state. Their ultimate fate, in the limit of infinite time, is to crystallize." If such a
glass (non-equilibrium) is subsequently heated (Fig. 1.1), it first passes through its glass
transition region where its structure relaxes to the structure of the SCL state. This SCL
is metastable, which means that a thermodynamic barrier must be overcome to start a
crystallisation. The glass structure always first relaxes to the structure of the SCL before
it can crystallise at any positive temperature after a certain time, which strongly depends
on the chemical composition of the system and temperature [10].

The example presented in Figure 1.1 shows a region between the calorimetric glass
transition and the onset of crystallisation Tcryst, which represents the SCL state measured
with a slow heating rate qh of 10Kmin−1 by conventional differential scanning calorimetry
(DSC) after cooling the sample with the same rate qc from its SCL. The fictive temperature
Tf (also equilibrium and effective temperature) was first described as the temperature at
which the SCL structure is frozen in [14, 15] and later used in terms of its contribution
to the structural relaxation process of different glass properties (e.g. enthalpy, specific
volume and refractive index) [16–20]. For a DSC experiment with |qh| = |qc|, the Tf
value corresponds to the intercept between the tangent to the glass signal before the glass
transition region (at lower temperature) and the tangent to the signal inflection point during
the glass transition (at higher temperature) when the endothermal peak starts (calculated
as Tonset in Fig. 1.1). The peak of calorimetric glass transition (Tpeak) corresponds to
the minimum of the signal during the glass transition, while the endset (Tend) can be
constructed from the intercept between the tangent to the signal of the relaxed liquid after
the glass transition region and the tangent to the second signal inflection point during the
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Figure 1.1: Measured heat flow as a function of temperature for a stoichiometric lithium
disilicate glass [11–13] at a heating rate of 0.17 K s−1 (10 K min−1) after cooling with the
same rate from the SCL.

glass transition at a higher temperature than Tpeak. Tf can also be called the standard
glass transition temperature Tg if the glass was measured with qh = 10 K min−1 after
cooling the sample with |qc| = |qh| from its SCL state [21]. This behaviour of a glass
of lithium disilicate composition was illustrated for a wide range of matching cooling
and heating rates qc,h (qc,h

∧
= |qc| = |qh|) in a time-temperature-transformation (TTT)

diagram (Fig. 1.2). In cotrast to the rate-dependent glass transition (Tf (qc,h)), the
crystallisation process of a liquid occurs due to a combination of crystal nucleation and
crystal growth. The kinetics of the liquid-to-crystal transformation can be described by the
Johnson-Mehl-Avrami-Kolmogorov theory (JMAK) [22–26]. For Fig. 1.2, the time and
temperature to crystallise a fraction of α = 10−6 was calculated following the parameters
of lithium disilicate from the literature [27, 28]. Further, the average structural relaxation
time was obtained by first calculating the viscosity curve using the MYEGA model [29,
30] (Eq. 1.1) and applying Eq. 1.2 [31, 32] with a shift factor of lg K = 11.2 [5] on the
viscosity to transform the data into a corresponding cooling/heating rate and finally into the
time necessary to relax the glass to its SCL for heating from room temperature (Eq. 1.3).
Further on, the corresponding temperature that was reduced by the room temperature can
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be divided by the cooling rate to obtain the time necessary to relax a glass to its SCL at
every temperature. In addition, the calorimetric glass transition Tf measured with different
qc,h is presented and matched with the average structural relaxation curve.
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Figure 1.2: TTT diagram of lithium disilicate melt for a crystallised fraction of
α = 10−6 (black line) together with average structural relaxation time τ (red line) and the
calorimetric glass transition Tf measured for different qc,h (green circles). The melting
temperature Tm and the "nose" temperature TN (the time to crystallize α = 10−6 is the
shortest at TN ) are added.

lg η = lg η∞ + (12− lg η∞)Tg
T
exp

[(
m

12−lg η∞ − 1
)(

Tg
T
− 1
)]

(1.1)

lg qc,h = lg K − lg η(T ) (1.2)

τ =
T − 293

qc,h
(1.3)

Figure 1.2 shows that the α = 10−6 and τ curves change their courses with different
slopes, whereby the slope of the relaxation curve is lower in comparison to the slope
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of the transformation curve for T < TN . These different slopes result in an increasing
gap between glass transition and crystallisation with an increasing heating/cooling rate.
Generally, the slope of the lines can be explained considering the activation energy E
for each process [33]. With the increase of heating rates, both Tf and Tcryst move to
higher temperatures, but Tf requires more activation energy to shift, and Tf will be left
behind by Tcryst [34]. For crystallisation, which has a complex temperature dependence,
E cannot be described by a single Arrhenius equation, which is the basis of the often-used
Kissinger equation [35]. Instead, the already mentioned JMAK theory is appropriate
for this purpose. In the case of Tf , E can be obtained by, for instance, using the
Vogel-Fulcher-Tammann equation (VFT) [36–38]:

lg η(T ) = A+
B

T − T0
(1.4)

where A, B and T0 are constants. The corresponding Arrhenius plot (lg η vs. T−1)
shows a non-linear trend and the slope representsE (R is the gas constant), which decreases
with increasing T [33]:

d lg η

d T−1
=

BT 2

(T − T0)2
=
E

R
(1.5)

However, the knowledge of increasing space between Tf and Tcryst with increasing
qc,h is not the only important behaviour of glass to be highlighted here. Additionally,
it is necessary to mention the influence of the thermal history on the glass
structure. The kinetics of the whole glass transition can be obtained by the
Tool-Narayanaswami-Moynihan model (TNM) [15, 39, 40], whereby for a narrow
temperature range a single constantE is frequently used [33]. However, for a large T -range,
Eq. 1.4 and 1.5 demonstrate that a non-linear trend for η(T ) is correct and that E is not
a constant. Thus, the approach of Moynihan et al. [16, 41] linking E from calorimetric
experiments with the rate-dependent glass transition Tf (qc,h):

d lg qc,h

d T−1f

= −E
R

(1.6)

is actually non-linear and has to be extended to serve a broader range of qc,h and to
obey the non-Arrhenius dependence of η. Then, one has [32]:

d lg η

d T−1
=
d lg q−1c,h

d T−1f

=
Eη(T )

R
=
Eq(T )

R
(1.7)

Eq. 1.7 also describes a linear relation between the cooling rate and viscosity at the
fictive temperature T = Tf [32]:

d lg qc
d lg η

= −1 (1.8)
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and, thus, confirms the observation previously described by Scherer [31]:

lg η(T ) = lg K − lg qc,h (1.9)

Eq. 1.9 emphasises that the lg η vs T−1 relationship can be superimposed on the -lg qc
vs T−1f curve by using the parallel shift factor lg K.

If unmatching cooling and heating rates (|qc| 6= |qh|) are used, differences between
fictive and real temperatures occur. These differences are artefacts and stem from the
thermal history. The first upscan reveals the relaxation of the initial glass towards the SCL
state, whereas the second upscan shows the thermally equilibrated glass. In this example,
a release of enthalpy ∆H (hysteresis) can be observed between the first and second
upscan. The recently-released publication of Scarani et al. [42] extensively compared
the difference between matching and unmatching cooling and heating rates when using
Eq. 1.9 with a combination of conventional and high-rate calorimetry for DGG standard
glass. Figure 1.3 clearly shows how strongly the fictive temperature is influenced if |qc|
is unequal to |qh|. The data reveal that Tf is shifted to a higher temperature if |qc| is lower
than |qh| and vice versa to a lower temperature if |qc| is higher than |qh|. Additionally, it is
shown that the data with matching qc,h display the shape of the viscosity curve, which is
constantly shifted by a factor of lg K = 11.2.

Another important point to consider is the target temperature or waiting time between
the successive cooling cycles to allow structural relaxation of the sample. As summarised
by Deubener [2] for silicate glasses, a time-dependent viscosity can be observed after the
temperature changes in the glass transition range, more precisely the equilibration time of
the viscosity takes longer than needed to set a new temperature. Deubener illustrates that
for silicate glasses the structural relaxation time is two orders of magnitude longer than the
Maxwell stress relaxation time. This observation is in line with the experimental study of
Masuhr et al. [44] for bulk metallic glasses (BMGs).

This study was designed to introduce and demonstrate the results of an updated method
based on the TNM approach to reproduce the kinetic fragility of liquids correctly by
means of calorimetry even for fragile liquids. The viscosity of such fragile liquids is
inaccessible in the η(T ) gap between Tg and the temperature of the stable liquid due
to crystallisation occurring during the measurements with comparatively slow running
viscometric methods.

However, the low scanning rates (≤ 30 K min−1) of conventional calorimeters limit
the accessible range of viscosity around 1012 Pa s. With the aim of determining lower
viscosity through this approach, the experiments must be conducted with higher scanning
rates. For this purpose, a second DSC with an active cooling device and a Flash-DSC
(FDSC) – which made the use of novel accessible high scanning rates possible – were
implemented to cover cooling and heating rates from ∼0.02 K s−1 (1 K min−1) up to
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Figure 1.3: Arrhenius plot of viscosity calculated with Eq. 1.4 (black line) and reciprocal
cooling rate calculated with Eq. 1.9 using lg K = 11.2 [5] (blue line). Fictive temperature
(Tonset) of standard glass DGG I [43] measured with matching (green symbols) and
unmatching (red symbols) cooling and heating rates between 0.08 K s−1 and 30,000 K s−1
were added. The unmatching cycles were always measured with qh = 1,000 K s−1 when
using qc ≥ 100 K s−1 and qh = 0.17 K s−1 when qc ≤ 0.5 K s−1. Figure modified after
[42].

40,000 K s−1 (2,400,000 K min−1).

Afterwards, this shift factor concept is extended to be applicable to three well-defined
points (Tonset, Tpeak and Tend) of the calorimetric glass transition region [5] to cover a
larger range of viscosity from a single experiment:

lg η(Tonset, Tpeak, Tend) = lg Konset,peak,end − lg qc,h (1.10)

By using a FDSC and the three fixed points Tonset, Tpeak and Tend, it is possible
to generate viscosity data in the η(T ) gap, ranging from the glass transition region
(η = 1012 Pa s) through the softening point (η = 106.6 Pa s) to η = 104.9 Pa s.

The motivation for this research is whether this updated approach is successful given
the high scanning rates made accessible by the FDSC, and how well these newly-derived
viscosity data fit with data from slow running devices or the literature. As mentioned
before, it was shown [32] with experimental data for a small temperature range that the

6



1 Introduction

lg η vs T−1 relationship can be superimposed on the -lg qc vs T−1f curve which can be tested
nowwith the FDSC experimentally for a large temperature range. Another point of interest
is whether the approach can be used for glasses with different fragilities. Recent literature
[45] described an increasing deviation of calorimetric fragility from kinetic fragility
when measuring glasses with higher fragility by conventional DSC. This observation was
explained by the inherent assumption of the used equations that the correlation of -lg qc
vs T−1f is based on an Arrhenius behaviour near Tg whereas a non-Arrhenius behaviour
is correct across the whole temperature range. Consequently, the methodology was tested
on several different glass systems in this study.

First, chapter 3 discusses the attempt to generate new viscosity data for a commercial
fluorophosphate N-PK52A glass [46] and two model glasses of close stoichiometry,
namely diopside (Di [11]) and lithium disilicate (LS2 [12, 13]). This was possible by
applying the same approach to the standard glass DGG I [43]. The same methodology was
utilised in chapter 4 to investigate pure TeO2 glass by a necessary detour of measurements
of two sodium tellurite glasses with a better glass-forming ability. Finally, in chapter 5 the
focus is placed on investigations into new viscosity data of two Zr–based BMGs, namely
Vitreloy 105 and AMZ4.

7
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2 Overview of publications

2.1 Paper 1: Silicate and fluorophosphate glasses
• Authors and their contribution to the publication

– R. Al-Mukadam: Conceptualization, Methodology, Data curation, Writing -
review & editing, Investigation, Visualization, own contribution ≈ 70%

– D. Di Genova: Conceptualization, Methodology, Writing - original draft, Data
curation, Investigation, Visualization

– H. Bornhöft: Investigation

– J. Deubener: Writing - review & editing, Resources, Funding acquisition

• Year: 2020

• Title: High rate calorimetry derived viscosity of oxide melts prone to
crystallization

• Scientific Journal: Journal of Non-Crystalline Solids

• Volume: 536

• Page: 119992

• DOI: https://doi.org/10.1016/j.jnoncrysol.2020.119992

• Content and relevance for the thesis:

This study was designed to introduce a first approach to determine the viscosity of
melts prone to crystallisation. The glass systems examined in this case are a commercial
fluorophosphate N-PK52A glass [46] and two model glasses of close stoichiometry, i.e.,
diopside (Di [11]) and lithium disilicate (LS2 [12, 13]).

Viscosity was determined by using three different DSC devices to study the Tf/qc
relationship of melts over five orders of magnitude of cooling rate, ranging from
∼0.08 K s−1 (5 K min−1) up to 5,000 K s−1 (300,000 K min−1), and then a
chemically-independent K factor on the data by use of a basic equation from [31, 32]
was applied:

lg η(Tonset, Tpeak) = lg Konset, Kpeak − lg qc,h (2.1)

Viscosity measurements in the range between ∼109 and ∼1012 Pa s were performed
using micropenetration viscometry and from 100 to 103 Pa s using concentric cylinder
viscometry.
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2 Overview of publications

In order to arrive at the correct K factor for translating calorimetric data into viscosity,
the standard glass DGG I [43] was used to calibrate the viscosimetric devices and the
relationship between viscosity and calorimetry, which results in a global lgKonset = 11.19
± 0.06 and lgKpeak = 9.68± 0.08. As a result, these global shift factors are used to obtain
new viscosity data for the Di, LS2 and N-PK52A glasses that agree with their measured
viscosity data from viscometry. Following this, theMYEGA equation [29, 30] was used to
parameterise the measured and DSC-derived viscosities to contribute a highly-constrained
parameterisation of the viscosity of the melts examined in this study.

