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ABSTRACT

In this work we used two glass stability (GS) parameters, which best correlate with the glass-forming ability (GFA), in an extensive study for analyzing the influence
of alkali and alkaline earth modifiers and five glass-formers, in the crystallization resistance of binary oxide glasses. For the good glass formers silica, boria and
germania, the addition of small amounts of modifiers rapidly reduces the GS, whereas for the conditional glass formers telluria and alumina, it initially increases the
GS. Lower liquidus temperatures are associated with a better GS, and above 50 molar percent of modifier oxide, the liquidus temperature seems to be the main factor
controlling GS (except for telluria). Lithium containing glasses show the lowest GS between the alkali systems, while the alkaline earth modifiers show the same effect
on the GS. The TeO, is the only exception, for which the barium tellurites show better GS. The pure oxides rank in the following order of GS:

B,03>Si05> GeOy>TeO, > Al,04.

1. Introduction

Due to their absence of microstructure (for compositions that are
free of liquid phase separation) and smooth property-composition de-
pendence, glasses can show unique, adjustable properties, such as low,
moderate or high transparency in the UV, visible or IR, bioactivity,
ionic conductivity, hardness, elastic modulus, refractive index, thermal
expansion coefficient, chemical durability, etc.

The addition of network modifiers to pure oxide glass-formers, such
as SiO,, B,03, GeO,, Al,03 and TeO,, induces changes in the glass
structure and significantly modify certain properties. Understanding the
individual effect of the glass network modifiers — alkali and alkaline-
earth cations (Li, Na, K, Rb, Cs, Mg, Ca, Sr and Ba) - is important to aid
and shorten the design of new compositions. For instance, the effect of
alkali and alkaline earth oxides on the thermal expansion coefficient,
glass transition temperature, refractive index, density, elastic modulus
and other intensive properties of binary glass-forming systems has been
widely studied, especially for silicates and borates [1-9]. It is known,
for example, that the thermal expansion coefficient (a) of alkali and
alkaline earth borates and silicates increases with the modifier cation
radius [6,10]. Similar behaviors have also been observed for other
properties [11]. Despite the great effort and progress on understanding
the effect of those simple modifiers on several glass properties, the
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relationship between the amount and type of each modifier and the
glass resistance to crystallization has been much less explored.

The resistance that certain glass-forming substances show against
crystallization is one of its most important properties, because it limits
the size of the glass piece that can be obtained, and consequently, its
manufacturing process and final application. When analyzed on the
cooling path of a melt from the liquidus temperature, the resistance
against crystallization is called “glass-forming ability” (GFA), and when
it is analyzed on the heating path of a glass above Tg, we call it “glass
stability” (GS). The GFA and GS depend upon the material’s composi-
tion, which in turn control the crystal nucleation and growth rates.
These have been studied elsewhere [12-16].

The determination of GFA is very time-consuming by conventional
methods, such as the time-temperature-transformation (TTT) curve
[17], the thermocouple method [18] or the Colmenero and Barandiaran
method [19]. To avoid this problem, many simple parameters based on
the characteristic temperatures of glasses and supercooled liquids have
been suggested [12,14,20-42] to estimate GFA. These parameters are
calculated using the characteristic temperatures determined by differ-
ential thermal analysis (DTA) or differential scanning calorimetry
(DSC): the glass transition temperature (Tg), the onset of crystallization
(Ty), the crystallization peak (T.), and the liquidus temperature (T}).
Because these temperatures are often determined during the heating of a
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Table 1
GS and GFA classification according to the AT,; and Ky parameters: powdered
samples (<60 um) using Ty and heating rate of 10-20 K/min.

GS and GFA AT, Ky Maximum glass sample thickness
Outstanding >0.6 >1.1 m

Good 0.4-0.6 0.7-1.1 several cm

Reluctant to Poor 0.1-0.4 0.2-0.7 mm - cm

Extremely Poor <01 <0.2 pum - mm

glass sample, we call them “glass stability” parameters.

Among the approximately 30 parameters proposed in the literature,
the Hriiby number Ky = [(Ty-Tg)/(T-Tx)], has been proved to be a good
estimator of the GFA by several authors [15,21,43-45]. Moreover, re-
cently, a similar parameter, AT,; = [(Tyx-Tg)/(T;-T)] [30], that has the
advantage that it varies from O to 1, has been pointed out as another
good estimator of GFA. Both GS parameters show a good linear corre-
lation with the critical cooling rate (R. = 1/GFA) for glass formation,
and also have an ability to predict with good statistical accuracy the R,
as demonstrated in a previous paper [16]. Therefore, they are appro-
priate metrics to discover the effect of alkali modifiers on the resistance
against crystallization (both GS and GFA) of different glass-forming
systems.

