
Dynamic high‐temperature crystallization and processing 
properties of industrial soda–lime–silica glasses

KILINC, Erhan <http://orcid.org/0000-0002-5280-0275>, BELL, Anthony 
<http://orcid.org/0000-0001-5038-5621> and BINGHAM, Paul 
<http://orcid.org/0000-0001-6017-0798>

Available from Sheffield Hallam University Research Archive (SHURA) at:

https://shura.shu.ac.uk/32858/

This document is the Published Version [VoR]

Citation:

KILINC, Erhan, BELL, Anthony and BINGHAM, Paul (2023). Dynamic high‐
temperature crystallization and processing properties of industrial soda–lime–silica 
glasses. Journal of the American Ceramic Society. [Article] 

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk

http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html


Received: 23 June 2023 Revised: 6 November 2023 Accepted: 6 November 2023

DOI: 10.1111/jace.19602

RESEARCH ARTICLE

Dynamic high-temperature crystallization and processing
properties of industrial soda–lime–silica glasses

Erhan Kilinc Anthony M. T. Bell Paul A. Bingham

Materials and Engineering Research
Institute, College of Business, Science and
Technology, Sheffield Hallam University,
Sheffield, UK

Correspondence
Erhan Kilinc, Materials and Engineering
Research Institute, College of Business,
Science and Technology, Sheffield Hallam
University, Sheffield, S1 1WB, UK.
Email: e.kilinc@shu.ac.uk

Editor’s Choice
The Editor-in-Chief recommends this
outstanding article

Abstract
In situ dynamic crystallization properties of industrial soda–lime–silica glasses at
realistic processing temperatures have not yet been explored.Hence,we collected
in situ high-temperature X-ray diffraction patterns for 10 different industrially
manufactured soda–lime–silica glasses as a function of temperature between
900 and 1200◦C to investigate the phase relations in their devitrified melts. The
high-temperature X-ray diffraction study was complemented by measuring the
liquidus temperature of those glasses by the temperature gradient technique. A
multiple variable regression analysis was applied to the experimental and mod-
eled data to produce a predictive model for the rate of solidification and liquidus
temperature based on glass composition. We have demonstrated that forms of
quartz (SiO2) and Na2CaSiO4, which are not traditionally identified by room
temperature X-ray diffraction studies of commercial soda–lime–silica glasses,
are the dominant crystalline phases at 800 and 900◦C. Upon further heating,
different forms of cristobalite become the primary phase field prior to the forma-
tion of X-ray amorphous melts, irrespective of the glass composition. Sporadic
unidentified as well as high-temperature stable SiO2 polymorphs that are not
recoverable to room temperature were also observed. In contrast to the litera-
ture, wollastonite (CaSiO3) and devitrite (Na2Ca3Si6O16), which are the main
predictor variables in previously developed liquidus temperature models, were
not observed prior to the formation of X-ray amorphous glass melts, and hence
their influence on liquidus temperature may be questionable. It was also found
that the difference between glass processing and liquidus temperatures can
be excessively high, and such large temperature differences can potentially be
exploited and reduced to enable decreases inmelting or processing temperatures
of industrial soda–lime–silica glass melts.
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1 INTRODUCTION

Commercial soda–lime–silica glasses such as float, con-
tainer, and tableware glasses are the most common and
special subtypes of silicate glasses, and their chemical
compositions have evolved over time to adapt to the
changing technological and processing standards on the
grounds of cost and raw material availability.1,2,3,4 These
refined glass compositions1,2 tend to reside within a spe-
cific and relatively narrow compositional range; narrower
still for each glass subtype. However, workability,5 partic-
ularly chemical durability,6 and crystallization properties7
of soda–lime–silica glasses can be highly susceptible to
small variations in compositions.
There are small but meaningful variations between dif-

ferent soda–lime–silica container glass compositions; as
mentioned earlier, this might be partly due to regional
raw material availability.3,8 On the other hand, refined
commercial soda–lime–silica compositions tend to reside
within narrow compositional region where the desired
forming andmelting properties aremet.Moreover, compo-
sitional differences, such as variations in alkaline earth or
alkali oxide concentrations can become evenmore distinct
between float, container, and tableware processes, and
such larger compositional differences would be attributed
to the different constraints on which float, container, and
tableware manufacturing processes are based.
Liquidus temperature is an important glass technology

parameter, and it has a significant effect on the workability
of commercial soda–lime–silica glasses.9,10 Kilinc et al.11
investigated how phase relations impact the liquidus tem-
perature and crystallization rate of silicate glasses at a
temperature that was 30◦C lower than their measured
liquidus temperatures. Their findings revealed that while
the extent of crystallization in the glass melts may be
relatively small when considering the diverse composi-
tionalmodifications, there are still notable and statistically
significant instances of crystal growth observed for glass
melts falling within the devitrite and tridymite primary
phase fields. However, when the heat treatment tempera-
ture of silicate glassmelts is further reduced, it can result in
significant variations in bulk crystallization and the phases
that develop. Hrma et al.7 determined liquidus tempera-
ture and the type of phase fields of the different float-type
soda–lime–silica glasses and observed dramatic variations
in crystallization properties within a very small composi-
tional region at temperatures that fall into the pressing and
blowing temperature range of container glasses.
The literature studies are available that link the liquidus

temperature and the rate of crystallization to crystalline
phase field and report that liquidus temperature and the
rate of crystallization can vary dramatically depending on
the type of crystal phase field in silicate glasses.8,12,13,14

Note that X-ray diffraction or microscopy studies for deter-
mination of type of crystals were generally performed on
devitrified glasses which were quenched from correspond-
ing devitrification temperatures to room temperature.7,15
However, crystalline phases which are identified at room
temperature may not entirely represent the nature of
high-temperature crystalline phases which can affect the
liquidus temperature. As a result, liquidus temperature
models that contain room temperature primary phase
fields as input variablesmay lead to erroneous conclusions.
In this work, the liquidus temperature of various inter-

national container and tableware glasses were measured
by conventional gradient boat method, and in situ high-
temperature X-ray diffraction (HTXRD) was used to ana-
lyze the phase transformation of the studied glasses as
a function of temperature. Further to this, multiple vari-
able regression was used to develop a model that predicts
the liquidus temperature of soda–lime–silica glasses based
on compositions of the studied and literature glasses,
and the calculated liquidus temperatures from Karlsson,12
Fluegel,16 Cuartas,17 and our models were compared with
some independent experimental data from the literature to
test their predictive ability. The Fluegel18 viscosity model,
together with multiple variable regressions, was also used
to develop a relationship between glass composition and
the rate of solidification to better understand the com-
positional dependence of workability in soda–lime–silica
glasses. We also compared the high-temperature crys-
talline phase fields of studied glasses with data acquired
through room-temperature X-ray diffraction studies from
the literature.

2 EXPERIMENTAL PROCEDURE

2.1 Chemical analysis of studied glasses

Six industrially manufactured containers (C-group) and
four tableware glasses (T-group) are obtained from 10 dif-
ferent global manufacturers. Crushed glass was rinsed
with distilled water and then rinsed thoroughly with ace-
tone. Cleaned glass was ground at a rotation speed of
700 rpm for 40 s in an automated stainless steel mortar
(Retsch 200), and 1 g of powdered glass was mixed with
10 g of 0.5 wt.% lithium iodide (LiI) doped lithium tetrab-
orate (Li2B4O7) flux, and fused beads were prepared with
Claisse LeNeo Fluxer following the methodology given in
the study by Bell et al.19 and were sent to Glass Tech-
nology Services Ltd. for XRF-OXI compositional analysis.
Estimated measurement uncertainty for each major oxide
which may range between 65 and 77 wt.% is ±0.5 wt.%,
±0.15 wt.% for the levels of each oxide between 17 and
12wt.%,±0.12wt.% for the oxideswhere the content of each
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was between 12 and 6 wt.%, and ±0.1 wt.% for the content
of each oxide less than 6 wt.%.

2.2 Liquidus temperature measurement

The liquidus temperature can be defined as the high-
est temperature at which thermodynamic equilibrium
coexists between the glass and the primary crystalline
phase.20,21 In this study, the temperature at which the first
crystal grain starts to grow stably is referred to as the liq-
uidus temperature when the glass is exposed to a known
temperature gradient for an extended period, which is
at least 24 h. The gradient boat method was applied to
measure the liquidus temperature of studied glasses, and
crushed glass samples were loaded into Almath BS91 alu-
mina boats and heated from room temperature to∼1200◦C
to obtain glassy phase across the boat and then cooled
down to the point where the specified temperature gra-
dient is formed along the entire length of boat. It was
observed that 24 and 48 h of heat treatment in a known
temperature gradient was not sufficient to devitrify some
of the studied C and T-group glasses, and therefore the
duration of the heat treatment for all studied glass samples
was extended to 168 h to enable the observation of crys-
tals under optical microscopy, and the heat-treated glass
samples were air-quenched to cool down to room tem-
perature and the location of the crystal growth in bulky
glass along the boat was examined under the microscope.
The average deviation between duplicate measurements
carried out under identical conditions is a maximum of
5◦C, and this indicates relatively high degree of measure-
ment repeatability. However, the estimated error for the
liquidus temperature measurements tends to be larger for
the studied glasses as their onset of devitrification in most
cases falls within a zone where the temperature gradi-
ent in the tube furnace is relatively high (>15◦C/cm), and
thus the uncertainty associated with these measurements
is conservatively specified as ±20◦C.