Accordingly, a η(T ) gap ranging from the glass transition region (η = 1012 Pa s)
towards the softening point (η = 106.6 Pa s) – which has been inaccessible so far due
to crystallisation occurring during the measurements – has become accessible and allows
expanding the existing data in literature for the glasses in this study.
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2.2 Paper 2: Sodium tellurite and pure TeO2 glasses
• Authors and their contribution to the publication

– R. Al-Mukadam: Conceptualization, Validation, Data curation, Investigation,
Visualization, Writing - original draft, own contribution ≈ 80%

– A. Zandona: Conceptualization, Validation, Data curation, Investigation,
Visualization, Writing - original draft

– J. Deubener: Writing - review & editing, Supervision, Project administration,
Funding acquisition

• Year: 2021

• Title: Kinetic fragility of pure TeO2 glass

• Scientific Journal: Journal of Non-Crystalline Solids

• Volume: 554

• Page: 120595

• DOI: https://doi.org/10.1016/j.jnoncrysol.2020.120595

• Content and relevance for the thesis:

The publication describes a procedure that allows the production of a
single-component oxide glass of pure TeO2 by ultrafast quenching in a high-rate
calorimeter. This melt system is known to crystallise directly in the η(T ) region
below the melting temperature Tm, whereas a glass of this composition can only be
produced by fast quenching very small sample volume or by the addition of chemical
dopants/pollutants. Furthermore, it presents an approach to obtain new viscosity data
by combining calorimetric with viscosimetric measurements of pure TeO2 and sodium
tellurite glasses.

The pure TeO2 glass (100Te) was synthesised by heating up the raw material of high
purity in a flash differential scanning calorimeter (FDSC) above the melting point and
subsequently quenching it with high rate. Additionally, two sodium tellurite glasses
(80Te20Na and 86Te14Na) with an improved glass-forming ability are produced by
conventional melting in a muffle furnace. Viscosity measurements in the range between
∼1012.2 and ∼109.6 Pa s were performed using micropenetration viscometry and were
in very good agreement with the data available from the literature. The characteristic
calorimetric temperatures Tonset and Tpeak were achieved by using conventional DSC and
FDSC devices with cooling/heating rates ranging from ∼0.02 K s−1 (1 K min−1) up to
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30,000 K s−1 (1,800,000 K min−1). Using the measured viscosity data from the sodium
tellurite glasses, it was possible to find the common best-fitting lgKonset = 10.77 ± 0.06,
which was used to translate all calorimetric Tonset values into viscosity by use of the
equation from [31, 32]. Following this, a common lg Kpeak = 9.73 ± 0.10 was collected
from the FDSC data by aligning the Tpeak values to the Tonset course. The application
of this Konset and Kpeak to the calorimetric data of pure TeO2 resulted in viscosity data
ranging from η = 109.4 to 105.7 Pa s. Finally, the measured and calorimetric derived
viscosities of 100Te and 80Te20Na were added together with values from the literature
determined at high temperature. This dataset is used to parameterise the viscosity applying
the MYEGA equation [29, 30] to supply a constrained parameterisation (extrapolated
infinite temperature viscosity, fragility index, glass transition temperature) of the viscosity
of these melts.

The results of the study provide the first experimentally-derived viscosity curve for pure
TeO2, whose strong tendency to crystallise and poor glass-forming ability prevent reliable
data in the undercooled state. The Tg value stemming from theMYEGA fit is clearly lower
than the scattered determinations reported in the literature and the determined fragility
index m is so far the highest one reported for a single-component oxide glass.
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2.3 Paper 3: Metallic glasses
• Authors and their contribution to the publication

– R. Al-Mukadam: Conceptualization, Investigation, Validation, Writing -
review & editing, own contribution ≈ 70%

– I.K. Götz: Resources, Writing - review & editing, Funding acquisition

– M. Stolpe: Resources, Writing - review & editing

– J. Deubener: Deubener: Resources, Writing - original draft, Supervision,
Project administration

• Year: 2021

• Title: Viscosity of metallic glass-forming liquids based on Zr by fast-scanning
calorimetry

• Scientific Journal: Acta Materialia

• Volume: 221

• Page: 117370

• DOI: https://doi.org/10.1016/j.actamat.2021.117370

• Content and relevance for the thesis:

The publication explores the hitherto unexploited viscosity region between the
glass transition temperature (Tg) and the melting temperature for Zr–based BMGs,
namely Vitreloy 105 (Zr52.5Cu17.9Ni14.6Al10Ti5) and AMZ4 (Zr59.3Cu28.8Al10.4Nb1.5). An
experimental determination of the viscosity is hindered by crystallisation, which leads
to a huge data gap between high- and low-temperature viscosity measurements of ∼11
(Vitreloy 105) and ∼13 (AMZ4) orders of magnitude in viscosity. Furthermore, the
existing measured viscosity data from literature suggest the existence of an unusual
viscosity behaviour, the fragile-to-strong (F–S) transition, which has been attributed to
liquid-liquid transitions and was examined more closely in this case.

Conventional DSC and FDSC devices with cooling/heating rates ranging from
∼0.083K s−1 (5 Kmin−1) up to 40,000K s−1 (2,400,000Kmin−1) were applied to achieve
the characteristic calorimetric temperatures Tonset, Tpeak and Tend. Afterwards, all fictive
temperatures were transformed into viscosity data by applying the parallel shift factors
lgKonset = 11.2± 0.1, lgKpeak = 9.8± 0.2 and lgKend = 9.2± 0.2, which were found for
the reference soda-lime-silica glass DGG I [5] and represent compositionally-independent
factors.
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This new calculated viscosity data confirms the strong regime of both liquids down
until lg η = 4.9–5.5 (∼0.78Tg/T ) in good agreement with measured low-temperature
viscosity from the literature [47, 48]. Additionally, the strong regime could be described
well by the MYEGA equation [29, 30]. With further consideration of the measured
high temperature viscosity data from literature – which shows a fragile behaviour – the
temperature region of a F-S transition can be narrowed down. By applying a generalised
version of the MYEGA equation introduced by Zhang et al. [49, 50] – which uses a strong
term dominant at low temperatures and a fragile term dominant at high temperatures –
the whole viscosity range could be described in quantitative terms. In addition, under use
of the first derivative of the viscosity behaviour, the maximum of the F–S crossover was
found at approximately 0.69Tg/T (Vitreloy 105) and 0.66Tg/T (AMZ4).
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3 High rate calorimetry derived viscosity of oxide melts
prone to crystallisation

R. Al-Mukadam, D. Di Genova, H. Bornhöft, J. Deubener

Institute of Non-Metallic Materials, Clausthal University of Technology, Zehntner Str. 2a,
38678 Clausthal-Zellerfeld, Germany

Abstract
A gap in viscosity data spreads between glass transition and liquidus temperature

for glass compositions, which are prone to crystallisation. Alternatively, differential
scanning calorimetry (DSC) is used to calculate viscosity as both the cooling rate
in a DSC experiment and the shear viscosity at the fictive temperature are related
by a constant shift factor. However, the low cooling rate (≤ 30 K min−1) of
conventional calorimeters limits the accessible range of viscosities around 1012 Pa s.
This study reports on measurements using a Flash DSC (FDSC) with cooling rates up
to 3 × 105 K min−1. Under such extreme conditions, the fictive temperature is shifted
considerably to higher temperatures and viscosity is accessible down to the softening point
(viscosity = 106.6 Pa s) without the occurrence of crystallisation during measurements.
We provide a composition-independent shift factor to retrieve the viscosity of silicate and
fluorophosphate melts over six orders of magnitude.

Keywords: fast scanning calorimetry; Flash DSC; viscosity; lithium disilicate glass;
diopside glass; fluorophosphate glass

3.1 Introduction
Glass formation takes place upon the cooling of a melt fast enough to avoid its

crystallisation. This process roots to the dependence of the timescale of structural
relaxation τ of the melt with temperature T ; the higher is T, the shorter is τ . This
timescale controls the syn-cooling viscous delay of nucleation and crystallisation, and such
retardation underpins the glass formation. Therefore, when studying the glass formation
ability of a given system, of particular interest is the i) dependence on the temperature of
the melt viscosity η and ii) cooling rate qc dependence of fictive temperature Tf , which
represents the temperature at which the liquid structure appears frozen on the timescale of
observation. It is known that η correlates inversely with T, whereas Tf correlates positively
with qc, which means that a rapidly cooled melt has a higher Tf than a slowly cooled
melt. Importantly, as demonstrated by Scherer [31] and Yue et al. [32], the lg η vs 1/T
relationship can be superimposed on the -lg qc vs 1/Tf curve by using the so-called parallel
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shift factor lg K. This aspect assumes extraordinary importance as the use of lg K allows
to retrieve η without the need to perform viscosity measurements, when the relationship
between -lg qc and 1/Tf is known. This is key since viscosity measurements often cannot
be performed due to the rapid crystallisation and/or volatilisation of the sample. Therefore,
knowledge of the relationship between qc and Tf lies at the core of our understanding of
glass formation process and thereby research on glass in materials and Earth sciences.

Broadly, DSC is the prevailing thermal analysis technique used to retrieve the
relationship between qc and Tf . Conventional high-temperature DSC equipment can
impose to the sample a scanning rate ranging from ∼0.0016 to 0.5 K s−1, which
corresponds to 0.1 and 30 K min−1 , respectively. Recently, chip-based fast scanning
calorimeters, the so-called “Flash-DSC” (FDSC) have been developed to explore the
kinetics of glass transition over a wide range of temperature (178–1273 K) and elevated
rates, up to scan rate of 5 × 104 K s−1 in heating and 4 × 104 K s−1 in cooling [21, 51, 52].
This now opens the opportunity to examine an exceptionally wide range of Tf (qc) and thus
η(T ) of systems with low glass-forming ability, which are prone to crystallisation and/or
exsolution of volatile phases if studied at standard rates with conventional DSC.

Here, we present the first attempt to retrieve the viscosity of melts prone to
crystallisation by using a chemically-independent K factor and three different DSC
devices. To this aim, we use a Flash-DSC, a second DSC with an active cooling device,
and a third conventional DSC to study the Tf /qc relationship over five orders of magnitude
of cooling rate, from ∼0.08 K s−1 (5 K min−1) up to 5000 K s−1 (3 × 105 K min−1). This
allows us to determine the melt viscosity of the commercial fluorophosphate N-PK52A
glass [46] and twomodel glasses of close stoichiometry, i.e. diopside (Di [11]) and lithium
disilicate (LS2 [12, 13]) in a η(T ) interval that has been inaccessible so far, i.e. from the
glass transition range (η = 1012 Pa s) down to the softening point (η = 106.6 Pa s), without
crystallisation occurring during measurements.

3.2 Experimental and analytical methods

3.2.1 Glasses
We selected two glasses [diopside (Di) and lithium disilicate (LS2)] from previous

studies [11–13] together with a commercial fluorophosphate N-PK52A glass [46]. The
crystallisation and viscosity of Di, LS2 glasses have been extensively studied over decades
[53–61] and combined with N-PK52A glass encompass a broad range of chemistry and
fragility [62], thus representing the best candidates to explore both the η(T ) and Tf (qc)
dependences over a wide interval of T and qc. Viscometry was calibrated using the
standard soda-lime silicate DGG I glass [43]. The chemistry of all four glasses is reported
in Table 3.1, whilst the errors in chemical analysis are reported in ref. [46] for N-PK52A,
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Fanara et al. [11] for Di, Krüger and Deubener [13] for LS2, and Meerlender [43] for
DGG I. Constant composition of the fluorophosphate N-PK52A glass as analyzed by X-ray
fluorescence (S4 Pioneer, Bruker AXS) before and after concentric cylinder viscometry
indicated negligible evaporation of light elements.

Table 3.1: Chemical composition (mol%) of the investigated glasses. See references for
the errors in chemical analysis.

Glass DGG I Di LS2 N-PK52A
Ref. [43] [11] [12, 13] [46] in wt%

SiO2 70.9 49.9 67.3
TiO2 0.1
Al2O3 0.7 10-20
F− 20-30
F2O3 0.1
MgO 6.2 24.8 1-10
CaO 7.1 25.3 1-10
BaO 10-20
SrO 10-20
Na2O 14.3
K2O 0.2
Li2O 32.5
P2O5 10-20
Nb2O5 <1
SO3 0.3

3.2.2 Differential scanning calorimetry (DSC)
The fictive temperature Tf of the glasses was determined by measuring the change in

the heat flow with temperature during a DSC upscan at a given heating rate (qh). The
upscan followed a downscan at a cooling rate |qc| equal to |qh|. With this approach
of matching cooling and heating rates qc,h, the so-called onset of the calorimetric glass
transition Tonset corresponds to Tf [17, 32, 63] determined by the enthalpy-matching
method [16, 64, 65]. The Tonset represents the intercept between the tangent to the heat
flow curve of the glass (i.e. before the glass transition region) and the tangent to the
inflection point during the glass transition as illustrated in Fig. 3.1. We also determined
the temperature corresponding to the heat flow peak undershoot (hereinafter referred to as
Tpeak) during the glass transition (Fig. 3.1).

The conventional DSC 404 F3 Pegasus (Netzsch, Selb, Germany) was used to measure
Tonset and Tpeak at qc,h equal to 5, 10, 15 and 20 K min−1 (0.08, 0.17, 0,25 and 0.33 K s−1,
respectively) under N2 5.0 atmosphere (80 ml min−1 flow rate) using a PtRh20 crucible.
Here, we used from∼10 to∼45 mg of DGG I glass to explore the effect of sample mass on
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Figure 3.1: Measured heat flow as a function of temperature for LS2 glass at a heating
rate of 0.17 K s−1 (10 K min−1) after cooling at 0.17 K s−1 through the glass transition
region. The characteristic temperatures Tonset and Tpeak are shown.

the thermal retardation of Tonset and Tpeak, especially at the fastest qc,h of 20 K min−1. We
used 20± 5mg of glass for all the other samples. Prior to sample analysis, temperature and
sensitivity calibration was performed using melting temperature and enthalpy of fusion of
reference materials (pure metals of In, Sn, Bi, Zn, Al, Ag and Au) up to 1337 K. Baseline
measurements were made at the different qc,h, where two empty PtRh20 crucibles were
loaded into the DSC. Each sample was heated at 0.08 K s−1 (5 K min−1) from room
temperature to 323 K and kept at this temperature for 40 min in order to achieve DSC
signal equilibrium. Subsequently, in order to erase the thermal history of the sample, the
temperature was raised with a heating rate of 0.33 K s−1 (20 K min−1) to ∼60 K above
the Tpeak and, afterwards, decreased to 323 K at 0.17 K s−1 (10 K min−1). From here,
we applied the 4 cycles of qc,h following the sequence of 0.17, 0.33, 0.25, and finally
0.08 K s−1, namely 10, 20, 15 and 5 K min−1.