Table 1 summarizes the GS / GFA and some approximate numbers
used to distinguish the vitrification ability of different liquids. This
classification was created based in our previous publications [16,46]
and experimental knowledge acquired in over 40 years of laboratory
glass-making, which includes this work. For instance, typical commer-
cial bulk glasses, made by traditional glass forming techniques, have
values of GS above 0.4 (AT,,) and 0.7 (Ky). Hence, this table gives the
overall “ball park” of widely distinct GS and GFA, and serves as a guide
to understanding the next plots describing the GS versus chemical
compositions. An estimate of the maximum glass sample thickness for
each class is informed in the last column.

The aim of this work is to understand the effect of alkali and al-
kaline earth modifiers on the resistance against crystallization of
five glass-formers: SiO,, B,O3, GeO,, TeO, and Al,O3. The results may
help to design better glass compositions and also to comprehend the key
factors involved in the GS and GFA. For this task, we collected char-
acteristic DSC temperature data for many binary oxide glasses (modi-
fier + glass former), and briefly discussed the effect of the modifiers on
the structure of these binary glasses to explain their GS behavior by
using the Ky and AT,; parameters, which allow us to compare their
thermal stability in a quantitative way.

2. Experimental
2.1. Sample preparation

The binary glass compositions were prepared in the form of xR,0-
(100-x)F,0, and xRO-(100-x)F,0,, where R,0 is the alkali oxide (Li,O,
Na,0, K,0, Rb,0 and Cs,0), RO the alkaline-earth oxide (MgO, CaO,
SrO and BaO), F,0, is the glass-former oxide (SiO, B,O3, GeO,, TeO,
and Al,03) and x is the molar percent of network modifier oxides. The
preparation procedure of all glasses is detailed below. All precursor
powders were dried in a drying oven at 100 °C for at least 24 h before
use.

The silicates and germanates studied in this work were produced in
the Laboratory of Vitreous Materials (LaMaV), Brazil, by the conven-
tional melt-quenching technique. The precursor powders SiO, (Zetasil,
99.99%), GeO, (Alfa Aesar, 99.99%), Li,CO3 (Sigma Aldrich, 99.0%),
Na,CO; (Sigma Aldrich, 99.5%), K,COs; (Sigma Aldrich, 99.5%),
Rb,CO3 (Sigma Aldrich, 99.0%), Cs,CO3 (Alfa Aesar, 99.0%), MgO
(Sigma Aldrich, 99%), CaCO3 (JT Baker, 99%), SrCO3 (Alfa Aesar, 99%)
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and BaCOj (Sigma Aldrich, 99.0%) were mixed in a translational mixer
for 4 h. The compositions were melted at ~50 °C above the respective
liquidus temperatures in Pt crucibles for one hour, homogenized and
quenched in stainless steel plates (splat cooled).

The alkali borate glasses were produced via carbonate method (CM)
[46] at Coe College, USA. Alkali carbonates (Li,CO3, Na,CO3, K>CO3,
all Sigma Aldrich, > 99%), and boric acid (H3BO3, Sigma Aldrich, >
99%), powders were mixed together thoroughly and heated at 1000 °C
for 25 min in a platinum crucible. A weight loss check was made in-
between of heating to confirm the sample composition and the sodium
borate glasses showed some carbonate retention at alkali content ex-
ceeding about 66 molar percent alkali oxide. Then, the lithium borate
melts were either plate or twin-roller quenched in room environment
conditions [47]. After the weight loss check, the sodium and potassium
borates were heated and roller-quenched inside a glove box, a nitrogen
gas and a low water environment. The BaO+2B,03; and SrO<2B,03
glasses (SrCO3; and BaCOs3 99.9%, and H3BO3 99.5%, all Wako Che-
micals) were produced in The University of Tokyo, Japan. They were
melted in lidded platinum crucibles, 80 °C above their respective
melting point, for 30 min, and then they were splat cooled.

Alkali and alkaline earth tellurite glass samples containing 5 and 15
molar percent of modifier oxide were also prepared by melt-quenching
in the University of Sao Paulo, Brazil. The chemicals TeO, (Prichem,
99.99%), Li»CO3 (Sigma Aldrich, 99%), Na,CO3 (Sigma Aldrich, >
99%), K>CO3 (Merck, 99%), Rb,CO;3 (Sigma Aldrich, 99%), Cs>CO3
(Sigma Aldrich, 99%), CaCO3 (Merck, 99%), SrCOs (Sigma Aldrich,
98%) e BaCO;3 (Alfa Aesar, 99%) were stoichiometrically weighed to
obtain 3 g of glass, thoroughly mixed in a translational mixer, and then
loaded into a Pt/Au alloy lidded crucible. The samples were melted at
700 to 900 °C, for 20 min in a muffle furnace. The glass melts were cast
into stainless steel plates or in cold water (see Table S1.1 in supple-
mentary materials).