2.3 X-ray diffraction analysis

2.3.1 High-temperature X-ray powder
diffraction data collection

Each sample (0.16 g of glass) was loaded into a plat-
inum flat plate sample holder and mounted onto the
Anton Paar HTK1200N high-temperature stage. High-
temperature X-ray powder diffraction data were collected
on the PANalytical X’Pert X-ray powder diffractometer.
Data were collected using CuKα X-rays using the PIXCEL-
1D multichannel detector over the range 10◦–80◦ 2θ, each
diffraction scan took 30 min.

For each sample, an initial 30-min room temperature
scan was done before the sample heating started. The sam-
ple was heated to 800◦C at a heating rate of 10◦C/min; and
a high number of XRD scans (30 × 30-min scans) were
applied to closelymonitor how the crystalline phases form,
disappear, or remain stable at 800◦C and other heat treat-
ment stages. The sample again was heated to 900◦C at a
ramp rate of 10◦C/min then 30 × 30-min scans were done
at 900◦C. Finally, the sample was heated up to 1200◦C at a
heating rate of 1◦C/min, and single 30min scanswere done
every 5◦C from 905 to 1200◦C. The total heat treatment
duration for the studied glasses was 65 h and 10 min, but
this duration excludes the initial time spent rapidly heating
up the HTXRD stage to 800◦C.
In each case, the sample was amorphous at room

temperature, there were two broad weak peaks in the
XRD data around 14 and 18◦ 2θ, these were due to scat-
ter from the window material of the high-temperature
stage.
For each glass sample, the initial amorphous XRD pat-

terns would start to incorporate more and more Bragg
peaks as the glass started to devitrify and become crys-
talline. In the highest temperature scans, done over the
temperature range 905–1200◦C, the Bragg peaks would
start to fade away with increasing temperature until all
the Bragg peaks disappeared as the sample had completely
melted. In some cases, Bragg peaks due to platinum, from
the sample holder, were also seen in the XRD patterns.
The PANalytical HighScore Plus software, together with
the ICDD powder diffraction file (PDF) was then used to
analyze these high-temperature XRD data.

2.3.2 Room temperature X-ray powder
diffraction collection

At least 7.0 g C3 glass was placed into an Au-stabilized
Pt crucible and heated to ∼30◦C below its actual liquidus
temperature of 1063◦C, at a heating rate of 10◦C/min and
maintained at this temperature for 48 h to grow crystalline
phases and identify them by X-ray powder diffraction.
Following, devitrified C3 glass was air-quenched to room
temperature. Devitrified glass sample was then removed
from the crucible and ground for 60 swith a rotation rate of
700 rpm in an automated stainless-steel mortar. Powdered
devitrified C3 glass was loaded into a flat plate sample
holder for X-ray Powder Diffraction. XRD data were col-
lected using the PANalytical X’Pert ProMPDX-ray powder
diffractometer. Cu K-alpha X-rays were used and the sam-
ple was rotated once every 4 s. Room-temperature XRD
data were collected over the range of 10◦ to 80◦ 2θ and the
total measuring time was 16 h. Analysis of the XRD data
was performedusingHighScore Plus (PANalytical) and the
ICDD PDF.



4 KILINC et al.

2.4 Determination of degree of
volatilization during heat treatment

As stated in Sections 2.2 and 2.3, the total heat treatment
duration for the studied glasses during the liquidus tem-
perature and HTXRD experiments was 168 h and 65 h
10 min, respectively. In order to assess the degree of
potential alkali volatilization from the melts during these
extended experiments, we simulated both HTXRD and liq-
uidus temperature experiments at various temperatures
and durations using the representative C3 glass. Approx-
imately 8 to 10 g of a C3 glass fragment was used for each
extendedheat treatment. The first C3 glass samplewas sub-
jected to the heat treatment temperature of 1033◦C for a
duration of 48 h, and the second C3 glass specimen was
exposed to the heat treatment temperature of 1090◦C for
168 h, both in Au-stabilized Pt crucibles using a heating
rate 10◦C/min. Then, the chemical compositions of both
heat-treated and untreated (as-received) glasses, with par-
ticular attention to Na2O and K2O concentrations, were
measured with an in-house quantitative New-OXI XRF by
following the fused bead preparation method given in Sec-
tion 2.1. These experiments were performed because any
significant differences in Na2O and K2O concentrations
may indicate changes in the bulk glass composition due to
volatilization during theHTXRDand liquidus temperature
experiments.

2.5 Viscosity and liquidus temperature
modeling

Various models have been developed to describe the
temperature—viscosity relationship of both organic and
inorganic liquids, including silicate glasses. For instance,
theAdam–Gibbs (AG), Avramov—Milchev (AM),Mauro–
Yue– Ellison—Gupta—Allan (MYEGA), and Vogel—
Fulcher—Tammann (VFT) equations aim to predict the
viscosity of glass at different temperatures and are used
to understand its behavior during different stages of glass
processing.22 The VFT equation is one of the simplest23
and most widely used models to describe the tempera-
ture dependence of the viscosity of glass-forming liquids.
However, the VFT model may present limitations and
less accurate fits with experimental data at low viscosi-
ties (η < 103 dPa⋅s) for fully depolymerized melts,24 and
the high-temperature viscosity of inorganic glasses can be
well presented by the Arrhenius equation.25 We note that
the Arrhenius equation breaks down predicting the vis-
cosity values of commercial glasses at temperatures lower
than 1000◦C, and this nearly corresponds to the viscosity
value of 104 dPa⋅s for most commercial soda–lime–silica
glasses.25

Fluegel18 developed a model using a global statistical
approach based on a dataset of more than 2200 silicate
glass composition–viscosity data, including commercial
container and float glasses, from scientific literature; there-
fore, thismodel correlatesVFT constants directly to silicate
glass compositions. Nevertheless, we used the Fluegel vis-
cosity model to fit the experimental viscosity dataset from
Bingham and Marshall10 to evaluate how accurately this
model can predict viscosity under high-temperature con-
ditions for theoretical glass compositions compositionally
similar to the glasses studied here. We obtained that the
mean delta value with standard deviation (σ) for the var-
ious delta values between the experimental and predicted
temperatures for nine glasses at Log (η/dPa⋅s) = 2, 3, and
4 was 6.7◦C (σ = ± 9.1), −5.9◦C (σ = ± 8.1), and −6.5◦C
(σ = ± 5.1), respectively. This shows that the Fluegel vis-
cosity model presents reasonably good predictive power
for these glasses in the high temperature regions. How-
ever, the predicted temperatures for two B2O3-containing
glasses demonstrate a relatively higher deviation from
experimentally obtained temperatures, leading to a larger
standard deviation for the mean of the delta temperatures
in the dataset. The exclusion of B2O3-containing glasses
from the modeled dataset reduces the mean delta and σ
of the delta values between experimental and predicted
temperatures particularly at log (η/dPa⋅s) = 2. The mean
delta and σ of these delta values between experimental and
predicted temperatures for non-B2O3 containing soda–
lime–silica glasses are 3.2◦C (σ=± 5.9),−6.5◦C (σ=± 8.5),
and −6.7◦C (σ = ± 4.8) at log (η/dPa⋅s) = 2, 3, and 4,
respectively.
On the other hand, Mauro et al.22 calculated the errors

associated with AM, VFT, and MYEGA models, and
observed that VFT models perform poorly with high-
fragility liquidus, but VFT seems to perform reasonably
well for predicting viscosities of low-fragility melts such
as commercial soda–lime–silica glasses. They fitted AM,
VFT, and MYEGA viscosity models to high-temperature
experimental viscosity data of 85 Corning glass compo-
sitions including their softening points (107.6 dPa⋅s), and
the models were then extrapolated to predict 1012 dPa⋅s
isokom temperature, and the calculated average error of
the isokom temperature for VFT, AM, and MYEGA was
9.4, −5.6, and −0.5 K, respectively. It appears that an error
of 9.4 K for the VFT model can be regarded as still accept-
able, particularly when dealing with very high-viscosity
regions. Nevertheless, here we have restricted the mod-
eling of the compositional dependence of viscosity using
the Fluegel viscosity model specifically to viscosities lower
than log (η/dPa⋅s) = 7.6.
The Vogel–Fulcher–Tammann equation was used to

model high-temperature viscosity of the studied glasses
using the constants of A, B, and C obtained from the
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Fluegel viscosity model.18 The first derivative of Equa-
tion (1) gives rise to the rate of solidification of glass melt
upon cooling26:

Log (𝜂) = 𝐴 +
𝐵

(𝑇 − 𝐶)
, (1)

𝑑 (Log𝜂)

𝑑𝑇
= −

𝐵

(𝑇 − 𝐶)
2
, (2)

where η is dPa⋅s, and T is in ◦C.
The constant B is intrinsic to a glass composition and

network dimensionality,27 and the value of B tends to
be smaller for “long” glass melts that exhibit lower rate
of solidification or a smaller change in viscosity as tem-
perature decreases.25 Calculated B values from the VFT
equation can be used to assess the isothermal workabil-
ity of glass melts, and higher B values are associated with
higher relaxation moduli and low high-temperature frac-
ture strength.27 Further to these, the rate of solidification
can also be used in place of empirical correlation of rel-
ative machine speed (relative forming speed) which was
earlier developed to predict the rate of cooling of glass
melts for industrial forming operations.1,26 In this work,
glass melt temperatures of 1450 and 1150◦C were chosen to
represent the approximate temperatures of stages of glass
melt processing from refining to gob forming, respectively.
According to McGraw,28 the exterior surface of container
glass cools to near temperatures 680 to 730◦C during the
pressing period; and therefore, a temperature of 720◦C has
been chosen to represent the lower temperature limit of
forming process for the studied glasses here.
For a given temperature, stepwisemultiple linear regres-

sion analysis was used to obtain the correlation between
the rate of solidification or liquidus temperature of glasses
and composition. Regression analysis is started with all
candidate glass oxides and those that have p values greater
than .05 are deemed to be insignificant in the model and
removed, and this loop is continued until the model has
the oxides that have a significant impact on the dependent
variable. Further to this, we attempted to verify our devel-
oped liquidus temperature models as well as Karlsson,12
Fluegel,16 and Cuartas17 models with experimental data of
some independent glasses from literature.