The TGA/DSC 3+ (Mettler-Toledo, Greifensee, Switzerland) equipped with a water
cooling device was employed to extend the relationship between Tonset and Tpeak with qc,h
up to 0.5, 1 and 2 K s−1 (30, 60 and 120 K min−1, respectively). Here, we used ∼5 up
to ∼30 mg of glass for all samples and the measurements were performed under N2 5.0
atmosphere (60 ml min−1 flow rate) using a PtRh20 crucible. We employed the same
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temperature protocol used with the previous DSC for starting the measurement.
Finally, the Flash DSC 2+ (Mettler-Toledo, Greifensee, Switzerland) equipped with the

UFH 1 sensor allowed us to achieve a qc,h interval ranging from 1 × 100 to 3 × 104 K s−1.
Before measuring the characteristic glass transition temperatures of the sample, we
performed the two-step thermal treatment of an empty sensor according to the temperature
programs provided by the manufacturer. Initially, the temperature of the chip and sensor
support was set at 300.2 K. Once thermal equilibrium was reached, we carried out the
so-called “conditioning” program, which consists of a series of heating and cooling steps
at the maximum operating temperature. Such a temperature program is required to remove
the thermal history of the chip. Afterwards, the thermocouple correction program was
also performed. In order to obtain an optimal signal to noise ratio, we used a sample mass
that ranged from∼10 to∼300 ng, which was estimated by using the intensity of the glass
transition step obtained by FDSC and conventional DSC [52, 66]. As an example, we show
in Fig. 3.2 the N-PK52A sample (density ρ equal to 3.7 g cm−3 [46]) for which we obtained
a mass of ∼90 ng. After the FDSC measurement was performed, aluminum (melting
temperature Tm = 933.6 K) or indium (Tm = 429.8 K) was placed on the reference side of
the chip sensor and measured with the same temperature program used for the sample. We
used aluminum for Di, DGG I and LS2 that were measured at relatively high temperatures,
whereas for the N-PK52A sample indium was used as the maximum temperature achieved
during the measurement was 923.2 K. The difference between the measured Tm and the
reference value at a given qh was used for the correction of Tonset and Tpeak. The maximum
deviation between the reference melting temperature occurred for the aluminum standard
and ranged from 1 K up to 5 K at the highest heating rate (3 × 104 K s−1) in agreement
with previous studies [52]. During the measurements a constant gas flow of Ar 5.0 with
40 ml min−1 was used.

3.2.3 Viscometry
High viscosity measurements between ∼109 and ∼1012 Pa s were performed

using micropenetration viscometry on doubly polished glassy disks (3 mm thick).
We used a vertical dilatometer (Bähr VIS 404, Hüllhorst, Germany) equipped with a
micropenetration setup consisting of a rod of SiO2 pushing a sapphire sphere of radius
r = 0.75 mm. The force applied on the sample via the pushing rod was adjusted to 3.92 N
by loading 400 g of load when measuring viscosity between 1010 and 1012 Pa s. We
reduced the force to 1.96 N by loading 200 g of load to measure viscosity below 1010 Pa s.
The temperature was controlled with a S-type thermocouple (Pt-PtRh) placed at ∼ 2 mm
from the sample surface. As discussed recently by Behrens et al. [67] which used the
same apparatus, the thermal gradient along the sample axis was less than ± 1 K mm−1.
Thereby, themaximum temperature error on is± 5Kwhen considering the accuracy of the
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Figure 3.2: N-PK52A glass (∼ 20µmdiameter) on theUFH1 sensor of the FlashDSC 2+.

S-type thermocouple and its distance from the sample. We followed the procedure adopted
by Di Genova et al. [68] to achieve the thermal equilibration of the sample at the target
temperature (i.e. measuring temperature). A heating rate of 0.17 K s−1 (10 K min−1) was
imposed to the sample up to a temperature of 100 K lower than the measuring temperature
and then a rate of 0.08 K s−1 (5 K min−1) was used for the last 100 K. After reaching
the final dwell temperature, the samples were allowed to relax for approximately 600 s
before the load was applied. The indentation depth of the sapphire sphere into the sample
was measured as a function of time using a linear variable displacement transducer and
viscosity was determined according to Douglas et al. [69]. The viscosity measurements of
the standard glass DGG I were also used to calibrate the vertical dilatometer. The certified
viscosity data [43] were reproduced with a standard deviation of ± 0.1 in lg units.

Low viscosity measurements ranging from 100 to 103 Pa s were performed using
concentric cylinder viscometry (Haake RV 20, Karlsruhe, Germany) for DGG I, LS2 and
N-PK52Amelts. The torque reading of the device was calibrated at strain rates from 0.1 to
96 s−1 using the standard DGG I [43, 70] and the error in viscosity was found to be± 0.02
lg units, which is in line with that reported by Deubener et al. [70] who used the same
experimental setup. For all experiments, we used data where a linear stress strain-rate
relation was measured suggesting pure Newtonian flow behavior of crystal-free melts.

For the Di glass, only high-viscosity measurements were performed due to the limited
amount of sample available. However, we selected viscosity data from the literature [53,
55, 56, 60, 61] necessary to obtain the full picture of the η(T ) relationship.

19



3 High rate calorimetry derived viscosity of oxide melts prone to crystallisation

3.2.4 Calibration of the relationship between viscosity
and characteristic temperatures

The standard glass DGG I was used to calibrate our devices (micropenetration
and concentric cylinder viscometers) and the relationship between viscosity and the
characteristic temperatures Tonset and Tpeak. This was possible because for this glass
certified data over the entire viscosity range from∼10 to∼1012 Pa s are provided. Fig. 3.3
shows the certified viscosity points together with those measured (Fig. 3.3A) and the
characteristic temperatures of the glass transition in Arrhenian diagrams (Fig. 3.3B). The
inspection of Fig. 3.3A shows an excellent agreement between measured and standard
viscosity. On the other hand, the inspection of Fig. 3.3B reveals that for each DSCmethod
an upper limit in qc,h is evident at which the characteristic temperatures increasingly
deviate (red symbols) from the anticipated Arrhenian behavior. A sample mass-dependent
thermal lag, which will be discussed in detail in Section 3.4 is assumed to cause this
deviation. The affected data were discarded from further evaluation.

In order to establish the shift factors (lgKonset and lgKpeak) connecting viscosity lg η
at Tonset and Tpeak and calorimetry data we used Eq. (3.1) [31, 32]:

lg Konset, Kpeak = lg η(Tonset, Tpeak) + lg qc,h (3.1)

where qc,h represents the cooling/heating rate (K s−1) at which Tonset and Tpeak were
measured by DSC. In order to obtain the viscosity at the different characteristic glass
transition temperature, the VFT temperature dependence of the certification letter of
DGG Iwas used (lg η = AV FT+ B

T (K)−T0 , whereAV FT = -2.5835 lg Pa s, B = 4331.6 K and
T0 = 520.79 K). The results are listed in Tab. 3.2, and by combining the average obtained
from each DSC a global lg Konset = 11.19 ± 0.06 and lg Kpeak = 9.68 ± 0.08 could be
established. The value for lg Konset is similar to that provided by the literature [31, 32],
whilst for lgKpeak our result matches that reported in [52], which performed an exclusive
calibration of the FDSC device.

3.3 Results

3.3.1 Glass transition temperature
From the measurements performed at relatively slow qc,h (i.e. using conventional and

water-cooled DSC) we obtained that the characteristic glass transition temperatures varied
between 729.9 K [Tonset at 0.08 K s−1 (5 K min−1), sample LS2] and 1057.3 K [Tpeak at
2 K s−1 (120 K min−1), sample Di]. With the fast qc,h measurements using the FDSC
the characteristic glass transition temperatures ranged from 780.9 K (Tonset at 50 K s−1,
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Figure 3.3: Arrhenian diagram of viscosity (A) and characteristic glass transition
temperatures (B) of the standard soda-lime silicate glass DGG I. Panel A shows the
certified data (black symbols), the VFT dependence (line) provided by the certificate, and
the viscosity measured in this study (empty symbols). Note that red symbols in panel B
indicate a deviation from the expected linear trend (dashed lines) due to thermal lag at high
cooling/heating rates for the water-cooled and Flash DSC devices. Error bars are smaller
than symbols (see text for details). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

sample N-PK52A) to 1151.5 K (Tpeak at 5000 K s−1, sample Di). All results of DSC
measurements were plotted in Fig. 3.4 against the inverse of the temperature and compiled
in Table 3.3.

3.3.2 Viscosity

The results from micropenetration (high viscosity interval) and concentric cylinder
viscometry (low viscosity interval) are summarized in Table 3.4 and illustrated in Fig. 3.5.
In general, the measured viscosity by micropenetration ranged from 109.55 Pa s (1044.0 K)
for the diopside glass to 1012.30 Pa s (746.2 K) for the N-PK52A glass. For diopside glass,
we also reported in Fig. 3.5 data (gray triangles) provided by previous studies [53, 55,
56, 60, 61] and found an excellent agreement within the experimental error. Therefore,
we can assume that the low viscosity data can be incorporated into our study. Fig. 3.5
clearly underlines the wide gap in the determination of viscosity data from rheometric
methods. For concentric cylinder viscometry, data below the lowest temperature for LS2
and N-PK52A samples were discarded since a constant torque reading was not achieved,
suggesting a progressive crystallisation of the sample.
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Table 3.2: Characteristic glass transition temperatures of the standard glass DGG I and
calculated shift factor according to Eq. (3.1). The star (*) indicates a deviation from the
Arrhenian behavior due to thermal lag (Fig. 3.3B). Corresponding shift factors were not
calculated. The characteristic glass transition temperatures were determined within± 1 K
for conventional and water-cooled DSC, and a maximum of ± 5 K for the FDSC (see text
for details).

DSC-Type qc,h (K s−1) qc,h (K min−1) Tonset (K) Tpeak (K) lg Konset (Eq. 3.1) lg Kpeak (Eq. 3.1)

Conventional 0.08 5 813.0 844.9 11.16 9.70
0.17 10 820.3 854.2 11.10 9.63
0.25 15 824.0 860.6 11.10 9.56
0.33 20 827.6 865.1 11.06 9.52

Water-cooled 0.08 5 848.3 9.52
0.17 10 817.6 853.0 11.23 9.68
0.25 15 819.5 857.1 11.32 9.69
0.33 20 824.4 859.3 11.21 9.74
0.50 30 829.1 869.4 11.17 9.54
1 60 839.8* 880.4*
2 120 849.2* 899.8*

Flash 100 6000 892.1 939.8 11.08 9.76
200 12,000 898.0 950.5 11.20 9.80
500 30,000 906.7 966.3 11.34 9.84
1000 60,000 927.8 983.9 11.06 9.77
1000 60,000 915.2 980.2 11.40 9.85
5000 300,000 944.6* 1020.3*
10,000 600,000 963.3* 1046.1*
15,000 900,000 972.7* 1067.2*
20,000 1,200,000 978.7* 1083.1*
25,000 1,500,000 987.5* 1090.4*
30,000 1,800,000 986.1* 1096.4*

3.4 Discussion
The Fig. 3.4 illustrates the relationship between -lg qc,h and the inverse of two

characteristic glass transition temperatures (Tonset and Tpeak) over five orders of magnitude
of qc,h, which we obtained by combining the results from three DSC devices. For
all samples, the Arrehenian behavior can be observed from -lg qc,h ∼1 s K−1, which
corresponds to the lowest rate (qc,h = 5 K min−1) used with conventional high-temperature
DSC, to -lg qc,h ∼ -3.7 s K−1 (qc,h = 5000 K s−1) explored by FDSC. We observed a
deviation from the Arrehenian behaviour for -lg qc,h < -3.7 s K−1 for all samples, which
corresponds to a qc,h > 5000 K s−1. Furthermore, the same behavior was observed
regardless of the sample mass for LS2 and N-PK52A at qc,h equal to 1 and 2 K s−1 that
represent the high rates for the water-cooled DSC. We argue that the deviation from the
linear trend stems from the combined effects of the thermal lag of the DSC sensors, the
sample properties (i.e. mass, volume and thermal conductivity) and the used qc,h. All
these effects ultimately result in a shift to higher temperature of the Tonset and a delay in
the release of the excess enthalpy (Tpeak) of the glass upon dynamic heating.

The thermal lag of the FDSC sensor was recently observed and discussed by Schawe
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Figure 3.4: Tonset and Tpeak with heating rate following equal cooling rate through the
glass transition region of Di, LS2 and N-PK52A. Error bars are smaller than symbols (see
text for details).

and Hess [52] who used DGG I glass. They concluded that thermal lag of the UFH 1
sensor, which is in the order of 0.4 ms, is relevant from qc,h higher than 5000 K s−1 when
using∼ 50 ng of glass. Here, we further explore the thermal lag effect on Tonset and Tpeak
by combining different DSC devices and simultaneously varying the sample mass. We aim
to provide optimal conditions for retrieving the effective relationship between qc,h, Tonset
and Tpeak. This is crucial because a limited range of qc,h is often studied, which would
therefore lead to an apparent dependence of Tonset and Tpeak on qc,h. This aspect has a
profound implication for the correct estimation of the melt viscosity via DSC, especially
when the relationship between qc,h, Tonset and Tpeak is extrapolated outside the measured
interval. Concerning the thermal lag observed in the relatively low qc,h region typical of
conventional DSCs (qc,h ranging from 5 K min−1 to 2 K s−1), we found that with∼ 25 mg
of sample the thermal lag is avoided from 5 Kmin−1 to 15 Kmin−1. However, less sample
(∼ 15 mg) was needed to obtain reliable results up to 60 K min−1 and, eventually, we used
∼10 mg for the Di sample to measure Tonset and Tpeak at 2 K s−1, which is characterized
by a relatively high DSC signal-to-noise ratio that allowed the use of a small amount of
sample. Obviously, the sample density plays also a key role in defining the optimal amount
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Table 3.3: Characteristic temperatures of the glass transition Tonset, Tpeak of Di, LS2 and
N-PK52A glasses as determined by conventional DSC, water-cooled DSC, and FDSC. The
characteristic glass transition temperatures were determined within± 1 K for conventional
and water-cooled DSC, and a maximum of ± 5 K for the FDSC (see text for details).