The aluminate glasses were prepared using an Aerodynamic
Levitation (ADL) furnace [48] at The University of Tokyo, Japan. Al-
kaline earth oxides (MgO 99.9%, CaO 99.5%, SrO 99.9% and BaO
99.9%, Wako Chemicals) and Al,O3 (High Purity Chemicals, 99.99%)
powders were mixed in acetone and pressed into 2 g tablets, which
were sintered for 12 h at 1100 °C in air and crushed into 20-50 mg
fragments. The fragments were levitated by a flow of N, and melted
using a 100 W CO-, laser to around 2300 °C. Then the melt was rapidly
cooled by shutting off the laser power at a cooling rate of approximately
800 °C/s. The final samples were small spheres of ~ 2 mm diameter.

The chemical compositions of the glass samples were checked using
a Jeol JSX-3100RII X-ray Fluorescence Spectrometer. Only the borate
compositions were not measured due to the low boron atomic weight.
The measured composition of glasses deviated about 1-2% (mol con-
tent) of the nominal composition.

2.3. Thermal analysis and data collection

The characteristic temperatures Tg, Ty, and T. were experimentally
determined for the glasses prepared in this work using a Netzsch DSC
404 at the Federal University of Sdo Carlos, Brazil and a TA DSC Q200
or Perkin-Elmer DSC 7 at Coe College, USA. To complement the ana-
lysis, the characteristic temperatures of other binary glass compositions
of the systems studied were collected from the SciGlass® v. 4.11 data-
base. All data collected from the literature and measured in this study
were determined in similar conditions; fine powders (<100 um in size)
and heating at 10-20 K/min in atmospheric air. Using fine powder
privileges heterogeneous nucleation, therefore reducing the effect of
internal nucleation (shown by a few compositions) The T, were col-
lected from the respective phase equilibrium diagrams. The collected
and measured data are shown in section S1 of the supplementary ma-
terials.
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3. Results and discussion

The goal of this study was to determine the effect of the most
common network modifiers (alkali and alkali earth) and network formers
(Si, B, Ge, Te, and Al) on the resistance of oxide glasses against crys-
tallization. As previous works have shown [15,36,43-45], the two GS
parameters used in this study correlate quite well with the glass-
forming ability of oxide glasses, hence, their GFA will also be discussed.
The results will be presented and discussed separately for each group.

Before we present the results, we introduce here our strategy to
qualitatively explain GS-composition trends. As GS is a measure of the
glass resistance against crystallization upon heating, some key aspects
involved in nucleation, crystal growth and overall crystallization can be
used to explain the behavior of the systems studied. To this end, the
most important variable controlling crystal nucleation is the interfacial
energy (o) between the crystalline nuclei and the supercooled liquid
(SCL) [49,50], then comes the thermodynamic driving force (AG), and
the diffusivity (D). Once a critical nucleus forms, crystal growth is a
spontaneous process without any thermodynamic barrier; only the ki-
netic barrier remains. Therefore, diffusivity is the main controlling
parameter of this process. Also, as in a wide temperature interval
(1.15 T, - Ty), the Stokes-Einstein theory is valid, the effective diffusion
rates controlling crystal growth are inversely proportional to the visc-
osity. Therefore, because o relates to the difference between the
structures of the SCL and the nucleated crystal (the smaller the struc-
tural differences, the smaller o and higher nucleation rates) [51] and
the viscosity is strongly determined by the glass network connectivity
and chemical bonding, glass structure is a key parameter to understand
GS. Hence, in the following sections, we will use these concepts to some
extent in an attempt to (qualitatively) explain the observed trends of GS
/ GFA with the chemical composition of the glasses.

3.1. Effects of alkalis and alkaline-earths

3.1.1. Silicate glasses

The two GS parameters of alkali and alkaline earth silicates are
shown in Fig. 1. The AT, of silica (SiO,) glass is considered = 1 be-
cause no crystallization peak was detected during our thermal analysis
experiments. Silica glass is quite stable against crystallization and easily
vitrifies when cooled from the liquid state. Some authors have esti-
mated a very small critical cooling rate of ~107°% K/s [52,53] for this
substance. Structurally, this great stability can be related to the high
degree of connectivity of the tetrahedral SiO4 units (Q*, 4 stands for
four bridging oxygens per tetrahedron) in the random network [54].

It should be stressed that addition of alkalis and alkaline earth
oxides to silica leads to regions of stable or metastable liquid phase
separation (LPS). In the alkali silicate systems, the metastable (sub-li-
quidus) miscibility gaps extend up to approximately 31 molar percent
of Li,O and 23 of Na,O [55]. In Fig. 1 only four data points of the lithia-
silica system are within the miscibility gap, and indeed the samples we
made in this composition range were translucent. On the other hand,
LPS is absent in all alkali-rich compositions of the Na,0-SiO5 and K,O-
SiO, systems studied here.

In the case of the alkaline earth silicate systems, the MgO-SiO,, CaO-
SiO, and SrO-SiO, show stable (above the liquidus) liquid miscibility
gaps, which extend up to approximately 40, 30 and 20 molar percent of
RO, respectively [56]. Therefore, we collected data for compositions
outside these immiscibility regions. In the Ba-silicate system, there is a
metastable miscibility gap extending up to ~29 molar percent of BaO
[55].

