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A B S T R A C T

The viscosity of silicate melts represents a key parameter to control the ceramic and glass manufacturing pro
cesses, as well as magmatic to volcanic processes from the nanoto the macro-scale (e.g. crystallization, vesicu
lation and degassing until eruption dynamics and emplacement). The techniques used to measure the viscosity 
evolution as a function of the temperature (T) are generally time- and energy-consuming, requiring equilibrium 
conditions and providing results only in narrow viscosity ranges for each adopted viscosity technique. The 
reduction of testing time and the obtainment of viscosity data in the widest possible temperature interval rep
resents a challenge for both academic and industrial targets. Hot stage microscopy (HSM) was selected as a valid 
experimental alternative to obtain aluminosilicate melt viscosity. With this purpose, aluminosilicate glasses with 
already known viscosity-temperature (η - T) relationships were selected. Cylindrical specimens of pressed 
powders were heated at 10 ◦C/min till melting, to determine the characteristic temperatures (CT). Shear viscosity 
at each CT was calculated using their known VFT (Vogel-Fulcher-Tammann)(η – T) relationships.Finally, vis
cosity data were calibrated by introducing chemical-dependent correction factors to quantify surface tension 
effect on the CT, used to calculate new subsets of VFT parameters. The comparison between the viscosity 
calculated using this approach and the experimental ones shows a good correspondence, significantly improving 
literature studies, disclosing a promising prospect of this non-contact technique.

1. Introduction

Viscosity of melts, being controlled by their structure [1–3], governs 
the mass transfer of melts [4–6], influencing the flow and emplacement 
of volcanic products from depth to the surface [7–9], modes and time
scales of volcanic processes and eruptions [10] and sintering of vitrified 
ceramics, as well as sintering and welding of volcanic deposits [11–13].

The viscosity of silicate melts can be measured with several tech
niques, like rotational viscometer, fibre elongation, penetration 
viscometer, and beam bending [1,9]. Each of these methods is charac
terized by one's own field of applicability, depending on temperature 
range, sample amount, time and methods of specimen preparation [9]. 
However, the data obtained with these techniques are often parame
terized by using a Vogel-Fulcher-Tammann-Hesse (hereafter VFT) 
equation 14–17 as it follows 

log η (T, x) = AVFT+ BVFT(x)/(T - CVFT(x))                                   Eq. 1

where AVFT, BVFT and CVFT are the T-independent adjustable parameters, 
namely the compositional-independent pre-exponential factor corre
sponding to the viscosity at infinite temperature 18–21 , respectively the 
pseudo-activation energy (related to the potential energy barriers 
obstructing the structural rearrangement of the liquid) and the VFT 
temperature. x refers to the compositional or structural dependence of 
BVFT and CVFT for the investigated melts/glasses [2,3].

In addition, Hot Stage Microscopy (HSM) can be used determining 
the temperature at which a specimen reveals the characteristic shapes 
[22–24]. This technique, being contactless, can operate in a wide tem
perature and heating rates ranges, with easy sample preparation.

The intuition that HSM could permit an indirect measurement of the 
viscosity of melts dates back to the sixties of the last century [25]. This 
methodology was then developed for borosilicate and silicate melts 
[26–29] but not specifically for aluminosilicate compositions.
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In the literature, HSM has been widely used to assess the firing 
behavior of aluminosilicate and borate glasses and melts [30–34], 
glass-ceramics [35–38], ceramic frits and glazes [39–43]. In these pre
vious studies, the determination of characteristic shapes was generally 
uncalibrated, since viscosity estimations were scattered and primarily 
aimed to samples direct comparison instead of accurate viscosity 
measures.

