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In this review article, the impact of dissolved water on the viscous properties of soda lime silicate melts is
addressed against the background of the upcoming switch from natural gas to hydrogen combustion. This change
will lead to an increase in the total water content of the glasses by up to 0.4 mol%. In order to better define
possible influences of water speciation, water-rich glasses were synthesised under increasing pressure up to the
kbar range. It is shown that a distinction must be made between the influence of dissolved OH-groups and HyO-

molecules in order to accurately reflect the dependence of isokom temperatures on water content. In addition, an
increase of one order of magnitude in the tolerance to higher deformation rates was observed for the range of
expected increased water contents during isothermal deformation processes, which is based on the time-
temperature superposition principle, i.e. congruent flow curves were determined under isokomal conditions.

1. Introduction

In the global glass industry, soda-lime silicate glasses have by far the
largest production share (~70% of 150 million tonnes in 2014), which is
divided between the container glass, flat glass and glass fibre sectors [1].
In all areas, thermomechanical melt properties play a crucial role,
running like a thread from batch melting through shaping to cooling/
reheating. Since in this system the main components are determined by
the batch recipe, changes in the relevant properties can be caused by
secondary components and traces whose contents vary due to the raw
material quality and the parameters of the manufacturing technologies.

Special attention should be paid to the influence of dissolved water,
which is directly related to the partial pressure of water vapour pyao in
the melting tank. With the change from air-gas firing to oxygen-gas
firing and nowadays to oxygen-hydrogen firing, py2o can reach 1 bar
for stoichiometric combustion, which strongly increases the dissolved
water content in the melt. Due to the molar mass difference between
H20 and an anhydrous (“dry”) soda lime silicate glass (a factor of ~3),
these water contents on a molar basis will correspond to the fractions of
K20 or Al»Oj3 in today’s float glass formulations and will have techno-
logical and product-specific effects. For example, a change in the vis-
cosity of the melt will be able to influence the entire manufacturing steps
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from melting to shaping and cooling, as water is a strong fluxing agent
[2,3,4]. It should be noted that common terms such as “water dissolu-
tion” and “water enrichment” are used in this review in the context of
manufacturing and that hydrous species are referred to as “OH-groups”
and “HpO-molecules” based on the assignment of the IR absorption
spectrum, which greatly simplifies the complex mechanisms leading to
hydrous silicate glasses and the actual species nature.

Another important aspect for industrial moulding is that several
measurements have shown that soda lime silicate melts undergo viscous
shear thinning at high strain rates [5,6], although silicate melts were
long thought to exhibit pure Newtonian viscous flow, where the stress
developed remains proportional to the strain rate. If the viscosity of
hydrated melts decreases more at higher shear rates than anhydrous
melts, it might be possible to use this property to speed up the processing
rate without increasing the process temperature. On the other hand,
water affects the redox state of multivalent ions, e.g. iron prefers the
ferrous state when water is present [7,8]. Also, the water-sulphur
interaction has to be considered [9]. Both can have superimposed ef-
fects on the workability of technical glass melts. Of course, the chal-
lenges associated with the conversion to hydrogen combustion in glass
furnaces are more comprehensive - only the management of large
amounts of water vapour in the tank and the expected faster corrosion of
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the refractory material with the associated shorter service lives should
be mentioned here. Strategies and techno-economic analyses for the
introduction of hydrogen gas into oxyfuel glass melting are presented in
[10,11] while the increase in water vapour content of the flue gas in the
combustion space of the glass furnace is addressed in [12].

The objective of this topical review is to summarise the various facets
of the influence of water enrichment in soda lime silicate melts on the
technologically important flow properties, i.e. Newtonian and Non-
Newtonian viscosity at temperatures above glass transition, which the
authors have investigated on the same glass or very similar types of soda
lime silicate glasses. This research, with its various aspects of water in
glass, was based on the fundamental and inspiring work of Professor
Minoru Tomozawa, who has shaped this area of glass research for de-
cades like no other.

2. Parent glasses and water enrichment

The composition of technical soda lime silicate glasses can be derived
from the archetypal composition 74-16-10 for SiO3, Na;0 and CaO (mol
%). In addition to this ternary base, up to 10 further components are
present in small concentrations and traces in commercial soda lime sil-
icate glasses, some of which originate from the raw material impurities
or are added specifically for the various tasks in glass production and for
the desired application-related property requirements. Since the focus
here is on the minor component water, it is important to specify the
different types of soda lime silicate glasses investigated, whose chemical
compositions are shown in Table 1.