Fig. 1 shows that as the amount of alkali increases, the GS decreases.
Among the alkali silicates, the lithium silicate glasses are by far the most
prone to crystallize, showing AT, and Ky parameters in the 0.15 - 0.20
range up to 40 molar percent of Li,O, when they decrease dramatically
leading to what is popularly known as the “limit” of glass formation
(using standard laboratory practices). Fig. 1 shows a strong decrease in
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both GS metrics for small amounts of Li, in the immiscibility range, and
then a shallow maximum at around 30 molar percent of Li,O, which is
close to the eutectic region of the phase equilibrium diagram. In fact, it
is (empirically) known that compositions close to deep eutectics tend to
have good glass-forming ability and stability [30].

The sodium silicates showed much higher GS than the lithium sili-
cates, and the maximum was, once more, near the eutectic region (~30
molar percent of Na,0). For the potassium silicates, however, there are
not enough data points to conclude whether the highest GS is located
close to the first eutectic (~20 molar percent of K;0), but the AT,
parameter is indeed higher for 20 than for 33 molar percent of K,O. We
also made Rb and Cs silicate glasses, but they were extremely hygro-
scopic. Hence, we could not measure their characteristic DSC tem-
peratures to calculate the respective GS parameters. Therefore, we
conclude that as the cation radius increases, the glass stability increases
in the following sequence: K > Na > Li-silicates. However, the high
thermal stability of the Na and K glasses, comes with a substantial
decrease of the chemical stability, which become more hygroscopic in
the same sequence, including the Rb and Cs glasses, which are so hy-
groscopic that the measurements were not feasible and the analysis of
GS was not possible.

The addition of alkali modifiers to silica results in a substantial
decrease of the glass stability due to the reduction in the network
connectivity by creation of non-bridging oxygens (NBO). For each R*
added to the glass network, one NBO is formed per SiO,4 tetrahedra,
resulting in Q%, Q2 Q" and even Q° units. At low R,O concentrations, up
to 33 molar percent of RyO, most Q% units are replaced by Q° and Q>
units. Further addition of RO leads to transformation of some Q° to Q2
and Q' units, with increasing amount of non-bridging oxygens as the
content of R,0 increases. The observed concentration of Q" units are
qualitatively explainable according to disproportionation reactions:
2Q° -Q* + Q% 2Q%? =Q® + Q! and 2Q' —-Q? + Q° [57]. In general,
the reduced network connectivity facilitates the structural rearrange-
ments needed for crystallization, and therefore, the GS is reduced.

The structures of Li, Na, K, Rb and Cs silicate glasses are very si-
milar, with some changes in the disproportionation reactions, which
tend to the left (higher n) for larger cations [58,59]. By comparing their
structures with their isochemical crystals, we can find some answers.
After analyzing the structures of Li and Na disilicates, Longstaffe et al.
[60] observed that while the lithium disilicate glass has an inter-
mediate-range structure very similar to its isochemical crystal, the so-
dium disilicate system shows significant differences. The strong simi-
larity between the intermediate range structure of Li,0.2Si0O, crystal
and glass explains why this alkali disilicate displays measurable
homogeneous nucleation rates, while the others do not show internal
nucleation [60]. However, this would not be an important effect for our
study because we used powdered samples in the DSC experiments and
the internal nucleation rates are relatively small in Li silicates compared
to the surface density of sites in powdered samples.

In powdered samples, copious heterogeneous surface nucleation
predominates, hence crystallization differences of distinct compositions
are mainly controlled by differences in their crystal growth rates (U).
Considering the available crystal growth models, and that the me-
chanism controlling diffusion is the same that control viscous flow
(Stokes-Einstein Eyring) [61,62], one can conclude that U is propor-
tional to the relation T)/n (n = viscosity) [53]. As the viscosity is a
function of network connectivity, it is expected that formation of NBO's
diminishes the viscosity. In fact, the viscosity of silica (SiO,) at 1600 K,
for example, is nine orders of magnitude greater than those of the Li, Na
and K disilicate melts at the same temperature. Near T,, diffusion of
structural units controlling crystal growth is decoupled from viscosity,
and the diffusion of smaller species, like Li can be favored. This can be
one of the reasons for the Li silicates showing lower GS.

Above 50 molar percent of R,0, the network connectivity is already
very low, and the viscosity is expected to show negligible change with
composition; hence the liquidus temperature itself plays a more
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Fig. 1. Glass stability parameters, AT,y and Ky, for a series of binary alkali (left) and alkaline earth (right) silicate glasses. Powdered samples (particle size <

100 pm), heating rate = 10 to 20 K/minute.

important role. Although the temperature dependence of viscosity is
similar for all the alkali silicates, the liquidus temperature of the li-
thium silicates are notably higher (Figure S2.1 in the supplementary
materials). As both GS parameters used here are inversely proportional
to the liquidus temperature, T;, any glass with higher T, (and similar T,
and T,) will have a lower GS and GFA, which is indeed a relation em-
pirically observed in laboratory practice.