This limitation reflects three main obstacles to a broad HSM appli
cation in melts viscosity, which imply the need: 

i) to calibrate the HSM measurements through known viscosity 
melt viscosity data, as determined by other experimental 
techniques.

ii) to quantify the influence of surface tension on the characteristic 
shapes formation [25,26,44–46];

iii) based on the shape evolution, to identify the occurrence of melt 
crystallization as due to the crossing of the sub-liquidus boundary 
during the HSM test [30,47,48].

The objective of this paper is to revamp the HSM viscosity estimation 
methodology applied to aluminosilicate melts, trying to overcome the 
above-mentioned obstacles.

2. Materials and methods

The rationale of this study consists of the following steps. 

a) Selection of natural remelted volcanic products, the T-dependence of 
the viscosity of which was experimentally measured in previous 
works (or in the present study for the EDZIZA sample) and param
eterized according to a Eq. (1), were considered as reference mate
rials to calibrate our methods;

b) Monitoring and analysis of the volume-temperature (T) evolution of 
originally cylindrical samples of the reference materials by HSM 
(heating rate of 10 ◦C/min till 1400 ◦C) achieving the temperatures 
of characteristic shapes, here following reported characteristic tem
perature (CT): Start of sintering (Tss), End of sintering (Tes), Soft
ening (Tso), Sphere (Tsp), Hemisphere (Ths) and Melting (Tme);

c) Calculation of shear viscosity for every CT, through known VFT 
equations (based on the experimentally measured viscosity values 
reported in literature and related AVFT, BVFT and CVFT parameters);

d) Evaluation of the average viscosity value for every characteristic 
shape (CT): Start of sintering, End of sintering, Softening, Sphere, 
Hemisphere and Melting;

e) Elaboration of a corrective factor to account for the effect of surface 
tension on viscosity;

f) Calculation of new VFT parameters by fitting data from HSM and 
chemical composition along with the a-e protocol;

g) Comparison of viscosity values: known from literature versus 
determined by HSM;

h) Validation of the method with an independent glass sample;

2.1. Sample selection and preparation

Eight glassy materials, which belong to a suite of good glass-formers 
and showed no phase transformation processes, were selected. The η – T 
relationships, in the 100-1012 Pa•s interval, were experimentally 
determined and reported in previous studies (Fig. 1), except for one 
sample (EDZIZA) for which only the high-T liquid viscosity (i.e. in the 
ca. 100-105 Pa•s interval) was measured here. Chemical compositions 
and measured viscosity data are reported in Table A1 and A2 in the 
Appendices. The anhydrous starting materials were obtained by rock 
samples melting. Two different techniques were used for viscosity 
measurements (a detailed review of experimental techniques and prac
tice is provided by Ref. [9]). 

- Concentric cylinder (CC) apparatus was used for sample homogeni
zation and determination of anhydrous high temperature liquid 
viscosities, from superliquidus temperature (logη < 105 Pa•s) pro
gressively lowering temperature (i.e. upon cooling) [49].

- Micropenetration (MP) viscometry was used to measure viscosity in 
the low temperature high-viscosity range, starting just above glass 
transition temperature upon heating and progressively increasing 
temperature (log η between 108 to 1012 Pa•s) (i.e. from ambient until 
the measurement target temperature) [13].

Measured viscosities are reported on Fig. 1. Homogenised melts from 
CC were quenched on a steel plate to obtain glassy specimens. These 
were retrieved by drilling and double polish to be used for the micro
penetration measurements [50] whereas additional glass chips were 
finally used for HSM measurements (salient features are reported in A3) 

Fig. 1. Measured shear viscosity (in log units) variation as a function of temperature for the selected samples.
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[51]. Viscosity values measured by CC and MP techniques, reported in 
Table A2, are referred as “experimental viscosities”.

The Vogel-Fulcher-Tammann equation (VFT) parameters AVFT, BVFT 
and CVFT (reported in Table A1) were obtained by experimental viscosity 
values fitting according to Levenberg-Marquardt algorithm 19. Viscosity 
values calculated from VFT equation by using parameters reported in 
Table A1 are referred as “calculated viscosities” in the text.