3 RESULTS AND DISCUSSION

3.1 Glass composition

XRF analysis did not detect the presence of SO3 in most
of the studied commercial glasses, as demonstrated in
Table 1. However, sodium sulfate or other sulfur trioxide
bearing raw materials are widely used in commercial
soda–lime–silica batches to adjust the batch redox number

and color of soda–lime–silica glass melts.10 SO3-bearing
raw materials decompose during batch-to-melt con-
version, and much of the batched sulfur escapes by
self-generating SO2 from silicate glass melts.1 Some of
the sulfur is retained in the glass structure in the form
of dissolved SO3 and its concentration generally varies
between 0.05 and 0.3 wt.% in commercial soda–lime–silica
glasses depending on the color and redox properties of
the melts.2,29 However, sulfate volatilization has been
well-documented in X-ray fluorescence fused bead
preparation,19 and this suggest that the retained SO3
in most studied glasses were lost completely through
volatilization during fusion bead process.19 The reported
lowest concentration of Fe2O3 that can be detected in
soda–lime–silica glasses using quantitative XRF analysis
from a fused bead is ∼0.03 wt. %.30 However, it should be
noted that iron oxide concentrations are typically restricted
to levels smaller than 0.025 wt.% in T-group glasses as the
higher levels of iron oxide can have a detrimental effect on
the optical properties of T-group glasses.1 Therefore, very
small Fe2O3 levels in the studied T-group glasses may not
be detected by XRF analysis using the fusion method, as
shown in Table 1. In addition, green and amber glass com-
positions include significant amounts of Fe2O3 and FeO
ranging between 0.09 and 0.6wt.%, andCr2O3 is also found
in green glass compositions ranging from 0.1 to 0.3 wt.%.
(SiO2+Al2O3) concentrations of the studied glasses and

their mean values for T- and C-group glasses do not dif-
fer from each other significantly, as shown in Table 2 and
Figure 1A,B. These specific total-network forming oxide
levels may be regarded as optimal for glass processing
parameters by glass manufacturers. Note that SiO2 con-
centration in the studied glasses exhibits a relatively wider
range, varying from approximately 70.33 to 73.09 wt.%
(Table 1). Despite this, adjustments are made to the levels
of Al2O3 to maintain the total concentration of network-
forming oxides at these specific levels. On the other
hand, Na2O concentrations of T-group glasses tend to be
significantly larger than those of C-group glasses. MgO
concentrations of T-group glasses vary within a relatively
wider range than that of C-group glasses, and most C-
group glasses contain larger amounts of CaO than those of
T-group glasses. Further to this, K2O appears to be present
at significant levels in C-group glasses, and this might
be due to the use of K2O-bearing feldspathic minerals as
a source of Al2O3 where sodium feldspar is unavailable;
or K2O might be added deliberately to improve chemical
durability of C-group glasses throughmixed-alkali effect.31
Overall, the mean values of total alkali and alkaline earth
oxide concentrations in the T- and C-group glasses present
significant variations from each other, as is seen from
Figure 1B. Specifically, the T-group glasses exhibit signif-
icantly higher total alkali oxide and lower alkaline earth
oxide concentrations compared with the C-group glasses.
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TABLE 1 The chemical compositions of the as-produced studied glasses measured by XRF at Glass Technology Service, UK.

Glass Code SiO2 Na2O CaO MgO Al2O3 K2O SO3 Cr2O3 Fe2O3 Total
T1 71.87 14.62 10.69 0.92 1.45 0.20 0.26 0.000 0.000 100
T2 73.09 13.72 9.05 2.82 1.07 0.26 0.00 0.000 0.000 100
T3 72.52 13.33 11.28 1.34 1.52 0.00 0.00 0.000 0.000 100
T4 71.74 14.74 8.74 3.33 1.45 0.00 0.00 0.000 0.000 100
C1 72.01 11.80 10.29 2.07 2.17 1.40 0.15 0.015 0.092 100
C2 72.85 11.90 10.95 1.80 1.32 0.52 0.00 0.244 0.426 100
C3 72.15 12.11 11.48 1.41 1.53 0.73 0.00 0.000 0.590 100
C4 70.33 13.67 10.64 2.83 1.90 0.00 0.00 0.299 0.326 100
C5 72.88 12.56 10.81 2.00 1.21 0.54 0.00 0.000 0.000 100
C6 71.87 12.80 11.16 1.58 1.53 1.07 0.00 0.000 0.000 100

Note: C1 glass is half-white, C2 and C4 glasses are green, and C3 glass is amber container glass. Oxide concentrations are in wt.%.

F IGURE 1 (A) Total alkali, alkaline–earth, and network-forming oxide concentrations of studied T- and C-group glasses. (B) The mean
values of total alkaline earth (MO), alkali (M2O), and network former (NF) oxide concentrations of glasses in T- and C-group glasses.

The average composition of eighteen industrially
produced float glasses (in wt.%) that are taken from the
work of Sinton and LaCourse6 is 72.33⋅SiO2, 0.96⋅Al2O3,
14.16⋅Na2O, 0.22⋅K2O, 3.33⋅MgO, 8.73⋅CaO, and 0.28⋅Fe2O3;
and this indicates that Al2O3 content of C- and T-group
glasses significantly greater than that of commercial
float glasses. However, MgO and SiO2 contents of float
glasses tend to be larger than that of C-group glasses,
but most T-group glass compositions resemble float glass
compositions closely as their MgO and CaO contents vary
within a similar range. The lowest total alkali oxide levels
(Na2O+K2O) are observed for C2 and C3 glasses (Table 2),
and these concentrations are considerably low levels for
even container glass manufacturing. Note that C-group
glasses also contain the largest amount of alkaline earth
oxides (MgO+CaO) in contrast to the levels observed in

T-group glasses. It appears that there is inverse variation
between total alkali and total network forming oxide
(SiO2+Al2O3) levels in T- and C-group glasses (Figure 1A);
this trend suggests that soda–lime–silica glasses which
are low in alkali oxide tend to be richer in SiO2 or Al2O3.
It appears that container glass compositions have been
adapted to high-forming speed IS machines, and this
can be generally achieved by lowering alkali oxide and
increasing alkaline earth oxide concentrations in con-
tainer glass compositions.32,33 However, increasing CaO
and decreasing alkali oxide concentrations can increase
the rate of crystallization and liquidus temperature of
soda–lime–silica glasses,8,34 but deterioration in crys-
tallization properties can be mitigated through careful
adjustments to the balance of Al2O3, MgO, and SiO2 in the
glass composition.11
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TABLE 2 Total alkali (Na2O+K2O), alkaline earth
(CaO+MgO), and network former (SiO2+Al2O3) oxide
concentrations of each studied glasses, and the mean values of total
alkali, alkaline earth, and network former oxide concentrations of
glasses in T- and C-group glasses.

Glass code
Total alkali
oxide

Total alkaline
earth oxide

Total network
formers

T1 14.81 11.61 73.32
T2 13.98 11.86 74.16
T3 13.33 12.63 74.04
T4 14.74 12.07 73.20
C1 13.20 12.36 74.18
C2 12.42 12.75 74.16
C3 12.84 12.89 73.68
C4 13.67 13.47 72.23
C5 13.10 12.81 74.09
C6 13.87 12.74 73.39

Glass group

Mean of
total alkali
oxide

Mean of total
alkaline earth
oxide

Mean of total
network
formers

T 14.22 ± 0.70 12.04 ± 0.43 73.68 ± 0.49
C 13.18 ± 0.53 12.84 ± 0.36 73.62 ± 0.75

Note: Oxide concentrations are in wt.%.

3.2 Rate of solidification of melts

The rate of solidification (ROS) is defined by Equation (2),
and the predictive models for the rate of solidification
(ROS1450, ROS1150, and ROS720) of soda–lime–silica glass
melts as a function of glass composition at temperatures of
1450, 1150, and 720◦C were presented in the form of Equa-
tions (3), (4), and (5). The chemical formulas stand for the
mass percentage of oxides that are considered significant
contributors to the model’s prediction of ROS. The first
coefficients or the constant terms in Equations (3), (4), and
(5) are the y-intercepts produced by themultiple regression
analysis.