The plot on the right-hand side of Fig. 1 shows the GS parameters
for the alkaline earth silicates. Glasses with RO molar content above
50% were obtained by ADL, and the rest was obtained by splat cooling.
Due to the high volatility of BaO, we could not obtain barium silicates
using the ADL furnace, thus, only silicates with BaO content below 50%
were studied. For all these alkaline earth network modifiers, we see a
sharp decrease of GS down to a region of very low glass stability
(AT,; = 0.1-0.2 and Ky < 0.3), indicating that Mg, Ca, Sr and Ba have
approximately the same effect on the GS of silicates. We decided not to
test Be because it is too poisonous.

Although a mole of RO (R%") introduces the same amount of NBO as
a mole of R,O (2R™), the reduction in GS and GFA occurs more
abruptly in the alkaline earth silicates than in the Na and K silicates.
This result can be explained by the higher liquidus of the alkaline earth
silicates, which are even higher than the liquidus temperatures of the
Li,O-SiO, system. In fact, Li and alkaline earth silicates have a similar
behavior. The glass-forming region extends to a higher content of MgO,
because of the lower liquidus of this system in the network modifier-
rich region. (All characteristic temperatures of the silicate glasses are
shown in Fig. S2.1 in the supplementary material).

3.1.2. Borate glasses

The AT, and Ky parameters of borate glasses are shown in Fig. 2.
Thermal analyses of pure B,O3 did not reveal any crystallization peak;
therefore, for practical purposes, we assigned an arbitrarily high value
of AT,, = 1. This glass is known to have exceptional glass stability, and,
to best of our knowledge, the crystallization of B,O3 glass at ambient

pressure has never been reported. The reason for this outstanding GS
was fully discussed by Zanotto and Cassar [63].

The alkali-borate systems also show sub-liquidus (metastable) mis-
cibility gaps, approximately between 2 and 20 molar percent of Li,O,
8-24 molar percent of Na,O and 2-22 molar percent of K;O [64]. The
GS trend observed in Fig. 2 seems to be smooth and not affected by
immiscibility. The Li-borates are somewhat below the other two but, in
general, these three alkali modifiers affect the GS of borates in a similar
way, with almost no difference between the GS values. However, there
are some exceptions, e.g. for the Li, Na, and K diborates, we observe
that lithium diborate has the poorest GS, followed by the potassium and
sodium diborates (GS;; <GSkx<GSya). This is the same relation ob-
served for the liquidus of this particular R,O content in borates. And, as
for the silicates, Li-borates are the only to show internal (homogeneous)
nucleation, in addition to surface crystallization. The GS reaches a
minimum value at 50 molar percent of R,0, and remains constant up to
the end of the glass-forming region.

The AT, and Ky parameters for alkaline earth borates are shown in
Fig. 2 (right hand side). The region of liquid immiscibility is located in
the B,Oj rich area, and reaches up to 33% MgO, 30% CaO, 20% SrO
and 15% BaO, approximately [65-68]. The greater glass-forming region
occurs for barium borates, followed by strontium, calcium and mag-
nesium borates, the last having a glass-forming region very narrow,
from 45 to 55 molar percent of RO [7]. Because the glass-forming re-
gion of the MgO-B,O3 system is very narrow, there is no information
about the characteristic DSC temperatures, hence the GS metrics could
not be calculated for this particular system.

As observed for the R,0, the GS of borate glasses also decreases in a
nearly monotonic trend with the RO content in the range studied, with
no statistical difference between these network modifiers. The AT,y
decreases in a very similar ratio as for the alkali borates, reaching va-
lues below 0.20 for RO > 30. At the eutectic composition, near to 60%
BaO, there is a small increase in GS for the reasons already mentioned.

Regarding the structural aspects, pure vitreous B5O3 is composed of
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triangular BO3 units which combine into boroxol rings (70% of the B
atoms), and the addition of modifier oxides results in the creation of
BO, units up to ~35 molar percent of R,O and RO (the exact amount
depends upon the cation), without significant formation of non-brid-
ging oxygens [69]. At higher network modifier content, the proportion
of BO4 units decreases and the number of NBOs increases, leading to the
depolymerization of the glass network. The overall result is a maxima of
BO, units around ~35 molar percent of R,O, called the “borate
anomaly”, and it is also observed in other properties like T, density and
thermal expansion coefficient [1,6]. The borate anomaly, however,
occurs simultaneously with an increase of the liquidus temperature, and
the overall result is a continuous decline of AT,; and Ky. For compar-
ison we can take the AT, of lithium diborate, 0.13, which has a very
low glass stability and is very difficult to vitrify. Above ~40 molar
percent of R0, the AT,; parameter becomes even smaller, and glasses
can only be obtained by non-conventional methods, e.g., by the twin
roller quenching method used in this work.