The bulk melt density was estimated on the base of the chemistry 
(Table A1) [52].

An independent control sample (CS) was defined, to test model 
reproducibility. The MER 1400 sample was selected since its chemical 
composition falls within the selected compositional range (i.e. of SiO2 
(54–73 wt%), Al2O3 (14–21 wt%), TiO2(0.1–3.5 wt%), FeOtot (2 –14 wt 
%); alkaline-earth oxides (1–12.6) wt%); alkali oxides (6-14 wt%). Also 
for CS, measured viscosities are reported on Fig. 1 and Table A2.

Surface tension was estimated starting from chemical composition, 
using Dietzel's and Appen's methods (at 900 ◦C and 1300 ◦C) defining a 
linear trend [53,54].

2.2. The HSM sample analysis

The glassy chips were pulverized in quartz mortar until they reached 
impalpable size. Sintering behavior and shape evolution were followed 
by hot-stage microscopy (HSM, TA Instruments, model ODP868) using a 
heating rate of 10 ◦C/min until 1400 ◦C, which guaranteed reaching the 
characteristic temperatures. Samples were heated on commercial 
alumina plates (experimentally measured surface tension of 31.185 mN/ 
m by Drop Shape Analyzer DSA 30S - Krüss). The materials behaviour is 
therefore associated with the characteristic shapes and volume variation 
during firing, considering the start and the end of sintering, the soft
ening, the sphere, the halfsphere and the melting point (Fig. A1). Sphere, 
halfsphere and melting points were defined on the base of geometrical 
factors (ratio between height and length) as defined by Scholze, 1962 
and reported in the appendix (A3) and are associated to specific V-T 
pattern. The experimental error, determined by three times analysis 
repeating, is about 5%. The shape is largely dependent on the interplay 
between the liquid viscosity and surface tension operating at melt-air 
interface. In Appendix (A3) supplementary details of the HSM tech
nique are reported, which will help the reader to follow and interpret the 
variation of shape along with the observed V-T pattern.

For the performed measurements, the normalized volume vs T 

profiles are shown in Fig. 2. For those experiments that reach a plateau 
during the sintering step, the end of the sintering was considered in 
correspondence of the end of the linear stage.

3. Results and discussion

3.1. Hot Stage Microscopy behaviour of aluminosilicate glasses

Fig. 2 and Table 1 show the observed volume evolution during HSM 
analysis. During the heating process, specific sintering behaviour and 
bloating phenomena are shown by the different glassy samples.

In general, the shape evolution does not have a univocal relation to 
the observed bloating onset, regardless is in line with viscosity range 
reported in literature [51]. It is possible to observe different volume 
evolution during the heating process. The samples PVC and NWB exhibit 
a linear shrinkage till maximum densification, without any bloating 
since complete melting for which the lowered viscosity led to entrapped 
gas expansion. A similar behaviour is shown by MNV, EDZIZA and AMS, 
which after the maximum bloating above the melting temperature, 
shifted to lower temperature by lower amount of glass network former 
oxides , undergo to a collapse of the formed porous structure. TSEAX, 
Fra and Po.RT samples show bloating at temperature lower than Tsp. The 
higher iron concentration may be pointed out as gas former by 
Fe3+/Fe2+ redox reaction [55]. The formed gas, mainly for TSEAX that is 
characterized by an iron oxide content of 14.31 wt%, compensates for 
the microstructure permeability and its lower retention capability, 
generating a higher extent and anticipated bloating. For this sample, a 
plateau is observed between 900 and 1000 ◦C, suggesting a crystalli
zation induced by glass re-heating. Then, the further temperature rise 
leads to a new start of the sintering process. A similar effect was also 
measured for AMS-D1, with a smaller extent mainly characterized by a 
slope change. The presence of crystals can facilitate, also for higher melt 
viscosity, gas bubbles formation [56].