ROS1450 = −1.477 − 0.034 [SiO2] + 0.053 [Na2O]

+ 0.021 [CaO] − 0.061 [Al2O3] + 0.030 [K2O] , (3)

ROS1150 = −2.562 − 0.056 [SiO2] + 0.094 [Na2O]

− 0.111 [Al2O3] + 0.058 [K2O] , (4)

ROS720 = −9.550 − 0.139 [SiO2] + 0.340 [Na2O]

− 0.512 [CaO] − 0.424 [Al2O3] + 0.290 [K2O] . (5)

Equation (3) defines the ROS of soda–lime–silica glass
melts at high-temperature regions, and ROS near melting
or refining temperatures can be correlated to the levels of
SiO2, Al2O3, Na2O, and CaO. The negative coefficients for
SiO2 andAl2O3 define that these oxides increase the rate of

F IGURE 2 Solidification factors of studied T- and C-group
glasses obtained from multiple variable regression analysis.
Solidification factors define the regression coefficients, which
indicate the extent to which the independent variables or oxides
affect the ROS.

solidification, whereas the positive coefficients for Na2O,
K2O, and CaO indicate that these oxides decrease the rate
of solidification of silicate melts during cooling. It appears
that Al2O3 andNa2Ohave the strongest effect in increasing
and decreasing the solidification rate of melts nearmelting
and conditioning temperatures, respectively.
However, as shown in Figure 2, the role of oxides on the

rate of solidification tends to differ throughout the entire
temperature–viscosity curve. SiO2 and Al2O3 as network
formers and Na2O and K2O as network modifiers exhibit
statistically significant roles in the rate of solidification of
glass melts near forming temperatures, and Equation (4)
demonstrates that Al2O3 and Na2O are the main oxides
which mainly govern the rate of solidification near at gob
forming or conditioning temperatures.
Equation (5) suggests that CaO and Al2O3 strongly

reduce the cooling time of soda–lime–silica glass melts as
they significantly raise the solidification rate of the silicate
melts near at forming temperature region. Equations (3),
(4), and (5) also indicate that there is not a statistically
significant correlation between the solidification rate of
melts and MgO at high- and low-temperature regions. It
is well known that Al2O3 strongly increases the viscosity
of industrial glass melts, but the effect is more obvious at
low temperatures.18 The experimental work of Xiao et al.35
also confirms our modeled properties that the addition of
Al2O3 in place of SiO2 gives rise to steeper solidification
rates that may deteriorate processing and forming prop-
erties of the melt in the float chamber. Second, float glass
does not necessarily have to be highly resistant to water
and chemical attacks in comparison to container and
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TABLE 3 Modeled working properties of the T- and C-group glasses.

Glass codes
Properties T1 T2 T3 T4 C1 C2 C3 C4 C5 C6

Log2 1430.20 1458.30 1452.20 1441.40 1473.00 1471.70 1459.80 1437.40 1460.60 1447.70
Log3 1176.70 1198.90 1195.70 1184.50 1213.60 1212.20 1202.10 1183.10 1202.70 1191.40
Log4 1014.10 1031.20 1031.10 1018.70 1045.80 1045.00 1036.70 1020.00 1036.70 1027.10
Log7.6 722.60 727.30 735.70 719.20 741.90 743.10 739.60 727.20 737.30 732.20
A −2.57 −2.66 −2.58 −2.64 −2.66 −2.63 −2.58 −2.58 −2.62 −2.57
B 4137.95 4423.67 4200.24 4331.40 4421.65 4351.12 4229.90 4162.03 4304.93 4185.27
T 271.34 249.52 278.00 250.19 264.34 271.48 278.98 273.59 270.21 275.93
TL 1025 947 1053 961 1025 1049 1063 1032 1057 1020
T3G-TL 211.70 251.90 142.70 223.50 188.60 163.20 139.10 151.10 145.70 171.40

Note: A, B, and T are the coefficients from fitting Equation (1) to data. Temperatures at corresponding Logη viscosity (dPa⋅s) is in ◦C.

domestic glass, and therefore the Al2O3 content of most
float glasses tends to be lower than that of container and
domestic glasses. Whereas Al2O3 significantly improves
the workability of silicate glass melts as its presence even
at small amounts dramatically reduces liquidus tempera-
ture of silicate glass melts.11 In contrast to the role of CaO,
SiO2, and Al2O3; alkali oxides (Na2O and K2O) tend to
reduce the rate of solidification with positive coefficients.

3.3 Liquidus temperature and
workability

The viscosity range for producing gobs for commercial
container glass is reported9 to be between 103.5 and 103.7
dPa⋅s. However, viscosity in this range may be regarded
as relatively high as the modern individual section (IS)
machines require glass gobs with relatively lower viscosity
to ensure faster gob delivery speeds. The typical viscos-
ity which may be optimal for achieving faster gob delivery
speeds is around 103 dPa⋅s formodern container glass com-
positions studied here.32 In this work, T3G stands for the
temperature at which the ideal viscosity of 103 dPa⋅s is
attained for producing optimum container glass gob for
the studied glasses. The delta between gob and liquidus
temperatures (T3G—TL) provides valuable information in
assessing the practicality of working with reformulated
or newly designed glass compositions.11 Positive sign of
delta can be related to better workability properties as
such positive variation in delta reduces the likelihood of
devitrification product formation not only in forehearths
but also at the melting tank bottom where the glass melt
temperatures can be approximately 200◦C lower than
the furnace hot spot.36 On the other hand, the delta
between gob and liquidus temperature for T- and C-group
glasses (Table 3)—that is, ∼251◦C and 188◦C for T2 and
C1 glass, respectively—appears to be very conservative
and high, and this might enable technologists to further
optimize and reduce melting and conditioning tempera-

tures to reduce energy consumption, CO2 footprint, and
refractory corrosion rates. Note that delta between T3G
and TL for T-group glasses is much more pronounced
than that of C-group glasses, and this can be attributed
to considerably low liquidus temperatures of T-group
glasses.
The relationship between glass composition and liq-

uidus temperature is not clear-cut and can be often
described as nonlinear,37,38,39 and there can be a large
discrepancy between modeled and actual liquidus tem-
peratures for glass compositions that reside in between
different phase fields.39 Hrma et al.7 studied the phase
fields and liquidus temperature of float-like soda–lime–
silica glasses, and these glasseswere found to have liquidus
temperatures similar to those seen in T-group glasses
but much lower than those found in C-group glasses.
Moreover, liquidus temperature of the glasses studied
by Hrma et al.7 varied significantly, ranging from 1040
to 980◦C, even within a slightly modified compositional
range.
The multiple regression models (see Equations (6) and

(7)), which were developed by collating the liquidus tem-
peratures of T, C-group, and literature glasses7,11 (Table 4),
demonstrate that SiO2, Al2O3, MgO, and CaO are themain
oxides governing liquidus temperature of soda–lime–silica
glasses, but the effect of CaO and MgO appears to be more
pronounced than that of SiO2 and Al2O3 in increasing the
liquidus temperatures. The first coefficients or the con-
stant terms in Equations (6) and (7) are the y-intercepts,
and they are the output of the multiple regression anal-
ysis. The regression analysis indicates that the p-values
associated with the Na2O and K2O variables are greater
than .05, and this suggests that these variables are not
statistically significant contributors to the model’s predic-
tion of liquidus temperature, and they were removed from
initial regression analysis, and the following predictive
model for liquidus temperature (TL1) was developed. The
chemical formulas stand for the mass percentage of oxides
that are considered significant contributors to the model’s



KILINC et al. 9

TABLE 4 Glass compositions (wt.%) from the literature that are used to develop our liquidus temperature model.

Glass ID SiO2 Al2O3 Na2O MgO CaO Fe2O3 K2O TL/◦C
A-BL 73.18 0.45 13.63 3.47 8.45 0.71 0.1 995
A-LNA 73.68 0.45 13.13 3.47 8.45 0.71 0.1 1011
A-HNA 72.68 0.45 14.13 3.47 8.45 0.71 0.1 989
A-LCA 73.68 0.45 13.63 3.47 7.95 0.71 0.1 993
A-HCA 72.68 0.45 13.63 3.47 8.95 0.71 0.1 1011
A-LMG 73.68 0.45 13.63 2.97 8.45 0.71 0.1 997
A-HMG 72.68 0.45 13.63 3.97 8.45 0.71 0.1 1001
B-BL 73.53 0.1 13.7 3.47 8.45 0.71 0.03 997
B-LNA 74.03 0.1 13.2 3.47 8.45 0.71 0.03 1044
B-HNA 73.03 0.1 14.2 3.47 8.45 0.71 0.03 980
B-LCA 74.03 0.1 13.7 3.47 7.95 0.71 0.03 1024
B-HCA 73.03 0.1 13.7 3.47 8.95 0.71 0.03 1001
B-LMG 74.03 0.1 13.7 2.97 8.45 0.71 0.03 1026
B-HMG 73.03 0.1 13.7 3.97 8.45 0.71 0.03 995
C-HAI 73.34 0.45 13.15 3.47 8.45 0.71 0.08 1017
C-MAI 72.53 0.25 13.79 3.67 8.65 0.71 0.04 1000
C-LAI 72.31 0.06 13.83 3.87 8.85 0.71 0 1002
M2S73 72.85 2.51 13.7 1.26 9.58 0.11 0 1022
M3S72 72.31 2.58 13.31 2 9.72 0.08 0 1045
M4S71 71.07 2.59 13.93 2.58 9.75 0.08 0 1030
M5S70 70.15 2.58 14.29 3.26 9.62 0.11 0 1049
M6S69 69.69 2.64 13.91 3.93 9.75 0.08 0 1046
C9S73 73.16 2.62 13.51 1.93 8.7 0.08 0 1000
C11S71 71.17 2.57 13.5 1.99 10.69 0.08 0 1036
C12S70 70.36 2.54 13.6 1.93 11.49 0.08 0 1073
M1C12 71.93 2.13 13.9 0.67 11.3 0.08 0 1045
M5C8 73.35 2.02 13.59 3.22 7.72 0.11 0 976

Note: Glasses from A-BL to C-LAI are taken from the study by Hrma et al.7; and glasses from M2S73 to M5C8 are taken from the study by Kilinc et al11.

prediction of liquidus temperatures.