3.1.3. Germanate glasses

The glass stability parameters of several binary alkali and alkaline
earth germanate glasses are shown in Fig. 3. Pure GeO, glass has a very
good glass stability (Ky~1.3), but it is less stable than SiO, and B,03. As
in silica, the structure of GeO, is formed by a continuous random net-
work of corner sharing tetrahedra, but a greater distortion of the tet-
rahedra is observed, and the rings are composed by smaller numbers of
tetrahedral units [70,71]. This structural difference accounts for an
easier conversion to crystals [70]. Additionally, GeO, has a lower
viscosity than SiO, glass, which fosters faster diffusion and, therefore,
leads to a lower GS. GeO, shows an estimated critical cooling rate of
approximately 1073 K/s [13,36,52,53,72,73], two orders of magnitude
higher than that of silica glass (this value is only an approximation that
depends on the assumptions considered in the calculations).

The alkaline earth germanate systems also present stable and me-
tastable immiscibility regions. Tabata et al. [74] determined that the
miscibility gaps extend to 30% MgO, 24% CaO, 16% SrO and 10% BaO.
Therefore, immiscibility in the high alkali-GeO, regions studied is un-
likely [75].

As observed for the silicates, additions of alkali and alkaline earth
modifiers decrease the glass stability, however we observe a minimum
GS at around 20 molar percent of modifier oxide. This behavior mimics
the effect of the alkali modifiers in the molar volume of germania, re-
ported by Shelby [5,76].

Although there are contradictions in the literature [77,78], one view
is that the addition of alkali oxides to GeO, leads to an increase of the
average Ge coordination number, as the main mechanism to in-
corporate the oxygen surplus, instead of straightforward creation of
NBO's. This unusual structural change reflects in the glass stability, as
well in other properties, as an anomaly, showing a minimum or max-
imum at around 20 molar percent of R,0 and RO. In the case of the GS,
we see a minimum, at least for the Li,O, Na,0, K50, SrO, CaO and BaO,
modified germanates, for which we have enough data. This happens
due to the proneness of the higher coordinated Ge atoms containing
glass towards crystallization. Further addition of R,O and RO will lead
to the creation of NBO's, and the average coordination of Ge starts to
decrease again, reducing the propensity to devitrification. The GS is
expected to decrease again at some point, because the excessive amount
of NBO's, but we do not have data for compositions with more than 40%
modifier oxides. Unfortunately, there are no published viscosity data
for these germanates.

As seen for the SiO systems, the effect of lithium in decreasing the
GS is more accentuated than that of the other modifiers, thus, for ger-
manate glasses: GSp; <GSy, <GSk < GSgrp <GScs. We also observed this
trend in our own laboratory experiments; the Li,O-GeO, system shows
the highest liquidus temperature, which can justify this behavior. In
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100°um), heating rate = 20 K/minute.

addition, the germanates are more difficult to vitrify than the borates
and silicates. There is no clear distinction between the effect of the
different alkaline earth elements, however these results show that the
glass stabilities of the RO germanates are lower than those of the R0
germanates.

3.1.4. Tellurite glasses

Fig. 4 shows the AT, and Ky parameters for several tellurite glasses.
Differently from the other three glass forming systems studied, pure
TeO, is a very reluctant glass former and must be obtained by non-usual
methods, for example using a twin-roller quencher [79], which reaches
a cooling rate of 10° K/s [47], or by quenching the crucible bottom into
a liquid at low temperature [80]. Corroborating these experimental
observations, Fig. 4 shows that pure TeO, has a very small AT,,, and,
indeed, from DSC traces (not shown), we observed that the crystal-
lization peak starts right after the glass transition. The structure of pure
TeO, is still under discussion, but is believed that TeO, glass is mainly
composed by trigonal bipyramids (tbp) of TeO,4, with a small content of
TeO3 units with a terminal oxygen doubled bonded to the Te atom
[79,81]. The structural units are highly asymmetric and have a large
variation of bond length, due to the lone pair of electrons in one of the
equatorial sites [79,82-85], which repel each other and also repel other
oxygen atoms, strongly constraining the structure [86].

In their recent work, Hauke et al. [87] observed that the glass
transition temperature of alkali tellurites tends to decrease mono-
tonically with the increase of alkali content between 0 and 30 molar
percent of R,0. The addition of alkaline earth oxides, however, has the
opposite effect, as Ty shows an increase with the RO content. The
findings of the authors are in agreement with what we observed in this
work (see supplementary materials). However, an establishment of a
relation between structure and the observed trend in T, of tellurites is
challenging, mainly due to their structural complexity.