Di LS2 N-PK52A
qc,h (K s−1) Tonset (K) Tpeak (K) Tonset (K) Tpeak (K) Tonset (K) Tpeak (K)

0.08 996.3 1019.0 729.9 751.4 745.2 768.5
0.08 1019.3 728.0 748.8 747.0 766.2
0.17 998.7 1026.9 733.4 758.4 751.2 775.6
0.17 1000.6 1026.3 733.9 755.5 752.9 772.4
0.25 1004.0 1031.1 738.9 764.5 754.9 780.9
0.25 1005.9 1031.0 735.4 759.9 753.6 776.3
0.33 1006.9 1034.9 742.1 768.4 758.0 785.6
0.33 1009.4 1034.1 739.7 764.8 755.8 778.8
0.50 1011.0 1039.8 741.6 770.3 759.5 780.3
1 1016.3 1049.9
2 1019.8 1057.3
10 1033.7
25 1048.8 1069.2 798.3
50 780.9 802.2
100 1062.8 1086.5 785.0 805.0
100 806.0
200 1061.3 1094.0 834.8 788.7 810.1
500 1069.9 1108.2 802.4 843.2 796.7 818.0
500 805.3 844.6
750 1072.8 1108.5
1000 1074.9 1113.0 809.8 854.0 799.4 824.6
1000 810.1 852.5 798.6 825.1
1000 807.2 852.9 798.7 825.2
1000 806.2 852.4
1000 803.1 851.7
1000 808.7 854.7
1000 809.1 855.3
1000 806.9 854.2
1000 809.0 854.2
1000 808.0 853.7
1500 1080.0 1116.8
2000 1084.1 1123.0
2500 804.1 829.0
5000 1092.8 1141.5 810.4 842.6

of material and indeed for the densest glass used in our study (N-PK52A, ρ = 3.7 g cm−3

[46]) we used ∼ 5 mg that resulted in a thermal lag only for Tpeak.

Once the relationship between the characteristic temperatures Tonset(qc,h) and
Tpeak(qc,h) of Tab. 3.2 and viscosity was retrieved for the standard soda-lime silicate glass
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Table 3.4: Viscosity of disilicate (LS2), diopside (Di) and fluorophosphate (N-PK52A)
glasses. The error associated with micropenetration viscometry is ± 0.1 lg units, whilst
for concentric cylinder viscometry is ± 0.02 lg units.

Di LS2 N-PK52A
T (K) lg η (Pa s) T (K) lg η (Pa s) T (K) lg η (Pa s)

999.2 11.92 731.0 12.08 746.2 12.30
999.4 11.96 740.9 11.46 751.3 11.85
1004.6 11.53 750.7 10.93 930.2 1.99
1006.3 11.49 750.5 10.91 930.2 1.88
1009.2 11.35 760.4 10.37 960.2 1.07
1009.4 11.28 770.5 9.92 960.2 1.07
1014.7 11.01 780.3 9.53 960.2 1.07
1016.4 10.93 790.2 9.11 993.2 0.46
1019.4 10.75 1289.2 1.57 993.2 0.47
1029.0 10.27 1289.2 1.57 1025.2 0.04
1029.4 10.25 1319.2 1.43 1025.2 0.03
1036.3 9.92 1319.2 1.43
1044.0 9.55 1348.2 1.30

1348.2 1.30
1403.2 1.10
1403.2 1.10
1448.2 0.93
1448.2 0.93
1495.2 0.78
1495.2 0.78
1528.2 0.67
1528.2 0.66

DGG I using Eq. (3.1), we applied the parallel shift factors lg Konset = 11.19 ± 0.06
and lg Kpeak = 9.68 ± 0.08 for the DSC data of the Di, LS2 and N-PK52A glasses
(Fig. 3.6). Notably, the derived viscosity for Di, LS2 and N-PK52A in the low-temperature
regime investigated by the two low qc,h DSCs agree with the measured viscosity by
micropenetration (blue stars) in the high viscosity interval (between 109 and 1012 Pa s).
Therefore, we conclude that within the chemical interval investigated in this study,
the calculated Konset and Kpeak are independent of chemical composition. Moreover,
we observed that the FDSC-derived viscosity virtually fills the η(T ) gap in which
crystallisation occurs for most of the synthetic and natural systems with low ability to
form glass [12, 13, 71–74].

Finally, we parameterized the measured and DSC-derived viscosities using the
MYEGA equation (Eq. 3.2) [29, 30] to provide a highly-constrained parameterization of
the viscosity of our melts over the temperature interval studied here:
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Figure 3.5: Viscosity of Di, LS2, and N-PK52A melts. The figure emphasizes the broad
gap in viscosity data due to the ease with which the supercooled melts crystallise. Error
bars are smaller than symbols (see text for details).

lg η = lg η∞ + (12− lg η∞)Tg
T
exp

[(
m

12−lg η∞ − 1
)(

Tg
T
− 1
)]

(3.2)

The obtained MYEGA parameters η∞, m and Tg are reported in Table 3.5. The lg η∞
ranges between -5.96 for N-PK52A and -0.73 for LS2, whilst for Di is equal to -2.02 Pa s.
These results are in agreement with previous findings for oxides glass-forming melts [30].
The derived fragility m for Di is 62.7 and agrees with data provided in the literature
(m = 58.6 [75]). The LS2 exhibits the lowest fragility of 47.4 (m = 45.4 [76]), whereas
the N-PK52A was found to have the highest fragility of 72.3. Finally, we also calculated
the m parameter using only the measured viscosity for LS2 and N-PK52A samples whose
viscosity was weakly constrained in the low temperature range (Fig. 3.5). We obtained
m = 43.4 ± 0.5 for LS2 and m = 82.0 ± 2.2 for N-PK52A, which are respectively ∼10%
lower and higher than values given in Table 3.5. Therefore, the use of FDSC-derived
viscosities provides a better constraint to the estimation of them parameter that is not only
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Figure 3.6: Measured viscosity data of samples used in this study (blue stars, data from
Fig. 3.5) together with DSC-derived viscosity usingEq. (3.1) , Tonset (empty circles), Tpeak
(gray triangles) and the parallel shift factors (lgKonset and lgKpeak) provided in this study.
Lines represent fitting according to Waterton-Mauro (WM called also MYEGA) equation
[29, 30] and parameters listed in Table 3.5 for Di, LS2 and N-PK52A melts. Error bars
of both measure and calculated viscosities are smaller than symbols (see text for details).

important for modelling the viscosity as a function of temperature, but is also used to link
the melt structure to viscosity through the measurement of the configuration heat capacity
[45, 77, 78].

Table 3.5: Fit parameters and standard errors of estimation for the MYEGA [30] equation
(Eq. 3.2) using the DSC derived viscosity data of Di, LS2 and N-PK52A melts.

Sample lg η∞ (Pa s) m Tg (K)

Di -2.02 ± 0.10 62.7 ± 0.8 1000.4 ± 0.5
LS2 -0.73 ± 0.07 47.4 ± 0.4 732.6 ± 0.4

N-PK52A -5.96 ± 0.54 72.3 ± 1.6 752.2 ± 0.6

We conclude that the providedKonset andKpeak can be used for relatively strong glass
formers systems such as the standard soda-lime silicate glass DGG I (m = 37.8 [79]) and,
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importantly, more fragile systems such as LS2, Di and notably also for the fluorophosphate
N-PK52A. We emphasize that all these fragile glasses are prone to crystallise rapidly
above the glass transition temperature when using conventional DSC and viscometry. The
implications of such universality in retrieving the melt viscosity of glass-forming systems
over six orders of magnitude and a broad landscape of chemical composition by using a
single parallel shift factor are profound and diverse. First and foremost, it is now possible
to formulate better parameterizations of the viscosity of technical and natural melts by
accessing the η(T ) where melt crystallisation occurs rapidly. Simultaneously, the use of
FDSCwill stimulate future work on the effect of crystallisation and volatiles species on the
viscosity of melts. This is fundamental for the formation and reforming of glass-ceramics
[80], for the viscous sintering of glass matrix composites for sealant [81] and packaging
applications [82, 83], as well as the study of magma dynamics [84–88].

3.5 Conclusions
In this study, we combined fast scanning calorimetry with two conventional DSC

equipment and viscometers to retrieve the viscosity of the glass-forming melts over six
orders magnitude, from ∼ 106 up to ∼ 1012 Pa s. We demonstrate that the parallel
shift factors (lg Konset and lg Kpeak) are independent of the chemical composition of
relatively strong and fragile glass-forming silicate and fluorophosphate systems. The
obtained lg Konset and lg Kpeak can be used over an interval of heating rate ranging from
5 K min−1 up to 5000 K s−1. We also provide constraints on the effect of sample mass on
the thermal lag of the characteristic glass transitions (Tonset and Tpeak). With the use of fast
scanning calorimetry and parallel shift factors here provided, it is now possible to access
the critical viscosity region where crystallisation and/or volatilisation occur within the
time-scale of conventional DSC and viscometry equipment. This has profound implication
for materials and Earth sciences.
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Abstract
Pure TeO2 glass was prepared in a flash differential scanning calorimeter by applying

fast quenching rates to a TeO2 melt. Matching cooling and heating rates of up
to 30,000 K s−1 were then used to determine the respective fictive temperatures,
corresponding to viscosity values as low as 105.3 Pa s. The interdependence between
calorimetric data and viscosity was verified and fine-tuned for this compositional system
utilizing sodium tellurite glasses. The fragility index of pure TeO2 (m = 64) is by far the
highest reported for a single-component oxide melt.

Keywords: Glass; TeO2; Sodium tellurite; FDSC; Fragility; Viscosity

4.1 Introduction
The glass forming ability [1] of a melt is a key feature that defines not only its

large-scale manufacturing potential, but also the ease by which its physical properties
can be experimentally measured. As a prime example, viscosity determinations are
particularly challenging for melts that tend to readily demix or crystallise above their
glass transition temperature (Tg), since these processes are known to strongly affect the
overall rheology of the resulting heterogeneous systems [3–8]. Calorimetry has indeed
been suggested as a less demanding alternative to indirectly retrieve the viscosity of a
melt near its Tg, based on the fundamental relation [31, 32]:

lg η(Tonset, Tpeak, Tend) = −lg qc,h + lg Konset,peak,end (4.1)

where η stands for the viscosity of the melt. Tonset, Tpeak and Tend represent
well-defined points in the calorimetric glass transition region [5, 89], whereas qc,h defines
the matching cooling and heating rates used during the measurements; finally, lg Konset,
lg Kpeak and lg Kend are compositionally independent factors, respectively calibrated to
the average values (with margins of error) of 11.2 ± 0.1, 9.8 ± 0.2 and 9.2 ± 0.2 [5]. As
shown recently, this approach allows an accurate characterization of the near-Tg rheology
of readily crystallizing silicate melts [5].

It is clear that a broad-range viscosity determination using Eq. (4.1) can be crucially
limited by themaximum heating and cooling rates achievable using the available analytical
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instrumentation. Yet, the ground-breaking development of fast scanning calorimetry has
recently enabled to apply matching heating and cooling rates up to 30,000 K s−1, yielding
viscosity values η as low as 106 Pa s [52, 89]. In this work, the applicability of Eq. (4.1) is
extended to tellurite melts, providing a valid experimental scheme to precisely determine
the viscosity of poor and conditional glass formers. Eventually, this work presents the first
full viscosity curve for a pure TeO2 melt, which can otherwise only be turned into a glass by
ultrafast quenching of very small samples or by the addition of chemical dopants/pollutants
[90–95].

4.2 Experimental

4.2.1 Glass preparation and characterization
High-purity TeO2 powder (Alfa Aesar, 99.99%) was melted in situ on the measuring

sensor of a flash differential scanning calorimeter (see Section 2.4). It was heated up to
47 K above its melting point (Tm = 1005.8 K) and subsequently quenched at high rate.
Complete melting occurred within a few milliseconds; material contamination can be
considered negligeable, since the chip surface displayed no sign of cracking or chemical
reactions (Fig. 4.1). The pure TeO2 glass is hereinafter referred to as 100Te.

Figure 4.1: Pure TeO2 glass (100Te), quenched with a cooling rate of 1,000 K s−1 on the
measuring area (golden circle) of a UFH 1 sensor of the Flash DSC 2+.

The above-mentioned TeO2 raw material and Na2CO3 (Sigma-Aldrich, ACS reagent
primary standard, anhydrous, 99.95 – 100.05% dry basis) were mixed for the production
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of two distinct glass samples (ca. 5 g each). The two mixtures were melted in a muffle
furnace at 973 K in Pt-crucibles, poured on a steel plate and then cooled down in a
second furnace from 423 K to room temperature with 5 K h−1. Chemical analyses of
the two samples performed by X-ray fluorescence (S4 Pioneer;Bruker AXS, Karlsruhe,
Germany) yielded in mol%: 80(1) TeO2 · 20(1) Na2O (hereinafter sample 80Te20Na) and
86(1) TeO2 · 14(1) Na2O (hereinafter sample 86Te14Na). Numbers in parentheses give
uncertainty of the last digit. These compositions were selected because they are situated
in a compositional range exhibiting relatively high glass stability [96].

4.2.2 Raman spectroscopy
A confocal Raman microscope (Senterra, Bruker Optik GmbH, Ettlingen, Germany),

equipped with a 20x and a 50x objective and a 532 nm diode laser was used to control the
glassy state of the specimens; the laser power was set at 10 mW. The spectra were recorded
at room temperature in the range 50–1550 cm−1, with a resolution of 4 cm−1. In the case of
100Te, the very small size of the sample employed for the FDSC measurements (Fig. 4.1)
and the strong fluorescence stemming from the measuring chip noticeably reduced the
quality of the obtained spectrum. The appearance of a “ripple” artefact stemming from
the edge filter of the spectroscope did not compromise the evaluation of the spectra.

4.2.3 Differential scanning calorimetry (DSC)
A conventional DSC (DSC 404 F3 Pegasus; Netzsch, Selb, Germany) was used for

the measurements. The temperature and sensitivity calibration of the instrument was
performed prior to the experiments using melting temperatures and enthalpy of fusion
of reference materials (pure metallic In, Sn, Bi, Zn, Al, Ag and Au) up to 1337 K. Several
fictive temperatures Tf of the glasses 80Te20Na and 86Te14Na were then determined
according to the procedure already defined elsewhere [5, 89]: the samples (ca. 16 mg)
were cooled to room temperature with rates qc of 1, 5, 10, 15, or 20 K min−1 from ca.
20 K above the glass transition peak (to ensure “equilibration” in the undercooled liquid
state) and thenmeasured with a matching heating rate qh. Before this, a baseline correction
measurement was performed with two empty lidded PtRh20 crucibles (height ≈ 2.6 mm,
diameter≈ 6.5mm) under nitrogen atmosphere (100mlmin−1), using the above-described
temperature program. This procedure could not be used for the 100Te melt, due to its
strong tendency to crystallise at these comparatively low cooling/heating rates [93].

The so-called onset of the calorimetric glass transition (Tonset) was determined from
the heat flow curves during the heating segments; it corresponded to the intercept between
the tangent to the glass signal (i.e. before the glass transition region) and the tangent to
the signal inflection point during the glass transition. This point is equal to Tf [17, 63, 94]
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determined by the enthalpy matching method [16, 64, 65]. As for Tpeak and Tend [5, 89],
they were not evaluated due to the likely appearance of artefacts caused by a crystallisation
of the samples.