TL (1) = −1607 + 27.978 [SiO2] + 26.918 [Al2O3]

+ 42.858 [MgO] + 47.132 [CaO] . (6)

The fact that the impact of alkali oxides, particularly
Na2O, on crystalline phase fields and liquidus temperature
is well-established in the traditionally ternary Na2O–CaO–
SiO2 diagram40 and has been included as a variable in
previous liquidus temperature models by Fluegel, Karls-
son, and Cuartas further justifies its addition in our
analysis. Hence, we have decided to introduce Na2O as
a variable in an alternative predictive model (see Equa-
tion (7)) for liquidus temperature (TL2) to assess its impact
on themodel strengthwithout using the traditional p-value
criterion.

TL (2) = −1641 + 28.329 [SiO2] + 0.307 [Na2O]

+ 47.528 [CaO] + 27.153 [Al2O3] + 43.231 [MgO] . (7)

It was previously shown that Fluegel’s liquidus tem-
perature model16 provides a good fit to the experimental
liquidus temperature data of various soda–lime–silica
glasses measured by gradient boat method.11 Here com-
mercial container and float glass compositions from the
literature were used to assess the performance of our own
developed TL(1) and TL(2) models, as well as the Fluegel,
Karlsson, and Cuartas liquidus temperature models. Note
that liquidus temperature can be influenced by the experi-
mental procedure in practice, and each literature float glass
obtained from the study by Beerkens and Conradt15 (F1,
F2, and F3) has different liquidus temperature values mea-
sured by different techniques. Hence, we considered the
liquidus temperatures that were measured by the gradient
boat method consistent with our and other (K, L, and M)
literature glasses.10 Table 5 indicates that our developed
models (TL1 and TL2) as well as Fluegel, Karlsson, and
Cuartas liquidus models provide a good and similar pre-
dictive accuracy. Interestingly the comparison table also



10 KILINC et al.

TABLE 5 Comparison between different liquidus temperature models with respect to measured liquidus temperature of selected
literature glasses.

Bingham andMarshall, 2005 Beerkens and Conradt, 2008
K L M F1 F2 F3/F6

SiO2 72.5 71.1 70.2 72.6 72.6 72
Na2O 13.3 14.6 13.3 13.5 14 13.5
K2O 0.4 0.4 2.5 0.2 0 0.7
MgO 1.7 1.6 1.7 4.4 4.1 4
CaO 10.6 10.8 10.7 8.4 8.8 8.5
Al2O3 1.2 1.2 1.1 0.5 0.1 1.1
Fe2O3 0 0 0 0.1 0.1 0.1
SO3 0.3 0.3 0.3 0.2 0.2 0.2
TiO2 0 0 0 0.2 0 0
Actual liquidus T/◦C 1015 1010 990 1003.5 1004.5 1007.5
Our TL (1) model/◦C 1026 992 964 1022 1017 1009
Our TL (2) model/◦C 1026 992 963 1022 1018 1009
Fluegel’s model/◦C 1036 1040 1052a 995 995 1007
Karlsson’s model/◦C 1037 1028 1007 1000 941a 1010
Cuartas’ model/◦C 1066a 1031 1014 1025 1011 1026

Note: Oxide concentrations are in wt.%.
aSignificantly large temperature difference between modeled and experimental data.

displays that the presence or absence of Na2O as a variable
in the developed models does not significantly alter the
strength of the predictive models (Equations (6) and (7)).
However, occasional significantly large deviations, greater
than 50◦C, between predicted and experimental values
were observed (see Table 5) when Fluegel, Karlsson, and
Cuartas liquidus models were used. Note that the number
of data set that was used to validate these models are low,
and the accuracy of themodel verification can be increased
by adding more independent and qualified experimental
data sets that were not previously used in the estimation of
model parameters.

3.3.1 Effect of alkali volatilization on
liquidus temperature

Our XRF analysis shows that the Na2O concentration for
the heat-treated C3 glass at 1033◦C for 48 h, and at 1090◦C
for 168 h, and for the as-received C3 glass were 12.03,
12.12, and 12.23 wt.%, respectively, with a standard devia-
tion of ±0.03 wt.%. Similarly, the K2O concentration for
the heat-treated C3 glasses at 1033 and 1090◦C, and for
the as-received C3 glass were 0.71, 0.69, and 0.70 wt.%,
respectively. These findings suggest that the differences in
alkali oxide concentrations, particularly forNa2O, between
the 48 and 168 h heat-treated and as-received C3 glasses
are small and therefore do not indicate any significant
levels of alkali volatilization which, if present, may have
impacted the liquidus temperature or the type of the crys-

talline phase fields of bulk T- andC-group glasses observed
during the liquidus temperature andHTXRD experiments.
Consequently, the possibility of any significant levels of
alkali volatilization from the interior (bulk) T- and C-
group glasses during the extended experiments can be
discounted. However, XRF analysis of the heat-treated
bulk glass samples may not accurately represent the com-
position of an alkali-depleted thin surface layer that could
form during an extended period of heat treatment41,42 as
this thin surface layer may not measurably influence the
overall or bulk glass composition. On the other hand, the
calculated equilibrium constants of sodium evaporation
reactions (specifically the formation reaction of NaOH)
from silicate glasses were 7.16 × 10−2 and 4.17 at 1000
and 1400◦C, respectively.41 Beerkens42 similarly noted that
sodium volatilization reaction kinetics at 1500◦C are at
least two orders of magnitude higher than at 1000◦C. This
suggests that whilst some level of alkali volatilization will
have occurred during the extended experiments in the
present study, the degree of volatilization should be min-
imal because the rate of sodium evaporation from silicate
melts at the temperatures at which the extended exper-
iments were conducted is orders of magnitude smaller
than that at higher melting temperatures. At the liquidus
temperature position, our microscopic examination of the
C3 glass in the liquidus boat showed that columnar and
bladed structured wollastonite-2M crystals exhibited no
change in their structural characteristics in the bulk of
glass, on the surface of the glass melt and at the inter-
face between the glass and the boat. This observation is
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TABLE 6 Identified crystalline phase fields of T-group glasses at 800 and 900◦C and just below their HTXRD crystal dissolution points
obtained by in situ HTXRD analysis.

Type of phase fields

Glass code 800◦C 900◦C
Just below HTXRD crystal dissolution
temperature

T1 β-Quartz, α-quartz,
β-cristobalite

Na2CaSiO4, β-quartz, α-quartz α-Quartz, β-quartz 1000–1005◦C

T2 β-Quartz, β-cristobalite,
α-quartz, tridymite

β-Cristobalite, α-quartz β-Cristobalite 985–1005◦C

T3 β-Quartz, α-quartz,
β-cristobalite,
pseudowollastonite

β-Cristobalite, α-quartz,
β-quartz, wollastonite-1A

β-Cristobalite, α-quartz,
β-quartz, wollastonite-1A

1000–1020◦C

T4 β-Quartz, β-cristobalite,
α-quartz, Na2CaSiO4,

β-Cristobalite β-Cristobalite 935–940◦C

consistent with the primary phase field of wollastonite-2M
as identified through room temperature XRD analysis of
the devitrified C3 glass. Further to this, we did not observe
any sporadic or random crystallization, such as would be
associated with severe alkali volatilization between the
hot end of the boat and the liquidus temperature posi-
tion of the C3 glass. Furthermore, our observation that the
alkali oxide content has an insignificant effect on the liq-
uidus temperature, as indicated by our developed liquidus
temperature models, further reduces alkali volatilization
effects being a significant factor.