The temperature increase reduces the melt viscosity, favoring crys
tallization and/or bubble nucleation, growth or expansion, and some
times coalescence and collapse [57,58]. If a closed porosity structure is 
dominant, typical of samples with a vitrified surface as with temperature 
higher than Tsp, the entrapped gas may lead to bloating phenomenon 
[59]. If a secondary mechanism occurs, as in case of chemical reactions, 
the observed bloating can be boosted and anticipated [50].

Fig. 2. Hot stage microscope test results: volume change.
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3.2. Viscosity calculation at temperatures in the sintering-melting interval

Shear viscosity calculation for each sample at every CT was possible 
by fitting the experimental data with VFT equation. The VFT parameters 
used to calculate viscosity at every characteristic temperature are re
ported in Table A2. The found shear viscosity values show some fluc
tuations around an average value, according to literature (Fig. 3 and 
Table 2) [50].

For the start and the end of sintering temperatures the fluctuations 
are limited, while by increasing the firing temperature the average 
viscosity shows higher standard deviation. It must be considered that 
HSM specimens consist of remelted glass powders and not bulk. Sin
tering process is driven by viscous flow, that progressively fills the open 
pores structure derived from the moulding process, forming at first necks 
among particles driven by the action of surface tension [12,60]. During 
the sintering stages, the main driving force seems to be the viscosity of 
the melt. The effect of surface tension change can be considered negli
gible in the sintering temperature range, according to the literature 
[46]. By increasing the firing temperature, surface tension plays a key 
role in the shape evolution, justifying the greater fluctuation of the 
estimated viscosity.

3.3. Estimation of surface tension variation as a function of temperature 
and its relationship with the calculated viscosity of aluminosilicate glasses

Surface tension, defined as the surface energy excess per unit area of 
surface, reflects ions structural difference between surface and bulk 

[61]. Assuming an oxide structure, the ions in the bulk phase are 
completely saturated in their own coordination, making them stable in 
the system. The ions on the surface present many unsaturated bonds 
with higher energy respect to bulk ones [62]. These energy differences 
generate a shrink till reach a minimum surface area, called surface 
tension. For oxide systems, surface is constituted by oxygen ions and an 
increased number of unsaturated oxygen bonds, like for aluminosilicate 
systems where network-modifying cations act as bridging oxygen bond 
breakers, rising the surface tension [61–64]. The stronger the polarity of 
the modifying cation is, the larger the force of attraction between the 
nonbridging oxygen ions in the surface layer, causing a higher surface 
tension and shrinkage of the surface. The observed surface tension also 
depends on the cations nature, and the tendency to form more highly 
charged anions is related to the ions nature.

Glass surface tension as a function of temperature can be calculated 

Table 1 
Temperatures at which characteristic shapes and calculated (according to GRD model [21]) glass transition temperature (Tg

GRD)(i.e. the temperature at which viscosity 
= 1012 Pa• s) occurred, measured by HSM for reference glasses.

Characteristic shape MNV AMS_D1 PVC FRa EDZIZA TSEAX Po.RT NWB

Start of sintering, Tss [◦C] 900 858 901 846 845 837 791 957
End of sintering, Tes [◦C] 1006 1004 1015 915 961 900 858 1102
Softening, Tso [◦C] 1107 1081 1102 1084 1059 1096 1111 1181
Sphere, Tsp [◦C] 1222 1166 1227 1187 1190 1194 1200 1320
Hemisphere, Ths [◦C] 1308 1254 1305 1245 1287 1227 1214 1392
Melting, Tme [◦C] 1396 1334 1360 1263 1323 1245 1233 1439
Tg

GRD (η = 1012 Pa•s) from GRD model 678 687 671 683 649 675 677 718
Onset of bloating, Tob [◦C] 1303 1277 1427 1177 1375 1159 1118 1417
Viscosity at Tob [log10 Pa•s] 3.6 3.6 2.9 3.4 2.7 3.0 3.3 3.7

Fig. 3. Viscosity values calculated from VFT equation using parameters reported in Table 2.