4.2.4 Flash Differential Scanning Calorimetry (FDSC)
The above-described glasses (80Te20Na, 86Te14Na and 100Te) were characterized

by high-rate calorimetry FDSC (Flash DSC 2+; Mettler Toledo, Greifensee, Switzerland)
using UFH 1 chips. The characteristic glass transition temperatures Tonset and Tpeak were
determined by the same method described in Section 2.3, with qc,h up to 30,000 K s−1.
The applicability of this procedure to silicate and fluorophosphates glasses has been
demonstrated in previous studies by Al-Mukadam et al. [89] and Schawe and Hess [52].

The sample support temperature was set to 293.2 K; a constant flow of Argon (Ar 5.0,
40 ml min−1) served as purge gas for all experiments. Two pre-measurement steps, i.e.
conditioning and thermocouple correction, were performed without sample according to
the producers’ guidelines, reducing the temperature inaccuracy to ≤ 2 K. For the actual
measurements, a single grain of material was placed in the centre of the chip (golden
circular area in Fig. 4.1). It was heated up once over the liquidus temperature TLiq to
achieve good thermal contact between glass and sensor surface. The mass of the samples
was estimated in the range 0.2 – 0.4 µg, comparing the intensity of the glass transition
step obtained by FDSC and conventional DSC [52, 66]. After measuring the glass with
the procedure used for the conventional DSC (adjusted to the high rates of FDSC), indium
was placed on the reference side of the chip and the same program was run another time.
The difference between the measured Tm for indium and its reference value (Tm = 429.8 K)
was used for the correction of Tonset and Tpeak obtained using a given qh. A plot of these
values against qc,h in logarithmic scale enabled to select trust-worthy data points for the
viscosity determination, based on their overall adherence to a linear trend.

4.2.5 Viscometry
Viscosity measurements ranging from ∼ 1012.2 to ∼ 109.6 Pa s were performed using

a micro-penetration setup on a vertical dilatometer (Bähr VIS 404, Hüllhorst, Germany).
Samples were prepared as doubly polished glass blocks (thickness ≈ 3 mm) that were
placed under a SiO2 glass rod, pushing a sapphire sphere (r = 0.75 mm) into the glass
block with a force of 3.92 N (400 g load). An S-type thermocouple (Pt-PtRh) placed at
∼2 mm distance from the sample monitored the temperature. As shown by Behrens et al.
[67], the temperature error corresponds to± 5K if one considers the distance to the sample
and the accuracy of the thermocouple. The indentation depth of the sapphire sphere into
the glass block was measured as a function of time and temperature using a linear variable
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displacement transducer; viscosity was determined according to Douglas et al. [69].

4.3 Results and discussion

4.3.1 Raman spectroscopy
The Raman spectra obtained from the samples are displayed in Fig. 4.2. They were

compared and found to satisfactorily match the literature references for amorphous TeO2

[93] and for sodium tellurite glasses [97, 98]: characteristic features of the amorphous
materials included the broad bands at ∼450, ∼665 and ∼720 cm−1. No sign of partial
crystallisation or phase separation could be detected.
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Figure 4.2: Raman spectra obtained from the as-cast 80Te20Na and 86Te14Na samples
and from the 100Te glass, quenched on the measuring chip of the FDSC as in Fig. 4.1
(mind the “ripple” artefact stemming from the edge filter of the Raman spectroscope).

4.3.2 Viscometry
The viscosity data obtained by micropenetration measurements of samples 80Te20Na

and 86Te14Na are listed in Tab. 4.1 and plotted in Fig. 4.3. They generally exhibit a
very good agreement with the available literature sources [99, 100]. A linear interpolation
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of the data enabled the determination of lg Konset and lg Kpeak, as described in the next
section. The viscometric fragility index [101] was determined as 72(1) for 80Te20Na and
70(1) for 86Te14Na.

Table 4.1: Results of micropenetration viscometry performed on samples 80Te20Na and
86Te14Na. The error is estimated as ± 0.1 lg units.

80Te20Na 86Te14Na
T (K) lg η (Pa s) T (K) lg η (Pa s)

521.0 12.2 533.7 12.2
525.8 11.5 538.7 11.6
530.6 10.8 543.5 10.9
535.5 10.2 548.4 10.3
540.4 9.6 553.3 9.7
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Figure 4.3: Viscosity data measured by micropenetration on samples 80Te20Na and
86Te14Na, in comparison with selected literature references [99, 100]. Linear fits through
micropenetration points are provided with the corresponding equation.
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4.3.3 Calorimetry
The values of Tonset and Tpeak were obtained by conventional DSC and FDSC with

cooling/heating rates qc,h ranging from 0.02 K s−1 (or 1 K min−1) to 30,000 K s−1 (or
1,800,000 K min−1). After trimming of the FDSC data (see Section 2.4), satisfactory
linear trends of Tonset and Tpeak could be obtained for the three examined samples against
the employed qc,h in logarithmic scale (Fig. 4.4A). All accepted Tonset and Tpeak are listed
in Tab. 4.2.

Table 4.2: Characteristic glass transition temperatures Tonset and Tpeak of glasses
80Te20Na, 86Te14Na and 100Te as determined by conventional DSC and FDSC, with
the associated viscosities calculated using Eq. (4.1). Tonset and Tpeak were determined
with a maximum uncertainty of ± 2 K for conventional DSC and ± 5 K for FDSC.

qc,h (K s−1) Tonset (K) lg η (Pa s) Tpeak (K) lg η (Pa s)

80Te20Na 86Te14Na 100Te at Tonset 80Te20Na 86Te14Na 100Te at Tpeak
0.02 517.4 530.4 12.6 11.5
0.08 523.2 535.3 11.9 10.8
0.17 525.6 538.4 11.6 10.5
0.25 527.1 540.2 11.4 10.3
0.33 528.5 541.6 11.3 10.2
10 9.8 563.5 596.0 8.7
25 585.1 9.4 8.3
50 589.8 9.1 567.9 603.5 8.1
100 560.1 592.2 8.8 558.7 571.6 607.8 7.7
250 551.2 565.8 596.7 8.4 565.6 611.2 7.3
500 554.2 568.0 601.0 8.1 569.4 615.4 7.0
750 556.9 570.0 603.6 7.9 572.9 619.2 6.9
1,000 558.1 571.7 605.2 7.8 574.4 588.0 620.3 6.7
2,500 564.5 575.2 612.4 7.4 580.6 592.3 627.7 6.3
5,000 569.5 578.9 616.5 7.1 585.0 596.4 632.5 6.0
7,500 573.5 580.8 619.1 6.9 597.8 636.8 5.9
10,000 574.9 582.0 620.3 6.8 600.7 639.9 5.7
15,000 578.1 624.8 6.6 603.6 5.6
20,000 580.1 6.5 605.5 5.4
30,000 583.2 630.9 6.3 608.1 5.3

Using the linear interpolations shown in Fig. 4.3 for samples 80Te20Na and 86Te14Na,
it was possible to determine the common best-fitting lg Konset = 10.77 ± 0.06, which
was used to translate all calorimetric Tonset values into viscosity according to Eq. (4.2).
Subsequently, a common lg Kpeak = 9.73 ± 0.10 was obtained from the FDSC data by
adjusting the Tpeak values to the Tonset trend. It is important to point out that this Kpeak

agreed closely with the values previously computed for other melts [5, 89], while the
obtained lg Konset differs noticeably from the average value of 11.2 ± 0.1 reported in
the past. This might be related to the highly fragile nature of these glasses, as suggested
before [102]. The resulting viscosity points have been summarized in Fig. 4.4B, together
with those determined by direct viscometry.
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Figure 4.4: A) Plot of Tonset and Tpeak values obtained from DSC and FDSC, against the
respective cooling/heating rates qc,h; B) viscosity data obtained by direct micropenetration
viscometry and calorimetry for samples 80Te20Na, 86Te14Na and 100Te.

The experimental data of samples 100Te and 80Te20Na was combined with the values
determined at high temperature (rotating crucible viscometry) by Tokunaga et al. [103] for
the same compositions; full viscosity curves were subsequently fitted using the MYEGA
equation (Eq. (4.2)) [29, 30]:

lg η = lg η∞ + (12− lg η∞)Tg
T
exp

[(
m

12−lg η∞ − 1
)(

Tg
T
− 1
)]

(4.2)

The obtained MYEGA parameters lg η∞, m and Tg are reported in Tab. 4.3, while the
respective curves are plotted in Fig. 4.5 with the data used for the computation.

Table 4.3: Fit parameters and estimated standard errors obtained by applying theMYEGA
[29, 30] equation (Eq. 4.2) to the viscosity data of the glasses 80Te20Na and 100Te,
reported in Fig. 4.5.

Sample lg η∞ (Pa s) m Tg (K)

80Te20Na -3.08 ± 0.12 71.5 ± 1.1 521.8 ± 0.4
100Te -2.97 ± 0.10 64.4 ± 1.2 559.5 ± 0.8

The results of the fit provide the first experimentally determined viscosity curve for
pure TeO2, whose poor glass forming ability and strong tendency to crystallise generally
prevent reliable measurements in the undercooled state. The resulting fragility index m
of 64(1) is by far the highest reported for a single-component oxide glass, since all others
(SiO2, GeO2, P2O5, As2O3) have yielded strongArrhenius behaviors andm values between
17 and 20, with the intermediate exception of B2O3 (m = ∼45). This must be related to
the extraordinarily modest resistance against viscous flow that is offered by the structural
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Figure 4.5: MYEGA fits based on calculated and measured viscosity data from this study
and literature [103].

units composing the TeO2 melt. Indeed, recent studies suggest a substantial short-range
disorder around the Te atom, whose comparably weak interaction with oxygen (mind
also the presence of a lone electron pair) expresses in the lack of a clear cutoff between
bonding and non-bonding partners, with an average coordination number close to 4 [94,
95, 104–106]. A plot of the viscosity versus the reduced temperature Tg/T (Angell-plot)
emphasizes the exceptional role of the fragile TeO2 melt among the single glass-forming
oxides (Fig. 4.6).

The MYEGA fit also yielded a Tg value of 559.5 ± 0.8 K, noticeably lower than
the scattered determinations reported in the literature [92, 93, 112–115], which are
however likely to be affected by sample contamination and/or unsufficient relaxation of
the superquenched melt (Fig. 4.7). On the other hand, the values obtained within this
work for η = 1012 Pa s in the TeO2–Na2O system closely agree with those available in
the literature [100]. In fact, investigations in borate and silicate systems have frequently
highlighted non-linear trends for Tg as the first mol% of modifier are added to the glass
former endmember [116–118].
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Figure 4.6: Tg/T -scaled representation of the temperature dependence of the viscosity
(Angell-plot) of single oxide glass-forming melts (Tg = T12 = T (η = 1012 Pa s)). Data:
Martin&Angell (1986, P2O5) [107], Urbain et al. (1982, SiO2) [108], Fontana&Plummer
(1966, GeO2) [109], Napolitano et al. (1965, B2O3) [110] and Macedo & Napolitano
(1968, B2O3) [111].

4.4 Conclusions
With the aim of determining the full viscosity curve of pure TeO2 melt, a combined

experimental approach based on calorimetry and viscometry has been successfully tested
in tellurite compositions. Fragility index m and glass transition Tg values obtained by this
method for a pure TeO2 melt are provided and discussed.
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Figure 4.7: Values of Tg obtained within this work, plotted as a function of TeO2 content
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[92, 93, 100, 112–115]. The line is obtained as a polynomial interpolation of the data
from this work and from Nemilov et al. (1966) [100].
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Abstract

Fast-scanning calorimetry was applied to retrieve the viscosity of supercooled liquids of
the Zr–based bulk metallic glasses (BMGs) Vitreloy 105 and AMZ4 for temperatures
from standard glass transition down to ∼0.78Tg/T. Characteristic temperatures of the
glass transition were translated into viscosity values bymeans of composition-independent
shift factors based on the equivalency between structural relaxation and viscous flow.
The extended MYEGA model with a fragile term dominant at high-temperatures and a
strong term dominant at low-temperatures describes the entire viscous range. The analysis
revealed that Vitreloy 105 and AMZ4 are strong liquids for lg η ≥ 4.9-5.5. In turn, the
fragile-to-strong crossover is centred on 0.69Tg/T for Vitreloy 105 and on 0.66Tg/T for
AMZ4. The extent of the fragile-to-strong transitionwas found to be larger for Vitreloy 105
than for AMZ4, while their values agreed well with the inverse relation between transition
factor and kinetic fragility of the strong regime established for BMG-forming liquids.

Keywords: BMG; Vitreloy 105; AMZ4; viscosity; fragility; fragile-to-strong crossover;
fast-scanning calorimetry

5.1 Introduction
The viscosity of metallic glasses is of technological interest as an important feature

for the applicable production and hot- forming processes [9]. Additive manufacturing,
which has emerged as a possibility to attain high quenching rates locally and build up bulk
pieces layer-by-layer, is no exception. Most metallic glass compositions are characterised
by a rather low glass forming ability and require high cooling rates [9]. The experimental
determination of the viscosity between the glass transition temperature (Tg) and the
melting temperature is often hindered by crystallisation, which leads to a data gap between
high- and low-temperature viscosity measurements.
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A range of metallic glass formers have been identified to exhibit unusual viscosity
behaviour that hints toward a fragile-to-strong (F–S) transition. Amongst them are
Zr–based bulk metallic glasses, such as Vitreloy 106, 106a, 105, and 101 [47], Vitreloy
1 [119], and AMZ4 [48]. For these systems, the high and low-temperature fragilities
do not match, which has emerged as a common feature for bulk metallic glass (BMG)
formers [120]. Hereby, the fragility characterizes how rapidly the viscosity of a
BMG liquid increases as it is cooled toward Tg. Frequently used descriptions of the
viscosity behaviour, amongst them the Vogel-Fulcher-Tammann-Hesse (VFTH) [36–38]
and Mauro-Yue-Ellison-Gupta-Allan (MYEGA) [29, 30] fits, therefore fail to describe
these systems. Direct observations of F–S transitions have been hindered by the
experimental difficulties in accessing the viscosity as in between Tg and liquidus, where the
crystallisation rate reaches its maximum, the timescales are often too short for classical
viscometric techniques. An exception is Vitreloy 1 (Zr41.2Ti13.8Cu12.5Ni10.0Be22.5), for
which Way et al. [119] could observe a viscosity crossover with a hysteresis path
upon heating and cooling. Vitreloy 1 is an archetypal strong system and the crossover
occurs above the melting point upon heating, which makes it suitable for study with
conventional calorimetry [121]. Other Zr–based systems without Beryllium show
intermediate fragilities [120], which is more typical for metallic glasses in general [9].
For these Vitreloy systems (106, 106a, 105, and 101), a low temperature strong and high
temperature fragile behaviour was observed and the transition therefore postulated in the
intermediate inaccessible undercooled liquid [47].