3.4 High-temperature phase relations

3.4.1 T-group glasses

Table 6 shows that high-temperature phase fields of the
heat-treated T1 glass at 800◦C are α and β forms of quartz
besides β-cristobalite. The forms of quartz are retained and
the formation of Na2CaSiO4 is observed upon further heat-
ing to 900◦C. On further heating Na2CaSiO4 decomposes,
and α and β forms of quartz are retained as the main phase
fields at about 1000◦C. The α and β forms of quartz dis-
solve at around 1020◦C which is significantly above the
measured liquidus temperature of 965◦C.
Tridymite, α and β forms of quartz, and β-cristobalite

are the identified crystalline phases in heat-treated T2 glass
at 800◦C. On further heating, tridymite disappears and
β-cristobalite and α-quartz are retained at 900◦C. Upon
further heating the crystalline phase of β-cristobalite is
preserved in the range of 985 to 1005◦C, and finally, β-
cristobalite dissolves when the temperature is raised to
1015◦C which is markedly above the measured liquidus
temperature of 947◦C.
Devitrification products of the heat-treated T3 glass are

α and β forms of quartz, β-cristobalite, and pseudowollas-
tonite at 800◦C, and these crystalline phases are preserved

when the temperature is raised to 900 and 1000◦C. How-
ever, all devitrification products identified in T3 glass
dissolve when the temperature reaches to 1000◦C which
is far below the measured liquidus temperature of 1053◦C.
Na2CaSiO4, α and β forms of quartz, and β-cristobalite

are the main crystalline phases identified in heat-treated
T4 glass at 800◦C. When the temperature is increased to
900◦C, α and β forms of quartz and Na2CaSiO4 undergo
decomposition; and β-cristobalite is retained. β-cristobalite
is still preserved upon further heating of T4 glass to 940◦C.
However, β-cristobalite disappears when the temperature
of T4 glass reaches 945◦C which is slightly below the
measured liquidus temperature of 961◦C.

3.4.2 C-group glasses

Table 7 shows that the heat treatment of C1 glass at 800◦C
gives rise to crystalline phases of β-quartz, β-cristobalite,
and tridymite-hexagonal. Upon further heating of C1 glass
to 900◦C, crystalline phases of β-quartz and β-cristobalite
dissolve and tridymite-hexagonal coexists with newly
formed crystalline phases of Na2CaSiO4 and wollastonite-
1A. When the heat treatment temperature is raised to
the temperature range of 1050–1075◦C, formation of α-
cristobalite is identified and wollastonite-1A is retained as
the other crystalline phases undergo decomposition. On
further heating, all devitrification products of C1 glass dis-
solve at 1075◦C which is significantly above the measured
liquidus temperature of 1025◦C.
Heat treatment of C2 glass at 800◦C leads to the for-

mation of crystalline phases of β-quartz, β-cristobalite,
δ-Na2SiO5, and Na2CaSiO4. However, only β-quartz
is preserved upon heating of C2 glass to 900◦C as the
other devitrification products dissolve. α-quartz coexists
with newly formed tridymite-2 h in the temperature
range of 1010 and 1060◦C, and both crystalline phases
dissolve with further heating of C2 glass to 1065◦C which
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TABLE 7 Identified crystalline phase fields of C-group glasses at 800 and 900◦C and just below their HTXRD crystal dissolution points
by in situ HTXRD analysis.

Type of phase fields

Glass Code 800◦C 900◦C
Just below HTXRD crystal dissolution
temperature

C1 β-Quartz, β-cristobalite,
tridymite—hexagonal

Na2CaSiO4,
tridymite—hexagonal,
wollastonite 1A

α-Cristobalite, wollastonite 1A 1050–1075◦C

C2 β-Quartz, β-cristobalite,
δ-Na2SiO5, Na2CaSiO4

β-Quartz α-Quartz, tridymite −2H 1010–1060◦C

C3 β-Quartz, α-quartz,
Na2CaSiO4

β-Cristobalite, β-quartz,
α-quartz

Unknown 1100◦C

C4 Pseudowollastonite, α-quartz α-Quartz, pseudowollastonite,
β-cristobalite, Na2Ca2Si3O9

α-Cristobalite 1045–1050◦C

C5 β-Quartz, Na2CaSiO4,
β-cristobalite, α-quartz

β-Quartz, Na2CaSiO4,
β-cristobalite, α-quartz

β-Cristobalite 1025◦C

C6 β-Quartz, Na2CaSiO4 β-Cristobalite, α-quartz β-Cristobalite 970◦C

Note: Crystalline phase field of quartz that is shown in bold is deemed to be α-quartz according to the work of Martínez et al.45

is slightly below the measured liquidus temperature of
1049◦C.
Na2CaSiO4 and α and β forms of quartz are the main

crystalline phases identified in heat treated C3 glass at
800◦C. Crystalline phases of α and β forms of quartz
are retained whilst Na2CaSiO4 undergoes decomposition
and formation of β-cristobalite is observed with increasing
heat-treatment temperature to 900◦C. However, identi-
fied crystalline phases of C3 glass at 900◦C disappear, and
formation of an unknown crystalline phase is observed
when the heat-treatment temperature is increased above
1070◦C, and the X-ray amorphous phase is obtained upon
further heating of devitrified C3 glass to 1105◦C which is
significantly above the measured liquidus temperature of
1063◦C.
Devitrification products of C4 glass at 800◦C are pseu-

dowollastonite and α-quartz. Pseudowollastonite and α-
quartz are retained, and crystalline phases of cristo-
balite and Na2Ca2Si3O9 form upon heating of C4 glass
to 900◦C. However, these identified crystalline phases
dissolve except α-cristobalite when the heat-treatment
temperature is raised to 1045◦C. Finally, α-cristobalite dis-
appears and the X-ray amorphous phase of C4 sample is
obtained when the temperature reaches to 1060◦C which
is above the measured liquidus temperature of 1032◦C.
Na2CaSiO4, α and β forms of quartz and β-cristobalite

are the main crystalline phases of devitrified C5 glass at
800◦C, and these phase fields are retained further upon
increasing the temperature to 900◦C. On further heating,
all devitrification products dissolve except β-cristobalite
at 1025◦C. Finally, β-cristobalite dissolves and the X-ray
amorphous phase of C5 is obtained when the tempera-
ture reaches 1030◦Cwhich is below the measured liquidus
temperature of 1057◦C.

Following the devitrification process at 800◦C, forma-
tion of β-quartz and Na2CaSiO4 is observed in C6 glass.
Upon further heating, these crystal phases disappear and
the formation of α-quartz and β-cristobalite is observed
at 900◦C. When the temperature is raised to 970◦C, α-
quartz dissolves but β-cristobalite is preserved. However,
β-cristobalite disappears upon further heating of C6 glass
to 980◦C which is slightly below the measured liquidus
temperature of 1020◦C.

3.4.3 Effect of alkali volatilization on the
HTXRD crystalline phase fields

In our HTXRD experiments, the primary heat treatment
stages at 800 and 900◦C last for about ∼30 h, which
is slightly longer than the typical 24-h residence time
used in the standard gradient method for measuring liq-
uidus temperature.7,10 Furthermore, the heat treatment
temperatures of 800 and 900◦C used in this experiment
are significantly lower than the temperatures typically
employed for standard liquidus temperature measure-
ments in commercial soda–lime–silica glasses.7,9,10 This
suggests that the likely extent of alkali volatilization at
the heat treatment temperatures of 800 and 900◦C will
be comparable to that which occurs during standard liq-
uidus temperature measurements. Devitrified melts of the
studied glasses became almost entirely X-ray amorphous
within the temperature range of 945 to 1105◦C after a max-
imum of 15 h of heat treatment, which occurred after the
heat treatment stage at 900◦C. Hence, it is anticipated
that a higher degree of alkali volatilization for the devit-
rified glasses would occur at heat treatment temperatures
between 900 and 1105◦C.
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TABLE 8 The measured liquidus temperatures by gradient
boat method and HTXRD dissolution point of devitrification phases
for the studied glasses.

Glass code Measured TL/◦C THT/◦C ΔT/◦C
T1 965 1020 55
T2 947 1015 68
T3 1053 1000 −53
T4 961 945 −16
C1 1025 1075 50
C2 1049 1065 16
C3 1063 1105 42
C4 1032 1060 28
C5 1057 1030 −27
C6 1020 980 −40

Note: A maximum variation of±14.14◦Cwould be estimated for (TL-THT). The

error inΔT can be calculated by using δΔT=
√
(Δ𝑇𝑇L )

2
+ (Δ𝑇HT)

2 whereΔ𝑇𝑇L
and Δ𝑇HT are ±20 and ±10◦C, respectively. δ ΔT = 22.36◦C.

CaO is one of the major oxides of the studied glasses
and can play a notable effect on the type of crystal forma-
tion in soda–lime–silica glasses. In the case of significant
alkali volatilization, the relative concentration of CaO
could notably increase and would significantly influence
the type of crystal formation.41 This effect may manifest
as a shift toward different wollastonite polymorphs within
the studied compositional range of the soda–lime–silica
glass melts. However, the HTXRD patterns obtained dur-
ing the 30 × 30 min scans at 800 and 900◦C show no
such behavior and do not support the hypothesis of any
noticeable shift in the primary phase fields to wollastonite
polymorphs that could be associated with alkali volatiliza-
tion. The formation of wollastonite is indeed observed
during the heat treatment stages, but it occurs intermit-
tently and coexists with other phase fields (see Tables 6
and 7. In contrast, SiO2 crystalline phases are consistently
prevalent throughout all heat treatment stages and at the
crystal dissolution positions of the HTXRD experiment.