Table 2 
Mean viscosity values and associated standard deviation values as obtained from 
HSM results and VFT η-T relationships.

Characteristic 
shape

Average viscosity [log10 

Pa⋅s]
Molinari et al., 2022 [log10 Pa⋅s] 
[50]

Start of sintering 7.7 ± 0.2 6.9 ± 0.3
End of sintering 6.2 ± 0.2
Softening 4.8 ± 0.8 4.4 ± 0.8
Sphere 3.8 ± 0.7 3.5 ± 0.4
Hemisphere 3.2 ± 0.5 2.7 ± 0.2
Melting 2.9 ± 0.4 2.2 ± 0.2
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on the base of the bulk chemistry (Fig. 4), quantifying the effect of each 
ion on the surface tension [53,54]. All these methods assume that sur
face tension follows additivity rule with chemical composition, attrib
uting different weight factors to the various oxides constituting glasses 
and melts. These models are in general complex or related to limited 
chemistry. To accurately estimate the viscosity, the surface tension 
contribution must be quantified.

A relation between surface tension and shear viscosity seems to exist 
(Fig. 5) but it is not clear how to define the effect of the specific glass 
chemistry.

Here we have noticed that surface tension can be also accounted for 
by a simple compositional proxy, defined as the unweighted sum of the 
components mostly affecting melt's surface tension (i.e., those oxides 
having the greater weight factors in Appen's and Dietzel's models [53,
54]). Such a “surface tension chemical proxy” is: ProxyST =

∑
Mi, where 

Mi represents the mass concentration of Al, Fe, Mg, Ca and Na oxides. 
Plotting viscosity as a function of ProxyST results in linear trends for 
characteristic shapes (from softening to melting). The effect of surface 
tension was quantified through linear regression of viscosity versus 
ProxyST (Fig. 6). Values of slope and intercept were used as a factor to 
correct the average viscosity at some characteristic shapes (softening, 
sphere, hemisphere and melting). By this way, viscosity at these char
acteristic shapes is not fixed, but can vary in a short-range depending on 
the effect of surface tension.

3.4. HSM determination of viscosity in aluminosilicate glasses

The methodology is based on two experimental and independent 
data sets: the chemical composition and the characteristic temperatures 
measured by HSM. The estimated shear viscosity for every CT, as cor
rected through ProxyST and the equations of Fig. 6 for the glasses under 
investigation, is summarized in Table 4. In this way, six points can be 
used to fit the VFT equation by iterative calculations (least squares 
function approximation) and obtain both a temperature-dependent 
viscosity curve (Fig. 7) and the related AVFT, BVFT and CVFT parameters 
(Table 3). The fitting performances are reported in Table 4 as fitting 
factor, calculated as the sum of the squared residual proper of each 
characteristic viscosity.

If compared with the experimentally determined viscosities (by 
rheological measurements), the estimated ones appear to be quite 
comparable (Fig. 8). A good correspondence can be observed for all the 

samples, with a general deviation lower than 5%. Some exception can be 
observed for Po.RT sample at high temperature (low viscosities) and 
AMS_D1 one in the whole viscosity range. For the CS sample, experi
mental and estimated viscosities values are practically overlapping in 
the characteristic temperature range. Selecting values at 1200 ◦C 
(Table 4), that correspond to different characteristic temperature for the 
studied glasses, the fluctuations are affected also by the specific viscosity 
value (i.e. Po.RT shows the higher percentage deviation also due to the 
low absolute value).

4. Conclusions

The defined model allows to estimate the melt viscosity, starting 
from readily available experimental data: the chemical composition of 
the glass and the characteristic temperatures from HSM. Through the 
interpolation of the calculated viscosity trend, it is possible to obtain the 
VFT equation parameters and estimate the viscosity in the whole studied 
temperature range.