In 1992, Sekiya et al. [83] suggested that when alkali network
modifiers are added to TeO,, some Te..qO.x.Te (eq = equatorial and
axe = axial sites) linkages are broken, and non-bridging-oxygens (NBO)
are formed [79,83,88]. As a result, many more arrangements are pos-
sible, and we observed an increase in the glass stability, as shown in the
AT, results (Fig. 4). However, the change is not monotonic, there is a
maximum of GS around 20 molar percent of Li,O and Na,O (the two
systems for which we have enough data), which agrees with the find-
ings of Heo et al. [89] and McLaughlin et al. [90]. The explanation
proposed by McLaughlin et al. [90] is that the intermediate range order
of the 20% RO glass differs substantially from that of its isochemical
crystal. While the Na,Te,Og crystals, for example, have four-membered
Te-O bond rings, the glass shows a wide ring size distribution, where
these small 4-membered rings are not major components. Therefore, it
would require a considerable structural rearrangement for crystal-
lization. The 5 molar percent of Cs,O Te glass has only a slightly better
GS than pure TeO,, and it decreases back to the telluria GS value when
the Cs,O content reaches 15 molar percent. In fact, Mochida et al. [91]
observed a narrower range of glass formation for Cs,O tellurites than
for other alkali tellurite compositions. They reported a range of ~3-11
molar percent of Cs,0; meanwhile a Kalampounias and Boghosian [88]
reported a 0-20 molar percent of Cs,O. However, the structural dif-
ferences between Cs,O and other alkali tellurites at 15 molar percent of
R,0 is not clear at this point.

In Fig. 4 (right), the CaO and SrO tellurites show a slight increase of
GS compared to pure TeO,, a value which remains almost constant in
the region studied. The overall GS is lower than those of the alkali
tellurites. data for the CaO-TeO, system shown in the plot was collected
from the work of Chagraoui et al. [92] because our calcium tellurite
samples crystallized during cooling. Since we could vitrify the SrO-TeO,
samples, and the BaO tellurites visibly showed greater GS, the GS of the
alkaline earth modifiers in TeO, appear to increase with increasing
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cation radius. Data for the MgO-TeO,, system is not available.

In the BaO-TeO, system the maximum GS occurs around 15 molar
percent of BaO, different from what we found for the Li,O and Na,O
tellurites. The effect of BaO on the structure of TeO, is very similar to
that of the Li and Na effect. Between 5-20% of BaO, the glasses show a
continuous network of TeO, trigonal bipyramids, TeOs,; distorted
trigonal bipyramids and TeOs trigonal pyramids. The greater the BaO
content, the more TeO, units are converted to TeO3 (by the formation of
NBO's) [93].

The TeO, is the only system studied here that showed a noticeable
different GS behavior of the alkaline earth modifiers. The liquidus
temperatures of alkaline earth tellurites are very similar in the range
studied, therefore, the structural differences between glass (or melt)
and the nucleated crystal may play a more important role. However, the
structural difference shown by the BaO-TeO, system in relation to other
RO-TeO, is not clear enough to justify its better GS.

3.1.5. Aluminate glasses

Fig. 5 shows the glass stabilities of alkaline earth aluminates. Al-
though liquid Al,O3 has a dominant proportion of AlO, tetrahedra, the
Al-O coordination number and the presence of edge sharing polyhedra
sharply increases with supercooling [94]. Pure alumina bulk glass has
not been obtained via regular melt quenching. However, with addition
of alkaline earth cations, the average coordination of Al-O decreases
towards nao =4, and vitrification becomes possible.

The maximum values of AT,; and Ky ~ 0.20-0.25 indicates a re-
luctant glass-former, low GS (and GFA), i.e., it is only possible to obtain
small (mm thick samples) samples. The glass formation region of al-
kaline-earth aluminates has been explored before by Licheron and co-
authors, and we have gotten similar results in our experiments in
making these glasses by levitation. Attempts by other authors [95] and
in this work to obtain magnesium aluminate glasses have failed. The

CaO, SrO and BaO-Al,O3 standard glass formation region is approxi-
mately 45-75; 35-45/55-75 and 55-75 molar percent of RO, respec-
tively. In the work of Kalamponias et al. [96] they reported calcium
aluminates glasses with up to 80 molar percent of CaO using the same
technique (ADL). Structural studies have pointed out that the con-
nectivity of the glass network is reduced when the amount of RO is
increased, and the influence of the cation radius is minor, i.e., there is
no significant difference between the first order structures of CaO, SrO
and BaO aluminates having equimolar percentages.

In fact, the glass stabilities of binary RO aluminates (Fig. 5 left) -
alkaline-earth network modifiers - do not differ significantly. They are
highest at around 65 molar percent of RO (the exact composition de-
pends on the element), where deep eutectics occur. The maximum AlO,4
tetrahedral connectivity in the alkaline earth aluminate systems occurs
at 50 molar percent of RO, which from a structural perspective, would
reflect in greater GS and GFA, but the higher GS occurs in the eutectic.
This implies that T; is more important to the glass stability of these
aluminates than the network connectivity of the glasses. The change in
viscosity with temperature is more significant than with the increase of
RO content, and the diffusion process required for crystallization are
decelerated, hence it is expected that compositions with deep eutectics
show better glass-forming ability and glass stability. The deep eutectic
effect is also observed for the SiO, system, in compositions with more
than 50 molar percent of modifier oxide.