3.4.4 Measured TL versus THT

Devitrified glasses that were subjected to heat treatment
were slowly heated at a rate of 1◦C/min from 900 to 1200◦C
to determine the dissolution point of last crystal (THT)
prior to formation of X-ray amorphous melt. Dissolution
of crystalline phases in glass melts, in theory, is expected
upon heating of devitrified glasses to marginally above
their measured liquidus temperatures. However, the dis-
solution of SiO2 polymorphs in T1, T2, C1, C2, C3, and
C4 glasses occurs at much higher temperatures than their
actual liquidus temperatures (Table 8 and Figure 3). Note
that microscopic examination cannot identify very small

F IGURE 3 Measured liquidus and HTXRD crystal dissolution
temperatures of the studied T- and C-group glasses.

crystals that exist beyond the visible actual liquidus tem-
perature position, but such very small crystals can be X-ray
detectable, and hence it is reasonable to observe such
crystal structures markedly above their microscopic liq-
uidus temperature by X-ray diffraction analysis. On the
other hand, the literature reported that tridymite and
cristobalite crystals redissolve very slowly despite the glass
melt temperature is raised substantially above its liq-
uidus temperature.9 Hence, the formation of tridymite is
particularly avoided in float glass melts as a critical pro-
cessing requirement.43 HTXRD analysis of the studied
glasses shows that tridymite is a rarely observed crystalline
phase field in commercial soda–lime–silica glass melts.
Our results and literature data suggest that the rate of dis-
solution of thesemetastable SiO2 phasesmight be sensitive
to the residence time of melts above their liquidus temper-
atures, and therefore a heating rate of 1◦C/min may not be
sufficiently slow to readily dissolve the crystals near their
corresponding liquidus temperatures.
As was noted above, metastable SiO2 polymorphs might

be also resistant to dissolution irrespective of applied
heating rates. On the contrary, SiO2 polymorphs which
formed in T3, T4, C5, and C6 glasses redissolve at lower
temperatures than their measured liquidus temperatures
(Table 8 and Figure 3). One of the co-authors44 of this
study previously established the deviation of thermocou-
ple temperature from actual Anton Paar HTK1200N hot
stage temperature and was less than ±10◦C. The cumu-
lative error in measured liquidus temperature by gradient
boat method for the studied glasses, including other sys-
tematic errors, was conservatively estimated to be ±20◦C.
Hence, delta temperatures between liquidus and hot-stage
crystal dissolution positions greater than ±22.36◦C (see
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Table 8) can be regarded as significant. Consequently, the
dissolution of SiO2 polymorphs in only T3 and C6 glasses
below their liquidus temperatures can be regarded as sta-
tistically significant; and such lower crystal dissolution
temperatures than their liquidus temperatures cannot be
attributed to the variation of glass composition or the type
of phase fields.
One potential reason for the significantly greater value

of the measured liquidus temperature compared with the
HTXRD crystal dissolution temperature for T3 and C6
glasses is that the actual liquidus temperatures may be
lower than the measured values. However, T3 glass con-
tains one of the highest concentrations of CaO among T-
and C-group glasses, and the dominant role of CaO in
increasing liquidus temperature is previously noted in Sec-
tion 3.3. Hence, the high CaO concentration in T3 glass is
a plausible explanation for the relatively higher measured
liquidus temperature. In the case of C6 glass, it exhibits one
of the lowest measured liquidus temperatures among the
C-group glasses, and it appears that the measured liquidus
temperature is consistent with the glass composition and
there is no indication that the actual liquidus temperature
would be significantly different from its measured value.
On the other hand, the applied heating rate may be too fast
andmay not have allowed sufficient time for phase equilib-
rium to be established, especially after the transient solid
phases have disappeared at the HTXRD crystal dissolution
temperature, and therefore, themeasured liquidus temper-
ature may indeed appear higher than the HTXRD crystal
dissolution temperature.

3.4.5 Variation of THT with glass
composition

We also explored the associations between composition
and HTXRD crystal dissolution temperature of glasses
by multiple linear regression analysis. The result indi-
cated that p-values of all glass oxides become statistically
insignificant (>.05) when combination of SiO2, CaO,MgO,
Al2O3, K2O, Cr2O3, and Fe2O3 are added as predictive
variables. Whereas Na2O or Fe2O3 become statistically sig-
nificant (p< .05) when they are added as a single predictive
variable into the simple linear regression analysis. How-
ever, the results also show that neither simple normultiple
regression analysis has been able to establish a strong asso-
ciation between the glass composition and the HTXRD
crystal dissolution temperature. Nevertheless, regression
analysis has yielded the highest R2 value of ∼0.60 for
the simple regression model when using Fe2O3 alone as
the predictive variable. When both Na2O and Fe2O3 are
included as predictive variables in the model, the R2 value
increases to approximately 0.71, showing an improvement

in the model’s goodness of fit, and a higher Na2O content
was correlated with lower crystal dissolution temperature.
Note that the simplemodel also indicates that the presence
of Cr2O3 does not have a significant effect on the HTXRD
crystal dissolution temperature of the studied glasses. Con-
versely, Hrma et al.21 reported that the addition of 1 mol
% Cr2O3 in place of SiO2 increases liquidus temperature
of nuclear waste glasses by 100◦C, but the increase was
much less for Fe2O3. Note that the notable impact of Fe2O3
or Cr2O3 on the crystallization properties was reported
within the spinel (i.e., hematite, magnetite, or chromite)
primary phase field of high iron and/or chromium oxide-
containing glasses.21 However, the Fe2O3 levels in our
highest iron oxide containing glasses are still significantly
lower than those found in glasses where the primary phase
field is spinel, and theHTXRDpatterns do not indicate any
evidence of formation of spinel crystalline phases across
the range of heat treatment temperatures. On the other
hand, significantly higher crystal dissolution temperatures
can be observed for theC1, C2, C3, andC4 glasses (Figure 3),
which have the highest Fe2O3 and Cr2O3 concentrations
among the studied T- andC-group glasses. On the contrary,
T1 and T2 glasses, which havemeasurably low Fe2O3 levels
also have higher crystal dissolution temperatures relative
to their liquidus temperatures, nonetheless the crystal dis-
solution temperature for T1 and T2 did not reach the levels
observed in the C-group glasses. Despite the discrepancy
in results between T- and C-group glasses, the correla-
tion betweenHTXRD crystal dissolution temperature with
Fe2O3 and Na2O contents, as indicated by the R2 value
of 0.71, remains noteworthy givin the complex nature of
HTXRD experiments.

3.4.6 Unassigned high temperature SiO2
and unknown crystalline phases

In addition to the assigned crystalline phases fromHTXRD
patterns of T- and C-group glasses, sporadic unknown
crystalline phase was also detected from X-ray diffraction
patterns of T1, T2, T3, C1, C2, and C3 glasses obtained at
various temperatures between 900 and 1100◦C. It appears
that the relationship between unknown crystalline phase
formation and chemical composition is not clear-cut as the
total alkali, alkaline-earth, and network-former oxide con-
centrations of these glasses significantly vary from each
other. Hence, existence of unknown crystalline phase can-
not be attributed to the concentration or presence of any
specific oxides in these glasses. Figure 4 is a representative
of the HTXRD patterns of the studied glasses and demon-
strates the assigned and unknown crystalline phases of C3
glass at various temperatures between 1010 and 1100◦C.
Figure 5 demonstrates the characteristic Bragg diffraction
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F IGURE 4 Representative in situ high-temperature X-ray
diffraction patterns of devitrified C3 glass melt at various
heat-treatment temperatures. Cluster analysis has been adopted for
the data between 1015–1060◦C and 1075–1095◦C, and their most
representative scans were presented for the corresponding
temperature ranges. S-3162 and S-3165 stand for high-temperature
SiO2 polymorphs of PDF # 01–075 3162 and 01–075 3165, respectively.
Undescr. denotes the 2θ (◦) positions of the strongest Bragg
diffraction peaks of high temperature unknown primitive-cubic
crystalline phase.

peak of unknown primitive-cubic crystalline phase posi-
tioned at 11.32◦ 2θ, and this peak does not belong to the
diffraction patterns or powder diffraction files of the other
types of crystalline phases that are identified in studied
glasses. The unknown crystalline phase that existed at
1010◦Cdisappears up to 1065◦C.Upon further heating, this
unknown crystalline phase appears again following the
dissolution of wollastonite-1A and remains the final pri-
mary phase field up to 1100◦C prior to formation of the
X-ray amorphous phase at 1115◦C. Further to these, tetrag-
onal and hexagonal structured high-temperature SiO2
polymorphs (PDF # 01–075 3162 and 01–075 3165) that
exhibit distinct X-ray diffraction patterns to traditional
SiO2 polymorphs (quartz, cristobalite, and tridymite) are
the frequently observed crystalline structures in devit-
rified T- and C-group glasses. These high-temperature
SiO2 polymorphs previously identified45 in partially crys-
tallized sol-gel derived amorphous SiO2, and their X-ray
diffraction patterns have led to suggestion that these
high-temperature SiO2 phases resemble quartz. Hence,
these high temperature SiO2 phases that were observed in

F IGURE 5 Representative in situ high-temperature X-ray
diffraction patterns of devitrified C3 glass at various heat-treatment
temperatures over the range 10.5–12 2θ (◦).

devitrified T- and C-group glass melts are deemed to be
α-quartz. Further to these, room temperature X-ray diffrac-
tion pattern of air-quenched C3 glass whichwas devitrified
at 30◦C below its actual liquidus temperature does not
indicate any traces of unknown or high-temperature SiO2
polymorphs but reveals existence of wollastonite-2M. This
suggests that the crystalline phases which were identi-
fied from in situ high-temperature X-ray diffraction studies
are only high-temperature-specific phases and are not
recoverable at room temperature.