The defined model is strictly applicable to glass samples having: 

- Chemical composition which falls in the studied range; in particular 
SiO2 > 50 wt%, Al2O3 >15% and FeOtot <10 wt%;

- No evidence of devitrification in the studied temperature range.

Strong deviation from the chemical composition should importantly 
affect the surface tensionand its effect on the shape evolution.

Furthermore, the possibility of having temperature induced crystal
lization during HSM analysis must be considered. In particular, the 
formation of solid particles can increase the effective viscosity of the 
material, shifting to higher temperatures the characteristic shapes.

Starting from these results, the next part of the study will be 
addressed to. 

- To extend the chemical composition range on which the glass 
acceptance criteria are based, also identifying compositional ranges 
of applicability of individual predictive models

- To evaluate the effect of crystallization on the temperature shift, also 
through the identification of a form factor as a function of the evo
lution of the characteristic shape.

Fig. 4. Surface tension values trends calculated from chemical composition by the Dietzel's and Appen's models: thermal trend (lines) and characteristic 
shapes (symbols).
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Fig. 5. Calculated surface tension as a function of calculated viscosity values for experimental characteristic temperatures.

Fig. 6. Correlation of viscosity to the compositional surface tension proxy ProxyST for the investigated aluminosilicate glasses for characteristic shapes determined 
by HSM.

Table 3 
Corrected viscosity values of aluminosilicate glasses at every characteristic shape, with the calculated VFT parameters and goodness-of-fit parameter.

Log10 Pa•s MNV AMS_D1 PVC FRa EDZIZA TSEAX Po.RT NWB

Tss, Start of sintering 7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7
Tes, End of sintering 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2
Tso, Softening 5.1 4.9 5.1 4.1 4.5 3.9 3.9 5.7
Tsp, Sphere 4.1 4.0 4.2 3.2 3.7 3.0 3.0 4.6
Ths, Hemisphere 3.6 3.6 3.6 2.9 3.2 2.7 2.7 4.0
Tme, Melting 3.2 3.2 3.2 2.6 2.9 2.5 2.5 3.5
AVFT (log10 Pa•s) − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55
BVFT (J/mol) 10259.9 9139.8 9734.3 7477.0 9278.6 6351.5 7823.4 11690.0
CVFT (K) 326.40 393.02 379.34 501.20 354.71 586.63 421.30 290.69
Fitting factor 0.00262 0.01032 0.00066 0.00168 0.00734 0.00149 0.01412 0.00560
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Table 4 
Viscosity comparison at 1200 ◦C.

Glass sample Shear viscosity [log10 Pa•s] calculated by HSM Shear viscosity [log10 Pa•s] experimental viscosities Deviation [log10/log10 %]

MNV 4.3 4.4 − 2.3
AMS_D1 4.1 3.9 4.9
PVC 4.3 4.3 0
FRa 3.2 3.1 3.1
EDZIZA 3.8 3.7 2.6
TSEAX 2.6 2.6 0
Po.RT 2.7 2.9 − 7.4
NWB 5.2 5.3 − 1.9
MER 1400 4.1 4.1 0

Fig. 7. Temperature-viscosity VFT curves of aluminosilicate glasses and points of characteristic shapes determined by HSM.

Fig. 8. Characteristic viscosities: comparison between values from interpolation of experimental measured data and calculated from the model for reference glasses 
and control one.
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Appendix A1. Compositional details of the selected database

Table A1 
Composition (wt%), density (g/cm3) and VFT parameters for the selected aluminosilicate samples used to set up and validate the method. VFT parameters are as they 
follow: a pre-exponential factor of AVFT = − 4.55 (corresponding to the viscosity at virtually infinite temperature in logunits) as well as the BVFT and the CVFT pa
rameters has been chosen as obtained by the optimization provided in the GRD model (Giordano et al., 2008).