3.2. Effect of the network modifiers on the GS

In Fig. 6, the AT, stability parameters of compositions containing
Li, Na, Ca and Sr oxides are grouped by modifier type. Generally, as
observed in the previous section, the larger the alkali modifier radius,
the greater the glass stability. It is also seen that the AT,, tends to be
greater for the sodium glasses, reaching values as high as 0.5 for sodium
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silicates. For lithium-containing silicates, the maximum AT, is around
0.3. In the range of immiscibility - low lithium high SiO, content - for
which there is no data, the GS could be higher, although it is not
probable because of its high liquidus temperature. As observed in
Section 3.1, for the good glass formers silica, boria and germania, the
GS decreases with the increase of R,O molar percent, and for the bo-
rates, the system we have plenty of data, a plateau is observed from 40
to 70 molar percent of R,0. For the poor glass former telluria, the GS
increases with the molar percent of R,O and reaches a maximum at
approximately 20 molar percent of R,0. Differently from the alkalis, the
alkaline earth elements have nearly the same effect in the GS of the
glass formers studied, independent of their atomic radius. For the good
glass formers, a sharp decrease of GS is observed for all alkaline earth
ions, an effect similar to that of lithium, where all glasses have a AT,
lower than 0.3. In alkaline earth silicates, for example, we can see the
maxima at approximately 40 molar percent of RO, although the AT, is
in the order of 0.2-0.3 (very low). The TeO, system is the only ex-
ception, for which BaO modified glasses show a higher GS. For the
aluminates, the GS also increases with the addition of any modifier, and
shows a maximum at 60-70 molar percent. The overall GS of silicate
and borate glasses are the highest, without a distinction between them,
followed by germanates, them by tellurites. The less stable glasses are
the aluminates, hence the stability against crystallization decreases in
the following order: B> Si> Ge > Te > Al. These findings revealed by the
AT, parameter agree with our laboratory experience in making these
glasses. However, some peculiarities about each system can change the
relative order of GS proposed, for example, germanate and tellurite
glasses have regions of minimum and maximum GS for the same
amount of modifier. In this region, the tellurites are thermally more
stable than the germanates.

Regarding the vitrificability, based on previous works [15,36,97] and
some insights presented in the previous section (3.1), we could argue that
the GS parameters are well related to the glass forming ability.
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Fig. 6. AT,, parameter for the alkali-modified glasses studied in this work. Left: lithium and sodium glasses. Right: calcium and strontium glasses.
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In general, to improve the GS and GFA of glasses one has to increase
the viscosity of the melt, which strongly depends of the network con-
nectivity and temperature. Therefore, the content of network glass
formers (SiO,, B,O3 and GeO,) has to be increased, and one should seek
out for eutectic compositions, a fact that is already known empirically.
A further increase of modifier content above 50% will have a minor
influence on the viscosity of the liquid, thus, the presence of a deep
eutectic is essential to achieve glass-formation by conventional methods
in this region. The coordination number of the network former cations
Ge, B, Al and Te change as the modifier content is increased and leads
to specific behaviors in each system. The change in coordination can be
beneficial to the GS, as in the cases of Al and Te, and can have a ne-
gative effect, as in the case of Ge. In the borates, we see no direct in-
fluence of the change of coordination in the GS with the data points we
have available.

In the majority of systems, the substitution of Li by Na and K
modifiers will increase GS and GFA. Between the alkaline earth modi-
fiers, however, there is no difference in the effect, and when added
individually to a glass former, the effect on the GS and GFA will be
similar to Li. The tellurite system is the only system where the radius of
the alkaline earth cation is important; for which the barium tellurites
showed a better GS.

4. Conclusions

The two GS parameters used here indicate that for the good glass
formers - silica, boria and germania — small additions of network
modifiers rapidly reduce the GS and GFA. However, in the case of the
conditional glass formers — telluria and alumina — the modifiers increase
the GS and GFA. These findings are supported by empirical observa-
tions made during our laboratory glass melting practice. Regarding the
effect of the alkalis, lithium containing glasses show the lowest GS,
whereas glasses containing larger alkali cations are thermally more
stable, however they are more hygroscopic. The alkaline earth modi-
fiers have the same effect on the GS of most glass formers, except for
TeO,, for which the BaO tellurites show the best GS. For the majority of
the studied systems, compositions having lower liquidus show better
GS, especially for silicates and aluminates with modifier content above
50%, where the change in the viscosity by increasing modifier content
is negligible.

As regards the network glass-formers, the pure oxides are ranked in
the following sequence of GS: B,O3 > SiO, > GeO, > TeO, > Al,Os.
However, structural peculiarities of each system sometimes change this
order, as in the case of germanates and tellurites, which show the
lowest and highest GS, respectively, for ~20 molar percent of modifier
oxide.

Overall, the present findings give valuable insights for the design of
novel crystallization resistant glasses.
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