3.4.7 Comparison of high-temperature
phase relations with literature

It is known that α-quartz undergoes phase transformation
to β-quartz at around 573◦C in a pure SiO2 system.46
Morey40 also observed quartz as a primary crystalline
phase in rapidly cooled SiO2–Na2O–CaO ternary glasses
with >74 mass % SiO2 and > 20 mass % Na2O. However,
literature data does not report the formation of quartz in
quinary commercial soda–lime–silica glasses upon rapid
cooling. On the contrary, our in situ high-temperature
X-ray diffraction study indicates that α and β forms quartz
can be identified in quinary commercial soda–lime–silica
glass melts from 800 to up to 1060◦C as was observed
in T- and C-group glasses. Tables 6 and 7 show that
sporadic pseudowollastonite, β-cristobalite, tridymite,
and binary/ternary Na2O–CaO–SiO2 solid compounds
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(Na2CaSiO4, δ-Na2SiO5, Na2Ca2Si3O9) are the identified
crystalline phases at 800◦C. Note that these binary/ternary
phases may only crystallize from very pure Na2O–CaO–
SiO2 melts, and are rarely observed in rapidly-cooled
devitrified commercial soda–lime–silica glasses, rather
metastable substitutes of devitrite or β-wollastonite forms
in quinary commercial silicate glass melts.15,47 This sug-
gests that high temperature stable Na2CaSiO4, δ-Na2SiO5,
and Na2Ca2Si3O9 solid phases may transform into
metastable crystal form of wollastonite or devitrite upon
rapid-cooling in quinary soda–lime–silica glasses. On the
other hand, α and β forms of quartz are the most abundant
high-temperature crystalline phases in most heat-treated
T- andC-group glasses at 800◦C.Althoughα and β forms of
quartz still retained themajor crystalline phase fields upon
increasing heat treatment temperature to 900◦C, the rela-
tive abundance of other crystalline phases such as different
polymorphs of SiO2, wollastonite and binary/ternary
Na2O–CaO–SiO2 solid compounds also increases.
The work of Hrma et al.7 investigated the crystallization

properties of different float-like glasses quenched from
heat treatment temperature of 900◦C and did not observe
any forms of quartz or binary/ternary solid Na2O–CaO–
SiO2 compounds in those glasses. On the other hand, they
identified devitrite and cristobalite as the major crystalline
phases which were in equilibrium with lower fractions of
wollastonite and tridymite. Similarly, our previous room
temperature X-ray diffraction study11 revealed that wollas-
tonite polymorphs were the dominant primary crystalline
phase field for most soda–lime–silica glasses that were
rapidly cooled down from their liquidus temperatures
positions, and the type of crystalline phase did not vary sig-
nificantly with composition when considered against the
wide range of compositional modifications. Our HTXRD
study therefore indicates that α and β forms of quartz,
Na2CaSiO4, δ-Na2SiO5, and Na2Ca2Si3O9 can be regarded
as the high temperature—stable or specific crystalline
solid phases and are not recoverable at room temperature
as these crystalline phases are not traditionally observed in
room temperature X-ray diffraction studies. It is possible
that these crystalline phases either transform into other
metastable crystalline phases or undergo decomposition
upon rapid cooling of silicate glass melts. Note that when
the heat treatment temperature of studied glasses is
further increased to slightly below their actual HTXRD
crystal dissolution temperatures, binary/ternary phase
fields of Na2CaSiO4, δ-Na2SiO5, and Na2Ca2Si3O9 redis-
solve in all T- and C-group glass melts as the other existing
phase fields of tridymite, cristobalite wollastonite, and
quartz are preserved.
Bartuska48 reported that the formation of cristobalite

occurs at relatively low temperatures in industrial glasses.
However, these forms of cristobalite occur in all heat
treatment stages irrespective of the heat treatment tem-

peratures, but we were unable to determine whether
cristobalite is in the form of a primary phase or in trace
amounts alongside other crystalline phases at the heat
treatment stages of 800 and 900◦C. Nevertheless, it can
be clearly seen from Tables 6 and 7 that α and β forms of
cristobalite become the primary and sole crystalline phase
in most studied glasses here prior to formation of X-ray
amorphous melt near HTXRD crystal dissolution temper-
ature. This agrees with the work of Hrma et al.7 in which
they found that SiO2 is the major crystalline phase slightly
below liquidus temperature of float-type glasses, but they
were uncertain whether the silica primary phase in those
glasses is tridymite or cristobalite. Whereas Beerkens and
Conradt15 frequently observed pseudowollastonite as a
primary phase field in devitrified industrially manufac-
tured float glasses that were rapidly cooled from their
liquidus temperature positions. Beerkens and Conradt15
and Hrma et al.7 reported that the maximum tempera-
ture for SiO2 crystallization increases with increasing SiO2
levels in glass. However, cristobalite polymorphs were the
primary phase field for most studied glasses just below
their crystal dissolution temperature even though their sil-
ica concentrations significantly vary from each other. This
suggests that there is no clear relationship between the
maximum temperature of SiO2 crystallization and silica
concentration.

3.4.8 Effect of HTXRD phase fields on
gradient method liquidus temperature

As discussed in Section 3.4.7, the metastable crystalline
form of wollastonite polymorphs, devitrite, and differ-
ent SiO2 phases are the primary phase fields that are
present at the liquidus temperature positions of quenched
commercial soda–lime–silica glasses. However, specific
binary/ternary Na2O–CaO–SiO2 solid compounds, such
as Na2CaSiO4, δ-Na2SiO5, Na2Ca2Si3O9, along with
polymorphs of quartz and β-cristobalite, which are not
typically observed in quenched devitrified melts of soda–
lime–silica glasses, become the most prevalent crystalline
phases at high temperatures. This implies that the obser-
vations made during the HTXRD experiments likely
represent behavior at temperatures close to the liquidus
temperatures of the studied glasses during the gradient
method liquidus temperature experiments. During the
gradient method liquidus temperature experiments,
these high temperature stable and specific binary/ternary
Na2O–CaO–SiO2 solid compounds, as well as β-quartz
and β-cristobalite which are expected to be present,
may undergo dissolution or transformation into more
stable crystal structures at lower temperatures as the
glass cools. Consequently, this scenario suggests that the
high-temperature stable crystalline phases at the liquidus
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temperature position may dissolve, or the liquidus tem-
perature position may shift to lower temperatures due
to the formation of lower-temperature stable crystalline
phases upon cooling. This indicates that the liquidus
temperatures of the quenched soda–lime–silica glasses
within the gradient boat may appear lower than those
observed at high temperatures.

4 CONCLUSION

Most of the investigated glass compositions, particularly
of those T-group glasses resemble closely that of com-
mercial float glasses. Hence, results obtained for T-group
glasses may also represent the crystallization and work-
ing properties of float-type glasses. The multiple variable
regression analysis suggests that CaO is the predictive vari-
able that is associatedwith the greatest increase in liquidus
temperature. Therefore, it can be concluded that T-group
glasses which have significantly low levels of CaO exhibit
lower liquidus temperatures compared with the high-
CaO-containing C-group glasses. It is therefore the delta
between glass melt processing and liquidus temperatures
appears to be very large for industriallymanufactured low-
CaO-containing soda–lime–silica glasses, particularly for
T-group glasses. Reformulation of commercial float, con-
tainer, and domestic soda–lime–silica glass compositions
for delta temperature minimization could be realized for
improving melting and refining properties of commercial
silicate glasses.
Crystallization properties of soda–lime–silica glasses

obtained from room and high-temperature X-ray diffrac-
tion studies can significantly differ from each other.
Different forms of quartz, Na2CaSiO4, δ-Na2SiO5, and
Na2Ca2Si3O9 are the frequently observed crystalline
phases in devitrified soda–lime–silica glass melts at tem-
peratures between 900 and 1000◦C.However, the literature
does not report the formation of these crystal phases in
rapidly cooled soda–lime–silica glasses. This suggests that
these phase fields may transform into metastable sub-
stitutes of devitrite and wollastonite upon rapid cooling.
High-temperature X-ray diffraction analysis also indicated
that cristobalite polymorphs are the primary crystalline
phases in most cases prior to formation of X-ray amor-
phous melts irrespective of glass composition or silica
concentration. On the contrary, pseudowollastonite and
devitrite are found to be the primary phase fields for the
devitrified commercial soda–lime–silica glasses that are
rapidly cooled from their liquidus temperature positions.
Sporadic and irrecoverable high-temperature unknown
primitive-cubic or quartz-like SiO2 phases, which are
also identified from HTXRD patterns, may influence the
actual liquidus temperature of silicate glass melts. Over-
all, cristobalite polymorphs, high-temperature SiO2, and

unknown crystal phases that form at realistic glass pro-
cessing temperatures should play a key role in determining
the high liquidus temperature and therefore workability of
commercial soda–lime–silica glasses.
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