aMNV aAMS_D1 aPVC aFRa aPo.RT aNWB bTSEAX cEDZIZA aMER1400

SiO2 63.88 59.98 65.26 55.41 48.05 73.2 48.09 63.04 58.84
TiO2 0.31 0.39 0.45 0.72 0.76 0.22 3.56 0.39 0.10
Al2O3 17.1 18.01 17.3 18.38 17.69 13.90 14.42 17.42 20.75
reFeOtot 2.90 3.82 2.60 7.31 6.69 2.14 14.31 5.16 2.05
MgO 0.24 0.88 0.32 2.39 3.32 0.16 4.20 0.47 0.09
CaO 1.82 2.91 0.85 5.76 9.31 0.86 7.80 1.60 1.68
Na2O 5.67 4.06 6.46 4.23 3.45 4.84 4.04 7.79 7.98
K2O 6.82 8.37 6.52 4.58 7.55 3.98 1.75 4.87 6.63
P2O5 0.05 0.21 0.09 0.00 0.46 0.01 1.11 0.07 0.00

Glass density 2.506 2.488 2.435 2.572 2.505 2.413 2.538 2.548 2.502

AVFT (logunits)(Pa•s) − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 − 4.55 –4.55
BVFT (J/mol) 9997.7 9341.9 10176.8 7521.7 7141.4 11300.4 6459.4 9321.9 9722.5
CVFT (K) 347.89 397.28 329.81 501.9 486.7 316.1 575.7 358.9 354.5

Compositional details reported in Table 1 are from the following literature sources: aGonzalez-Garcia et al. (2020); bJones et al., 2022); c this study. The VFT pa
rameters, calculated from fitting of the experimental viscosity values keeping A constant like in GRD model, are reported at the bottom of the table.

Appendix A2. Measured viscosity data with variable temperature for the selected melts

Table A2 
Experimental viscosity log(Pa s) for the selected aluminosilicate samples used to set up and validate the method.

aMNV aAMS_D1 aPVC aFRa aPo.TR aNWB bTSEAX cEDZIZA aMER1400

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T 
(◦K)

log 
(Pa•s)

T (◦K) log 
(Pa•s)

1769 2.5 1768 2.49 1867 2.14 1867 1.02 1721 1.15 1900 2.69 1397 2.88 1373 4.99 941 1.86
1744 2.62 1719 2.74 1842 2.25 1842 1.08 1697 1.26 1875 2.81 1397 3.42 1373 4.99 1867 11.59
1719 2.75 1670 3.01 1817 2.37 1818 1.19 1672 1.38 1850 2.95 1421 2.62 1373 5.01 1867 1.86
1695 2.89 1620 3.3 1793 2.5 1793 1.29 1647 1.49 1825 3.09 1445 2.88 1397 4.50 1842 1.97
1670 3.03 1572 3.62 1768 2.63 1768 1.4 1623 1.61 1800 3.23 1445 2.60 1421 4.31 1818 2.09
1645 3.18 1522 3.96 1743 2.76 1744 1.5 1598 1.74 1775 3.38 1469 2.19 1445 4.13 1793 2.21
1621 3.33 1473 4.33 1719 2.91 1719 1.62 1574 1.88 1750 3.53 1469 2.56 1469 3.96 1769 2.34
1596 3.49 1424 4.73 1695 3.05 1695 1.72 1549 2.02 1725 3.68 1493 1.30 1493 3.80 1744 2.47
1571 3.65 1087 8.45 1670 3.2 1670 1.85 1524 2.17 1700 3.84 1493 1.56 1517 3.63 1719 2.6
1547 3.82 1038 9.32 1645 3.36 1645 1.97 1500 2.32 1675 4.01 1493 1.78 1541 3.48 1695 2.74
1522 3.97 1009 9.77 1620 3.52 1620 2.1 1475 2.49 1650 4.17 1493 2.01 1565 3.33 1670 2.88
1497 4.17 985 10.56 1596 3.68 1596 2.24 1450 2.65 1625 4.35 1517 1.35 1589 3.18 1670 2.88
1473 4.36 973 10.75 1572 3.85 1571 2.38 1426 2.84 1273 7.9 1517 1.43 1613 3.04 1646 3.03
1448 4.55 957 11.29 1547 4 1547 2.52 1001 10 1205 8.26 1541 1.24 1637 2.90 1621 3.18
1089 8.76 ​ ​ 1522 4.21 1522 2.67 962 11.2 1173 8.24 1565 1.13 1661 2.77 1596 3.35
1042 9.56 ​ ​ 1498 4.4 1498 2.83 ​ ​ 1075 9.9 1589 1.03 1685 2.63 1572 3.51
1016 10.03 ​ ​ 1473 4.59 1014 10.55 ​ ​ ​ ​ 1613 0.93 1708 2.51 1547 3.68