The origin of the F–S crossovers has been attributed to liquid-liquid transitions.
Since the first observations in 1979 [122, 123], transitions from one initial to another
amorphous state have been found in a wide range of systems [124]. Linking the dynamic
crossover to changes in thermodynamic properties and structure has thus been explored to
understand this phenomenon [120]. For Zr–based compositions, the structural changes
have been explored for Vitreloy 1 [121] and Vitreloy 106a [125]. Wei et al. [121]
found a peak in heat capacity coinciding with the drop in viscosity as well as changes
in the temperature-dependence of the structure factor for Vitreloy 1. Stolpe et al. [125]
examined the structure of Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 (Vitreloy 106a) bulk metallic glass
forming liquid from above the liquidus down to the glass transition and connected the
results hinting at a phase transition in the deeply undercooled liquid state at around 1.2Tg
to previous viscosity measurements. In addition to this, numerous other studies report
evidences for transitions in the liquid or supercooled liquid state of other metallic glass
forming alloys, that are considered as origin of experimentally observed differences in their
low and high temperature fragilities [126–131]. It is concluded from these experiments
that the dynamic crossovers are linked to order-disorder transitions in the liquid state,
associated with structural changes in the short- and medium-range order originating from
the formation of locally favoured structures, i.e. energetically preferred cluster structures
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that are characterized by a higher symmetry and lifetime compared to the average liquid
structure [132, 133].

Experimental assessments of this phenomenon are complicated by the fact that the
supposed structural transitions often take place in the deeply supercooled liquid state
of these alloys, i.e. in vicinity of the maximum crystallisation rates, so that very
fast measurements are needed to identify their thermophysical, dynamic or structural
signatures. Conventional rheological measurements, e.g. Couette-viscometry or 3-point
beam bending relaxation studies, or measurements of the structural relaxation times and
diffusivity by scattering methods such as quasi-elastic neutron scattering normally require
observation times of several seconds or minutes up to hours, while the times for nucleation
and crystal growth are usually much shorter. As a consequence, the supercooled melt
crystallises, preventing an assessment of the liquid dynamics over the full temperature
range from above the liquidus down to the glass transition temperature. This leaves an
empty region in the intermediate viscosity range of the Angell-plot (a Tg-scaled Arrhenius
plot of the dynamics), sometimes referred to as “no man’s land” [134].

Due to the aforementioned difficulties, the collection of experimental data in the
intermediate viscosity range has been limited. Most bulk metallic glass forming
compositions do not allow for enough time to perform conventional viscosity
measurements throughout the supercooled liquid region due to rapid crystallisation [120].
This experimental limitation can be circumvented by employing fast-scanning calorimetry
(FDSC), as demonstrated by Al-Mukadam et al. for oxide melts [89, 135]. With heating
and cooling rates up to 40,000 K s−1 this method yields access to the deeply undercooled
liquid state making it possible to broaden the accessible temperature range.

Here we apply FDSC to extract the viscosity data in the previously unexploited
temperature range corresponding to the deeply undercooled liquid state above the
glass transition temperature for the Vitreloy 105 (Zr52.5Cu17.9Ni14.6Al10Ti5) and AMZ4
(Zr59.3Cu28.8Al10.4Nb1.5) bulk metallic glass forming alloys. Our results show that the low
temperature fragility of these alloys is maintained down to relative inverse temperatures
of about 0.78Tg/T, suggesting dynamic crossovers to occur at around 0.6-0.7Tg/T in good
agreement to previous studies on Zr–based bulk metallic glass forming liquids.

5.2 Viscosity-temperature relationships
Different equations with three constants have been developed to account for the

deviation from an Arrhenian temperature dependence of the viscosity. The viscosity
of bulk metallic glass formers is traditionally expressed by the empirical VFTH model
[36–38] in the form [101]:

η = η∞exp

(
D∗T0
T − T0

)
(5.1)
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with the adjustable parameters η∞, D∗ and T0. The prefactor, η∞, in Eq.(5.1) is
frequently said to be equal to hNa/Vm where h and Na are the Planck’s and Avogadro’s
constants, respectively, and Vm the molar volume. For the studied BMG, η∞ is close to
4 × 10−5 Pa s and this value was kept constant by previous researchers if low-temperature
viscosity data (close to the glass transition) were evaluated [47, 48, 136]. In order to
reflect the stability of the short- and medium-range order of glass-forming liquids against
their temperature-induced structural degradation, a glass transition temperature-scaled
Arrhenius diagram (Angell plot [137, 138]) of the liquid viscosities has been established
from which one defines the kinetic fragility (steepness index) m as [101]:

m =
d lg η

d (Tg/T )
|(T=Tg) (5.2)

with the glass transition temperature Tg (Tg is defined as the isokom temperature
η(Tg) = 1012 Pa s; isokoms are temperatures of constant viscosity). The
temperature-dependant viscosity can also be described by the MYEGA model [29, 30]:

lg η = lg η∞ +
B

T
exp

(
C

T

)
(5.3)

with the adjustable parameters η∞ (= viscosity in the high temperature limit) and B,
C (= constants that are related to the onset of rigidity in the liquid network) [30]. The
MYEGA equation is used in the following analysis, as the accurateness of this model is
superior in predicting low-temperature isokoms of glass-forming liquids using the same
number of parameters as VFTH [30]. Thus, the combination of Eqs. (5.2) and (5.3)
receives the kinetic fragility in the form [30]:

m =
B

Tg

(
1 +

C

Tg

)
exp

(
C

Tg

)
(5.4)

Further, as a F–S crossover has been perceived upon supercooling of the here studied
liquid alloys toward the glass transition [47, 48], an approach based on a single kinetic
fragility of the liquid fails to describe the viscosity temperature dependence correctly. In
order to capture the scaling of dynamics across both the fragile and strong regimes the
generalized MYEGA expression has been introduced [49, 50]:

lg η = lg η∞ + 1

T
(
Wfragileexp

(
−

Cfragile
T

)
+Wstrongexp

(
−Cstrong

T

)) (5.5)

with the adjustable parameters of the second term, Wfragile, Wstrong (= normalized
weighting factors) Cfragile, Cstrong (= rigidity constants), which account for the fragile
and strong liquid behaviour at high and low temperatures, respectively [49].

Alternatively, the change of the fictive temperature for cooling or heating with a
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constant rate of change of temperature through the glass transition range can be accessed
by calorimetric methods [17, 32, 139]. In correspondence to Eq. (5.3) one has [49]:

lg qc,h = lg qc,h∞ −
B

Tf
exp

(
C

Tf

)
(5.6)

with qc,h the absolute value of the cooling rate qc or heating rate qh and Tf the fictive
temperature. In particular, the constraint |qc| = |qh| of Eq. (5.6) is mandatory to retrieve
viscosity at fictive temperatures free of artefacts stemming from the thermal history of the
sample [74]. Further, as shown by Scherer [31] and Yue et al. [32], one can superimpose
Eqs. (5.3) on (5.6) to determine a so-called parallel shift factor lg K. Thus, lg K allows
to retrieve η without the need to conduct viscosity measurements. This is of crucial
importance since the proneness to crystallise of the here studied metallic glasses prevent
determination of liquid viscosity by rheological methods within a wide temperature range
above Tg. The shift factor concept has been further developed to include three well-defined
points (Tonset, Tpeak and Tend) within the calorimetric glass transition region [5]. The
corresponding shift factors lg Konset, lg Kpeak and lg Kend are related to the viscosity of
the liquid at these temperatures by [5]:

lg Konset, lg Kpeak, lg Kend = lg η(Tonset, Tpeak, Tend) + lg qc,h (5.7)

It should be noted that Tonset is equal to the fictive temperature [17, 32, 63]
determined by the enthalpy matching method [16, 64, 65]. lg Konset, lg Kpeak and
lgKend represent compositionally independent factors expressing the equivalency between
structural relaxation and viscous flow, respectively calibrated to the average values of
11.2 ± 0.1, 9.8 ± 0.2 and 9.2 ± 0.2 [5]. Fig. 5.1 shows the resulting superimposition for
DGG I standard glass used for this prior calibration (DGG I = soda-lime-silica glass of the
German Society of Glass Technology with viscosity data points certified by the National
Metrology Institute of Germany (PTB) [43]). For this glass, viscosity is accessible over
the entire range of temperatures (DGG I glass hardly crystallises), so that no gap between
high and low viscosity data is present. Thus, fictive temperatures by DSC and FDSC can
be related directly to viscosity even without the use of interpolating viscosity-temperature
models.

5.3 Experimental

5.3.1 Bulk metallic glasses
Amorphous powders of two commercial bulk metallic glasses of nominal composition

(at%) Zr59.3Cu28.8Al10.4Nb1.5 (AMZ4) and Zr52.5Cu17.9Ni14.6Al10Ti5 (Vitreloy 105) were
studied. The AMZ4 composition was developed based on the Vitreloy BMGs with the

44



5 Viscosity of metallic glass-forming liquids based on Zr by fast-scanning calorimetry

0 . 6 0 . 7 0 . 8 0 . 9 1 . 0 1 . 1 1 . 2 1 . 3

2

4

6

8

1 0

1 2

2

4

6

8

1 0

1 2

2

4

6

8

1 0

1 2

2

4

6

8

1 0

1 2

F D S C

V i s c o m e t r y :
C e r t i f i e d  P T B
O w n  m e a s u r e m e n t s
 V F T  m o d e l

 

lg 
� (

� i
n P

a s
)

1 0 0 0  /  T  ( K - 1 )

D S C

C a l o r i m e t r y :
 O n s e t  t e m p e r a t u r e
 P e a k  t e m p e r a t u r e
 E n d  t e m p e r a t u r e

 K on
set

 - l
g q

c,h

 K pea
k- l

g q
c,h

K end
- lg

 q c,h

D G G  I
S t a n d a r d  g l a s s

  

Figure 5.1: Superimposing viscosity and fictive temperature (Tonset, Tpeak and Tend) of
the glass transition range determined by DSC and FDSC for DGG I standard glass used
for calibration. The figure is intended to verify that parallel shift factors can be used
to determine viscosity down to ∼105.5 Pa s from fictive temperatures using Eq. (5.7).
Viscosity data were collected from own measurements [89] and points certified by PTB
for DGG I glass [43]. Tonset, Tpeak and Tend by DSCwere taken fromRef. [5], while Tonset,
Tpeak by FDSC were from Ref. [89]. Tend was retrieved from the FDSC measurements of
this previous study. Superimposition was achieved using Eq. (5.7) with lg K values 11.2,
9.8 and 9.2 for onset, peak and end, respectively.

target to reduce alloying effort and cost while retaining a suitable glass forming ability
[140]. Both glasses were produced by gas atomization as fully amorphous powders
by Heraeus Amloy Technologies GmbH. The AMZ4 powder is characterised by a size
distribution withD10 = 13 µm,D50 at 25 µm andD90 at 44 µm, which is similar to that of
the Vitreloy 105 with a particle size distribution of D10 = 14 µm, D50 at 26 µm and D90

at 43 µm. Using ICP-OES (inductively coupled plasma optical emission spectrometry)
according to DIN EN ISO 4491–4 the oxygen content for the AMZ4 powders used for
this study was determined to be approximately 0.2 wt%, while the oxygen content of the
Vit105 powder was determined to be about 0.06 wt%.

5.3.2 DSC and FDSC
A conventional differential scanning calorimeter (DSC 404 F3 Pegasus; Netzsch,

Selb, Germany) was used to determine the characteristic temperatures of the glass
transition range for relatively low cooling/heating rates. The temperature and sensitivity
calibration of the instrument was performed prior to the glass experiments using melting
temperatures and enthalpy of fusion of reference materials (pure metallic In, Sn, Bi, Zn,
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Al, Ag and Au) up to 1337 K. The samples of Vitreloy 105 (≈ 40 mg) were cooled
to room temperature with rates of 5, 10, 20, 30 or 40 K min−1 from 713 K (to ensure
“equilibration” in the supercooled liquid state) and then measured with a matching heating
rate during the second upscan |qc1| = |qh2|. For 713 K, the stress relaxation time as
approximated by the Maxwell relation is τ ≈ 100 ms (shear modulus G ≈ 30 GPa [141],
η = 109.5 Pa s, see below) and, thus, at least 30 times shorter than the shortest time interval
(2 × 1/40 K min−1 = 3000 ms K−1) to reach and leave this temperature. Before this,
a baseline correction was performed with two Al2O3 inlayed empty lidded Pt80Rh20
crucibles (height ≈ 2.6 mm, diameter ≈ 6.5 mm) under dry nitrogen (5.0) atmosphere
(100 ml min−1), using the above-described temperature program. This procedure could
not be used for the AMZ4 metallic glass, due to its strong tendency to crystallise at these
comparatively low cooling/heating rates.