(continued on next page)
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Table A2 (continued )
aMNV aAMS_D1 aPVC aFRa aPo.TR aNWB bTSEAX cEDZIZA aMER1400

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T 
(◦K) 

log 
(Pa•s) 

T (◦K) log 
(Pa•s)

979 10.71 ​ ​ 1079 9.11 1007 10.65 ​ ​ ​ ​ 1637 0.81 1732 2.39 1523 3.85
958 11.08 ​ ​ 1055 9.63 987 10.99 ​ ​ ​ ​ 1661 0.72 1756 2.28 1498 4.03
​ ​ ​ ​ 1034 9.95 985 10.98 ​ ​ ​ ​ 1685 0.64 1780 2.16 1473 4.22
​ ​ ​ ​ 1023 10.19 ​ ​ ​ ​ ​ ​ 1708 0.56 1804 2.06 1449 4.41
​ ​ ​ ​ 1016 10.49 ​ ​ ​ ​ ​ ​ 1732 0.49 ​ ​ 1424 4.6
​ ​ ​ ​ 1012 10.41 ​ ​ ​ ​ ​ ​ 1756 0.42 ​ ​ 1054 9.1
​ ​ ​ ​ 1010 10.53 ​ ​ ​ ​ ​ ​ 1780 0.36 ​ ​ 1011 9.87
​ ​ ​ ​ 996 10.77 ​ ​ ​ ​ ​ ​ 1804 0.30 ​ ​ 941.4 11.59

Viscosity details are from the following literature sources: aGonzalez-Garcia et al. (2020); bJones et al., 2022); c this study.

Appendix A3. Definition of characteristic shapes as measured via HSM

Fig. A1.

Fig. A1 shows the characteristic volume (solid line) and height (dotted curve) specimen changes as a function of the temperature. The initial sample 
growth is linked to the thermal expansion coefficient, until viscous flow sintering starts (point 2). Then, sintering proceeds through both volume and 
height shrinkage until maximum densification (point 3). The specimen starts developing rounded edge at the softening point (point 4) until assuming 
spherical shape at the sphere point (point5) (1:1 height to width ratio). Such a morphological change, emphasized by the inversion of the specimen- 
support contact angle, implies that volume and height curves are no longer parallel; while sample volume expands (because of gas expansion) height 
decreases. By further temperature increase, the progressive viscosity reduction determines a hemisphere shape (point 6)(1:2 height to width ratio) and 
then the specimen melts (point 7) (1:3 height to width ratio).

It is important to notice that the morphological evolution of the specimen (points 1 to 6) is not uniquely linked to bloating phenomenon, which 
onset can occur between the softening and sphere shapes, depending on the glass composition and properties, before the collapse takes place. In fact, 
bloating is not always observed, and its entity varies upon several factors [38]. Since the volume and height curves provide different information, both 
should be considered to properly interpret the results and define parameters for real-scale testing.
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