A flash differential scanning calorimeter (FDSC 2+, Mettler Toledo, Greifensee,
Switzerland) equipped with a UFH 1 chip sensor was used to get insights into the glass
transition at higher cooling and heating rates up to 40,000 K s−1. The sample support
temperature of the device was set to cryogenic 178.15 K to receive the highest possible
cooling rate over a broad temperature range. Pre-and post-measurement routines including
temperature calibration (In) of each chip were performed as described in [89, 135]. A
constant gas flow of 80 ml min−1 argon (5.0) was used as purge gas for all measurements
and the measuring cell lid was mounted to guarantee a low oxygen atmosphere after
purging for 60 min. For the measurements, a single grain of approximately 0.5 µg of
bulk metallic glass was placed in the centre of the measurement area. For Vitreloy 105,
the time-temperature protocol comprises a first heating to 1173 K and to 1273 K for
AMZ4 (ca. 50 K above liquidus temperature) and a holding for 10 ms to melt possible
frozen-in crystal nuclei. Then the sample was rapidly quenched at 40,000 K s−1 and
subsequently heated at the same rate while taking the endotherm of the glass transition
range. 7 cycles with |qc| = |qh| were directly following with cooling/heating rates in
decreasing order (qc,h = 35,000, 30,000, 25,000, 20,000, 15,000, 10,000, 7,500 K s−1).
Subsequently, the sample was quenched from liquid state with 30,000 K s−1 to room
temperature and heated up with 5,000 K s−1 to at least 850 K for Vitreloy 105 (800 K
for AMZ4) and held for 10 ms. At 850 K the approximated stress relaxation time for
Vitreloy 105 is 0.005 ms (= 105.2 Pa s/30 GPa), while τ ≈ 0.021 ms (= 105.8 Pa s / 30 GPa)
can be calculated for AMZ4. Thus, Maxwell stress relaxation time for both glasses was
considerably shorter (2000 times shorter for Vitreloy 105 and 471 times shorter for AMZ4)
than the dwell time, which ensured equilibrium viscosity of the liquid between the cycles.
Then 8 cycles with |qc| = |qh| were directly following with qc,h = 5,000, 2,500, 1,000, 500,
250, 100, 50, 5,000 K s−1. The last cycle (5,000 K s−1) was performed to check for these
possible crystallisation artefacts caused by prior cycling at lower cooling/heating rates.
Each experiment was repeated for one more time using a different sample and chip.
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For FDSC experiments, the onset of the calorimetric glass transition (Tonset), the
maximum of the endothermic event (Tpeak) and the end value (Tend) were determined.
Fig. 5.2 shows exemplarily how the characteristic temperatures were extracted from the
FDSC signal of the glass transition range for qc,h = 5,000, 1,000, 500 and 100 K s−1.
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Figure 5.2: FDSC traces of the glass transition range of the analysed samples of Vitreloy
105 (A) and AMZ4 (B) as examples for qc,h = 5,000, 1,000, 500 and 100 K s−1. Tonset
corresponded to the intercept between the tangent to the glass signal before the glass
transition region and the tangent to the signal inflection point during the glass transition,
while Tend was constructed from the intercept between the tangent to the signal of the
relaxed liquid after the glass transition region and the tangent to the second signal inflection
point during the glass transition (tangents are marked by dashed lines). Tpeak corresponded
to the minimum of the signal during the glass transition. For clarity, a y -axis offset is used.

5.4 Results

5.4.1 DSC and FDSC
The values of Tonset, Tpeak and Tend were obtained by conventional DSC and

FDSC with qc,h ranging from 0.167 K s−1 (or 10 K min−1) to 40,000 K s−1 (or
2,400,000 K min−1). However, the relative strong tendency to crystallise of the AMZ4
liquid impedes glass formation for qc,h < 100 K s−1, whereas a glass can be formed by
quenching the Vitreloy 105 liquid with a cooling rate down to 0.176 K s−1. Further,
Tend was only evaluable for FDSC due to the onset of a crystallisation exotherm, when
heated in the conventional DSC above the glass transition peak at rates up to 40 K min−1

(no constant signal level was assignable to the liquid). Furthermore, a strong thermal
lagging [25] of the FDSC signals was evident, if samples of Vitreloy 105 were treated
at high rates (7,500–40,000 K s−1). Thus, Tonset, Tpeak and Tend of these cooling rates
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were discarded from further analysis. Despite these limitations, Fig. 5.3 shows that
Tonset, Tpeak and Tend against the employed cooling/heating rate in logarithmic scale
follow the trend predicted by Eq. (5.6), i.e. an increase in the fictive temperatures for
increasing the absolute heating/cooling rate qc,h. Further, Fig. 5.3 is clearly showing that
the characteristic temperatures determined at low cooling rates by DSC and those at high
cooling rates by FDSC matches the common trend. All measured and evaluated Tonset,
Tpeak and Tend data are listed in Table 5.1.
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Figure 5.3: Arrhenian diagram of characteristic temperatures of the glass transition
(Tonset, Tpeak and Tend) for |qc| = |qh|. Vitreloy 105 (A) and AMZ4 (B) metallic glasses.
UFH1 sensor chip before loading (C) and loadedwithAMZ4 glass droplet upon quenching
at 30,000 K s−1 (D). Dashed and dashed-dotted lines are lg η(Tonset) - 11.2, lg η(Tpeak)
- 9.8 and lg η(Tend) - 9.2 for Tonset, Tpeak and Tend, respectively. The lg η(T ) is from
MYEGA-fit through calorimetric and viscosity data using lg η∞, B, C parameter of the
strong regime of Table 5.2.

5.4.2 Viscosity of Vitreloy 105 and AMZ4
By employing the shift factors lg Konset = 11.2 ± 0.1, lg Kpeak = 9.8 ± 0.2 and

lg Kend = 9.2 ± 0.2 for the Vitreloy 105 and AMZ4 samples, it was possible to translate
all calorimetric Tonset, Tpeak, and Kend of Table 5.1 into viscosity values according to
Eq. (5.7). Fig. 5.4 reveals that this route led to a reliable agreement with measured
viscosity and that for both compositions the strong character of the liquids is kept down
to lg η = 4.9–5.5. Using the MYEGA viscosity model for the strong regime (Eq. (5.3)),
lg η(T ) was best described with the parameters compiled in Table 5.2. As in previous
research [47, 48, 136], the viscosity at infinite temperature η∞ was set to 4 × 10−5 Pa s
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Table 5.1: Characteristic glass transition temperatures Tonset, Tpeak and Tend of Vitreloy
105 and AMZ4 metallic glasses as determined by conventional DSC and FDSC (mean
value of two experiments and ordered by increasing qc,h). These temperatures were
determined with a maximum uncertainty of ± 1 K for conventional DSC and ± 5 K for
FDSC.

Vitreloy 105 AMZ4

qc,h (K s−1) Tonset (K) Tpeak (K) Tend (K) Tonset (K) Tpeak (K) Tend (K)
DSC 0.083 656.2 682.2

0.167 658.9 689.3
0.333 665.2 699.8
0.5 668.2 705.0

0.667 671.0 707.5
FDSC 50 710 753 768

100 716 759 781 704 745 758
250 728 769 787 715 752 767
500 735 777 797 721 761 776
1,000 741 785 805 727 765 785
2,500 748 798 820 733 778 796
5,000 761 813 839 741 789 811
5,000 762 813 839 743 790
7,500 752 793 822
10,000 754 797 826
15,000 757 805 834
20,000 761 811 840
25,000 765 816
30,000 767 821
35,000 768 825
40,000 768 827

(lg η∞ = -4.4) and this value was kept constant when fitting Eq. (5.3) through the data.

5.5 Discussion
In general, narrowing down the temperature range of the F–S transition of Vitreloy 105

and AMZ4 liquids is impeded by their strong tendency to crystallise. Thus, viscometry
and conventional calorimetric methods are limited to ranges above liquidus temperature
and around glass transition (standard cooling) leaving a huge gap of ∼11 (Vitreloy 105)
and∼13 (AMZ4) orders of magnitude in viscosity between the liquid’s fragile and strong
regimes. Fig. 5.5 shows that fast-scanning calorimetry was capable to provide improved
access to the viscosity of Vitreloy 105 and AMZ4 liquids for temperatures down to
∼0.78Tg/T. Further, by employing the double exponential form of the MYEGA model
(Eq. (5.5)) with a fragile term dominant at high temperatures and a strong term dominant
at low temperatures, the overall viscous behaviour was entirely describable in quantitative
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Figure 5.4: Measured viscosity together with DSC/FDSC-derived viscosity (Eq. (5.7))
using the shift factors lgKonset = 11.2± 0.1, lgKpeak = 9.8± 0.2 and lgKend = 9.2± 0.2
for Vitreloy 105 (A) and AMZ4 (B). Viscometry data: Vitreloy 105 from Evenson et al.
[47], AMZ4 from Hembree [48]. Full magenta line is MYEGA-fit through all data. η∞,
B, C parameter as compiled for the strong regime in Table 5.2.

terms (Table 5.2). Particularly, inspection of Fig. 5.5 let us believe that on the one hand the
extent of the F-S transition as quantified by the transition factor f (f =mfragile/mstrong) is
larger for Vitreloy 105 (= 2.71) than for AMZ4 (= 1.75), while on the other hand the F–S
crossover takes place with a maximum at around 0.69Tg/T (Vitreloy 105) and 0.66Tg/T
(AMZ4) as pinpointed by the first derivative of the viscosity dependence with respect
to Tg/T (Fig. 5.6). The latter temperature coordinate of the F–S transition is slightly
higher than for Vitreloy 1, for which Way et al. [119] determined a crossover in the
viscosity-temperature dependence depending on the heating/cooling path between 0.5 and
0.65Tg/T. In other BMG systems [49], values between 0.7 and 0.8Tg/T were reported.

In general, there appears to be an inverse relation between the transition factor f and
mstrong (Fig. 5.7). Although in the current study no direct correlation could be established
between the F–S crossover temperature and the kinetic fragility mstrong of the strong
regime (not shown), the data obtained in this study fit well into the general trend depicted in
(Fig. 5.7). The Zr–based BMGs studied here and those of Hembree [48] precisely extend
the apparent trend on the high-fragility boundary initially analysed by Zhang et al. [50].

The larger mstrong of an alloy, the more fragile is its low temperature phase,
indicating that pronounced structural ordering is still present in the temperature regime
in close vicinity to the glass transition, in line with the observation that these alloys
are characterized by a larger heat capacity difference between the liquid and glassy or
crystalline state around the glass transition [143]. On the other hand, a low mstrong
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Figure 5.5: Tg/T -scaled representation of the temperature dependence of the viscosity
(Angell-Plot) for Vitreloy 105 (A) andAMZ4 (B). Solidmagenta line is best fit of Eq. (5.5)
through all data. Blue dashed-dotted lines are best fits through the low-temperature data of
the strong regime and through the high-temperature data of the fragile regime (Eq. (5.3)),
respectively.

Table 5.2: Parameters of the temperature-dependant viscosity for Vitreloy 105 and AMZ4
liquids using the MYEGA model. Fit (Eq. (5.3)) of high-temperature viscosity data
(Couette rheometer [142]) of the fragile regime only. Fit (Eq. (5.3)) of low-temperature
viscosity data (calorimetry derived (this work) and beam bending viscometer [47, 48]) of
the strong regime only. Fit (Eq. (5.5)) of all data (fragile and strong regimes). Specific
parameters: glass transition temperature Tg and kinetic fragility m.

Vitreloy 105 AMZ4
Regimes Fragile Eq. (5.3) Strong Eq. (5.3) Fragile-to-strong Eq. (5.5) Fragile Eq. (5.3) Strong Eq. (5.3) Fragile-to-strong Eq. (5.5)

lg η∞ (Pa s) -1.08 -4.4a -0.9 -2.5 -4.4a -1.62
B (K) 8.75 182

W (K−1) 23214 1965
C (K) 4578 18464 2586 16538
B (K) 2889 2381

W (K−1) 0.00097 0.00094
C (K) 877 1400 984 1385
Tg

b (K) 663.4a 663.4 653.7a 653.7
m (Eq. (5.4)) 103.4 38.1 71.9 41.1

Keys: akept constant; bisokom temperature η(Tg) = 1012 Pa s

indicates a stronger liquid behaviour in this temperature region, meaning that structural
ordering has a less pronounced temperature dependence. The latter suggests that these
alloys already have undergone pronounced structural ordering during cooling towards the
glass transition in line with the observation of smaller heat capacity jumps around the glass
transition. Accordingly, a lowermstrong value should generally correlate with a larger F–S
transition factor and vice versa (Fig. 5.7).

As aforementioned, the nature of F–S transitions still has not been fully understood,
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Figure 5.6: d(lg η)/d(Tg/T ) as a function of the Tg-scaled temperature T for Vitreloy
105 and AMZ4 bulk metallic glass-forming liquids. The contributions of a fragile term
dominant at high temperatures and a strong term dominant at low temperatures of Eq. (5.5)
are marked by dotted and dashed lines, respectively.

but they have emerged as a common feature for metallic-glass forming liquids. The
phenomenon has been linked to polyamorphism, which describes multiple distinct
amorphous phases of the same composition with different properties. The distinctive
characteristic between such two liquid or amorphous phases is thought to lie in the
formation of locally favoured structures and not in their density [144]. This rationalises
how metallic glasses, usually already exhibiting dense packing through short- and
medium-range order in their liquid state [145], can undergo such transitions by chemical
and topological ordering driven by the negative mixing enthalpies between their main
constituents rather than by density. To establish a link between the observed viscosity
behaviour and the thermodynamic and structural properties, metallic glasses provide an
interesting case for study due to the experimentally accessible intermediate temperature
ranges at which the transitions occur [48]. The present study has outlined a possibility to
use fast-scanning calorimetry to bypass the remaining challenge of rapid crystallisation for
the viscosity behaviour [146]. Linking the F–S transition to the destruction of ordering on
the short- to medium range length-scales has been studied for Vitreloy 1 [121] and Vitreloy
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Figure 5.7: Dependence of the transition factor f on the kinetic fragility of the strong
regime mstrong of bulk metallic glass-forming liquids. Note that arrows indicate the shift
in Vitreloy 105 and AMZ4 data from previous research [48] to this study.

106a [125].

An empirical correlation between structural evolution and fragility has been explored
for a wide range of metallic glass forming systems, including AMZ4 and Vitreloy
105, identifying structural changes in the first and in the 3rd to 4th coordination shell
(around 1 nm) as the length-scale for the structural changes correlating with the low
temperature fragility around the glass transition, i.e. the strong regime [147]. Making
use of this empirical correlation, the structural changes associated with a liquid-liquid
transition (LLT) in the deeply undercooled melt of the Vit106a bulk metallic forming
alloy predict a two-order of magnitude change in the dynamics around 1.2Tg, enabling to
explain the course of viscosity data determined from conventional viscosity measurements
[125]. However, the large inaccessible temperature related to conventional viscosity
measurements makes it difficult to narrow down the position of the supposed underlying
transformations. Using the methodology described above, the range of experimentally
accessible viscosity data can be extended, enabling to narrow down the temperature regime
of the dynamic crossover and furthermore might help to explore and identify further
systems with LLTs or F-S transitions.
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Finally, one has to note that the use of FDSC data in narrowing down the temperature
regime of the dynamic crossover of bulk metallic glass-forming liquids necessitates
composition independent (universal) shift factors for Tonset, Tpeak and Tend. While the
use of shift factors for the strong regime of Vitreloy 105 and AMZ4 is justified by the
reference melt (DGG I) of close fragility (m DGG I = 37.8 [43]), a reference material
for the fragile regime has not been presented in Section 5.2 (m fragile = 104 for Vitreloy
105 and m fragile = 71 for AMZ4). Since Chip- or Flash-DSC (FDSC) is a relatively
novel technique to explore the glass transition at rates up to several thousand of Kelvin per
second of small samples or thin films in the nano-gram range, this issue has been studied
only for a few glass-forming liquids so far. Further, the proneness to crystallise of most
fragile glass-forming liquids decreases the overlap of FDSC data points with viscosity
measurements and makes the process more difficult in the search for a fragile reference
material. Even though an increasing gap in the viscometric data was evident for a glass
melt of diopside composition (m = 62.7) and a glass melt of a commercial fluorophosphate
composition (m = 72.3), a prior study [89] showed that the use of the shift factors for fictive
temperatures obtained from FDSCwas successful in retrieving viscosity. However, fragile
organic glass-forming liquids, such as polystyrene (PS) and polyethylene terephthalate
(PET) could serve here as reference materials, as FDSC and dielectric spectroscopy
data are available for broad temperature ranges. Dhotel et al. [148] performed a
separate analysis of each data set and received comparable results for the fragility index m
determined fromFDSC/DSCmeasurements using cooling rates over 6 orders ofmagnitude
(10−3 - 103 K s−1) and from broadband dielectric spectroscopy (136 vs. 126 for PS and
126 vs. 150 for PET). In the frequency domain of dielectric spectroscopy, the shift factor
concept is known as the Frenkel-Kobeko-Reiner (FKR) constant C = qc/ω (ω is the angular
frequency of the glass (α) transition) [149, 150]. It is generally accepted to determine
kinetic fragility from dielectric relaxation at ω(Tg) = 10−2 s [151] and, thus, one has
lg Konset = lg C + 10 for the limiting fictive temperature. Hence, it is remarkable that
in the study of Dhotel et al. [148] the overlay of the broadband dielectric spectroscopy
with DSC/FDSC data was achieved for lg C = 0.8 for PS and lg C = 1.5 for PET. Schawe
[152] analysed cooling rates of PS samples from 0.003 to 4,000 K s−1, which resulted
in a FKR constant lg C = 1.5. In another study [153], lg C = 1.3 was obtained from
the relation between freezing-in due to linear cooling and the dynamic glass transition
temperature by temperature-modulated DSC of PS. For all PS studies, the same fully
amorphous commercial polysterene (PS168N) from BASF was used.

These studies make us believe that FDSC/DSC enables to reproduce kinetic fragility
correctly even for fragile liquids and at high cooling rates. However, they also emphasize
that the fictive temperature has to be assessed from cooling rate over several lg units
(the scaling is non-Arrhenius across the whole temperature range). In turn, the use of
an Arrhenian approximation for the correlation -lg qc versus 1/Tf leads to an increasing
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deviation between calorimetric fragility and kinetic fragility as experienced for fragile
organic [154] and inorganic [45] glass-forming liquids. Further, to determine the mean
relaxation time for fragile liquids from the α-susceptibility peak of the dielectric [148]
or mechanical loss [155], a broadband spectral analysis by temperature and frequency
sweeps through the glass transition is required. If a large experimental bandwidth is
incompatible with the material (crystallisation, demixing, etc.) one has to consider
possible effects of the evolving heterogeneities on the frequency distribution of dielectric
and mechanical loss spectra [155] or viscosity [2]. Further, the shift factor concept is
based on the precondition that the cooling rate is sufficiently slow to ensure that in the time
interval the mean temperature fluctuation δT of the fluctuating subsystems (cooperatively
rearranging regions) can be measured [150]. If the cooling rate is too large, the time
interval becomes too short to measure δT and the calorimetric experiment indicates a too
high fictive temperature, which leads to an underestimation of kinetic fragility by FDSC.
While the problem cannot be solved for fragile liquids within the framework of this study,
the deviation from the VFTH or MYEGA dependence of -lg qc on 1/Tf for cooling rates
≥ 5,000 K s−1 for the strong reference liquid (DGG I) [89] might be a hint for such a
limitation by FDSC experiments.

5.6 Conclusions
Fast-scanning calorimetry has been successfully applied to retrieve the viscosity

of supercooled liquids of Zr–based BMGs (Vitreloy 105 and AMZ4) for temperatures
from standard glass transition down to ∼0.78Tg/T. This temperature range was largely
inaccessible to viscosity determination in previous research, leaving a huge gap in
viscosity of the supercooled liquids up to 13 orders of magnitude. By employing the
calorimetry-derived viscosity together with data of previous rheology studies an available
set of data could be established for supercooled Vitreloy 105 and AMZ4 liquids. The
double exponential form of the MYEGA model with a fragile term dominant at high
temperatures and a strong term dominant at low temperatures was found to describe
the entire viscosity course well. This analysis revealed that both liquids are strong for
lg η ≥ 4.9-5.5, the F–S crossover is centred on 0.69Tg/T (Vitreloy 105) and 0.66Tg/T
(AMZ4), while the extent of the fragile-to-strong transition is larger for Vitreloy 105 than
for AMZ4. Both values were found to agree well with the inverse relation established for
BMG liquids between transition factor and kinetic fragility of the strong regime.
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6 Discussion

This study comprises of three investigations (chapter 3-5) of different fragile glass
systems to test the possibility to produce new viscosity data using the basic relation shown
by Scherer and Yue et al. [31, 32] in combination with the high scanning rates of a FDSC.

In the first work (chapter 3), Fig. 3.4 demonstrates the dependence of fictive
temperature on the cooling rate for the three fragile melts Di, LS2 and N-PK52A over
five orders of magnitude of qc,h received by combining three different DSC devices. Here,
the melts showed an Arrehenian trend from qc,h = 0.08 K s−1 till qc,h = 5000 K s−1.
Furthermore, after exploring the relationship between calorimetry and viscometry for
the standard soda-lime silicate glass DGG I (Fig. 3.3), the parallel shift factors
lg Konset = 11.19 ± 0.06 and lg Kpeak = 9.68 ± 0.08 were applied to the calorimetric
data of Di, LS2 and N-PK52A to obtain viscosity data (Fig. 3.5) by using Eq. (3.1).
A comparison of this resulting data with viscosimetric data (Fig. 3.5) showed a good
agreement in the low-temperature (high viscosity) regime of micropenetration. Therefore,
it can be concluded that the Konset and Kpeak obtained are independent of the chemical
composition within the chemical interval investigated in this work. In addition, it can be
seen that the FDSC-derived viscosity partially fills the η(T ) gap in which crystallisation
occurs for most of the synthetic and natural systems with a low ability to form glass
[12, 13, 71–74]. Afterwards, these findings were extended by a highly-constrained
parameterisation of the viscosity obtained by the MYEGA equation (Eq. 3.2) [29, 30]
using DSC-derived and measured viscosities. The derived fragility index m for LS2 is the
lowest with 47.4 (m = 45.4 [76]), whereas the N-PK52A was found to have the highest
fragility of 72.3. The Di exhibits a fragility index of 62.7 and agrees with data provided by
the literature (m = 58.6 [75]). A comparison of the fragility indexes of LS2 and N-PK52A
with those calculated by simply using measured viscosity revealed a ∼10% lower and
higher value. Consequently, the additional use of FDSC-derived viscosities provides a
better constraint to the estimation of the m parameter. Moreover, it can be concluded that
the Konset and Kpeak provided in this work can be used for relatively strong glass former
systems and more fragile systems such as LS2, Di and N-PK52A.

The subsequent work (chapter 4) demonstrated that the production of a pure TeO2

glass is possible in a FDSC by applying fast quenching rates to a TeO2 melt. The resulting
glass 100Te (Fig. 4.1) was verified afterwards, together with two sodium tellurite glasses
(86Te14Na and 80Te20Na) by Raman spectroscopy (Fig. 4.2) and showed a goodmatching
with spectra from the literature [93, 97, 98]. Additional viscometric measurements
by micropenetration of samples 80Te20Na and 86Te14Na (Fig. 4.3) revealed a good
agreement with the literature available [99, 100]. Calorimetric measurements using qc,h
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from 0.02 K s−1 till qc,h = 30,000 K s−1 allowed identifying characteristic temperatures
Tonset and Tpeak over six orders of magnitude of qc,h (Fig. 4.4A). Furthermore, after
exploring the relationship between calorimetry and viscometry for the samples 86Te14Na
and 80Te20Na, the common best-fitting shift factor lg Konset = 10.77 ± 0.06 was used
to translate the calorimetric Tonset values of all three samples into viscosity according to
Eq. (4.2). Afterwards, a common lg Kpeak = 9.73 ± 0.10 was obtained by adjusting the
Tpeak values to the Tonset trend. The entire viscosity data of all three samples is presented
in Fig. 4.4B and shows the first viscosity data for pure TeO2 in the range of η(T ) from
105.7 to 109.4 Pa s. It is necessary to stress that the lg Kpeak used closely agreed with
the shift factors previously computed for other melts [5, 89], while the lg Konset obtained
obviously differs from the average value of 11.2 ± 0.1 reported in the past. This could
be related to the very high fragility of the melts, as previously suggested [102]. The
resulting viscosity data of 100Te and 80Te20Na were added to high temperature data from
rotating crucible viscometry generated by Tokunaga et al. [103] and were fitted by the
MYEGA equation (Eq. (4.2)) [29, 30] to obtain a highly-constrained parameterisation of
the viscosity (Tab. 4.3). This fit provided the first experimentally-determined viscosity
curve for pure TeO2, given that this component has a poor glass-forming ability and a
strong tendency to crystallise. The fragility index m of 64(1) obtained represents the
highest-known value for a single-component oxide glass, because all others (SiO2, GeO2,
P2O5 and As2O3) showed strong Arrhenius behaviours and m values in the range from 17
to 20, with the exception of B2O3, which yields an intermediate value of m = ∼45. This
should be associated with the very modest resistance against viscous flow offered by the
structural units composing the TeO2 liquid. In fact, new studies recommend a considerable
short-range disorder surrounding the Tellurium atom, whose comparably weak interaction
with oxygen (additionally, the presence of a lone electron pair) expresses the lack of a sharp
cut-off between bonding and non-bonding partners, with a median coordination number
near four [94, 95, 104–106]. A visualisation of the dependence of the viscosity to the
reduced temperature Tg/T (Angell-plot) highlights the extraordinary role of the fragile
TeO2 melt among the single glass-forming oxides (Fig. 4.6). Furthermore, the MYEGA
fit yielded a Tg of 559.5± 0.8 K, which is much lower in comparison to the scattered results
reported by the literature [92, 93, 112–115]. This could be explained by the insufficient
relaxation of the superquenched liquid and/or contamination of the sample (Fig. 4.7). In
addition, the viscosity data obtained within this work for η = 1012 Pa s in the TeO2–Na2O
system precisely match with those available in the literature [100]. In fact, studies in
silicate and borate systems have repeatedly highlighted non-linear trends for Tg when the
first mol% of modifier are added to the glass former end member [116–118].

In the final work (chapter 5), it was possible to create new viscosity data (Fig. 5.4) for
Vitreloy 105 and AMZ4 melts in the temperature range from the glass transition down to
∼0.78Tg/T. This was achieved by applying scanning rates ranging from ∼0.083 K s−1
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(5 K min−1) up to 40,000 K s−1 (2,400,000 K min−1) to achieve the characteristic
calorimetric temperatures Tonset, Tpeak and Tend (Fig. 5.2+5.3) to the samples and using
the parallel shift factors lgKonset = 11.2± 0.1, lgKpeak = 9.8± 0.2 and lgKend = 9.2± 0.2
[5] in combination with Eq. (5.7) [29, 30]. In addition, the whole viscous behaviour
was described fully in quantitative terms (Table 5.2) by applying a double exponential
form of the MYEGA model (Eq. (5.5)) with a strong term dominant at low temperatures
and a fragile term dominant at high temperatures. A detailed inspection of the viscosity
behaviour of both melts (Fig. 5.5) leads to the conclusion that the range of the F-S
transition as quantified by the transition factor f (f = mfragile/mstrong) is larger for
Vitreloy 105 (= 2.71) than for AMZ4 (= 1.75), while the F–S crossover takes place with
a maximum at around 0.69Tg/T (Vitreloy 105) and 0.66Tg/T (AMZ4), as localised by the
first derivative of the viscosity behaviour with respect to Tg/T (Fig. 5.6). The position
of the maximum of the F–S transition is slightly higher for AMZ4 than for Vitreloy 1,
for which Way et al. [119] observed a crossover in the viscosity-temperature dependence
depending on the heating/cooling path between 0.5 and 0.65Tg/T. In the literature, values
between 0.7 and 0.8Tg/T were reported for other BMG systems. Furthermore, when the
transition factor f is plotted in dependence of the kinetic fragilitymstrong (Fig. 5.7), there
appears to be an inverse relation when adding the results from this work with data from the
literature [48–50]. The apparent trend of the high-fragility side first described by Zhang et
al. [50] was extended by the Zr–based BMGs studied by Hembree [48] and the ones from
this work.
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7 Conclusion

The observations found by measuring the different glass systems from chapters 3-5
with FDSC answered the main question set for this study. The updated version of
the basic relation demonstrated by Scherer and Yue et al. [31, 32] was used to cover
cooling and heating rates up to 40,000 K s−1 (2,400,000 K min−1) and thereby obtain
viscosities down to η = 104.9 Pa s. These new viscosity data have been inaccessible so
far due to crystallisation occurring in these glass systems during the measurements with
comparatively slow running viscometric methods.

The first study (chapter 3) initially showed that a combination of fast scanning
calorimetry with two conventional DSCs and viscometers results in reliable results over six
orders magnitude of viscosity. It was demonstrated that the parallel shift factorsKonset and
Kpeak used to generate the viscosity data are independent of the chemical composition of
silicate and fluorophosphate systems, which represent relatively strong and fragile glass
systems. Additional constraints on the effect of sample mass on the thermal lag of the
characteristic glass transition temperatures Tonset and Tpeak were discussed.

For the second work (chapter 4), a combination of calorimetry and viscometry was
used to calculate the full viscosity curve of pure TeO2 with the help of two sodium
tellurite glasses. Furthermore, the fragility index m and glass transition Tg were provided,
discussed and compared with the existing literature. The received fragility index m of
64(1) represents the highest known value for a single-component oxide glass. Moreover,
the Tg of 559.5 ± 0.8 K is much lower in comparison to the scattered results reported by
the literature.

In the third work (chapter 5), FDSC measurements made it possible to access the
viscosity of two Zr–based BMGs (Vitreloy 105 andAMZ4) for temperatures from standard
glass transition down to ∼0.78Tg/T. Combining them with data from previous rheology
studies resulted in a large dataset, which enabled for the use of a double exponential form
of the MYEGA model with a strong term predominant at low temperatures and a fragile
term predominant at high temperatures to describe the entire viscosity behaviour. The
resulting viscosity fit narrowed down the appearance of a F-S transition to a temperature
region with a centre at 0.69Tg/T (Vitreloy 105) and 0.66Tg/T (AMZ4), while the extent of
the fragile-to-strong transition is larger for Vitreloy 105 than for AMZ4.
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