SLS, SLSa, FG and MSG glasses were enriched with water in a special
procedure at the Institute of Mineralogy of Leibniz University Hannover.
For this purpose, glass powders were enclosed in welded platinum
capsules with certain amounts of water, remelted at temperatures above
the liquidus temperature (1250-1400 °C) in an internally heated pres-
sure vessel (IHPV) at pressures up to 500 MPa and quenched under
pressure. Conditions were always water-undersaturated, i.e., no fluid
bubbles remained in the glasses. IHPV syntheses resulted in water con-
tents up to 21.5 mol%. Details of this synthesis route were presented in
[16,18,19,17]. References glasses SCH [13], MER [2], MCM [14], SAK
[3] and RAP [15] were enriched at ambient pressure by bubbling steam
through the melt. Bubbling of steam through the melt (1450 °C) was also
carried out at increased pressures up to 8 bar at the Federal Institute for
Materials Research and Testing in Berlin.

After preparing hydrated glasses, the total water content was
determined by Karl-Fischer-titration. In addition, NIR spectroscopy was
used to distinguish between the contents of OH-groups and HoO-mole-
cules. For this purpose, the absorbance of the bands near to 5200 cm ™
(for HoO-molecules) and 4500 em ! (for OH-groups) were evaluated.
Details of the quantification procedure including the determination of
the linear molar absorption coefficients can be found in [16,18] for SLS
and FG glasses and in [17] for MSG glasses.

In addition to the chemical solubility of water in the form of OH-
groups (water as a network modifier), there is also an increasing phys-
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ical solubility of HoO-molecules in the free volume of the glass network
at higher py2o (water as a stuffing agent). Assume that an interconver-
sion of OH-groups and HyO-molecules takes place in the simplified form
[20,21,22]:

H,0+0=20H (€D)]

where O stands for oxygen atoms of the anhydrous melt (charges are not
considered), the equilibrium constant K of the interconversion reaction
for an ideal mixing of these species is defined by

[OH]?

K= 00| @

where molar fractions of the OH-, H,O- and O-species are given in
square brackets. For the temperature dependence of K,

AS°  AHC
K ==—"-_-"_ 3
"R TRT @)
then applies, where R is the gas constant and AS°, AH® are the standard
state molar entropy or enthalpy of the interconversion reaction.
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Fig. 1. Total water content Cryq as a function of the water vapour partial
pressure during melting py2o. Data: SLSa and FG (unpublished), RAP [15] and
SCH [20]. Lines are the water solubility in SCH glasses for steam bubbling
according to Cro = L X p%’o with L = 0.35 mol% H,0 bar™®® at 1200 °C and L
= 0.368 mol% H,0 bar®® at 1480 °C [20].

Analysed chemical composition (mol%) of the soda lime silicate starting glasses used for water enrichment experiments. See references for precision of the used

analytic methods. Oxides in parentheses present a nominal molar amount < 0.05.

SiO, NayO CaO MgO Al,04 K20 Fe,03 TiO, B203 H,0 Ref.
SCH 74.0 15.9 10.1 0.055 [13]
MER 75 15.0 10.0 0.013 [2]
MCM 73.8* 15.5* 10.7* 0.031 [14]
RAP 74* 16* 10* 0.112 [15]
SLS 73.4 15.5 10.1 0+ 0+ 0-+) 0.100 [16]
SLSa 74.1 15.8 10.2 0+ 0+ 0+) 0.040 [16]
FG 71.4 12.6 9.5 5.8 0.4 0.2 0+) 0.147 [16]
SAK 70.5 14.0 6.8 6.5 0.7 0.8 0.7 0.030 [3]
MSG 73.2 13.3 6.6 6.2 0.5 0.2 0+) 0+) 0.129 [17]

Key: *by batch.
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Fig. 2. Cuao-to-Con ratio, frozen at the fictive temperature Ty, as a function of
the total water content obtained from NIR spectroscopy. SLS data from [18,23],
FG data from [18,19] and MSG data from [17]. Lines are the fit of Eq. (4) to
the data.

3. Total water content and distribution into OH-groups and H,O-
molecules

Fig. 1 shows the water content obtained in mol% as a function of
Pr20- Reference measurements under ambient pressure by Scholze [20]
and by Rapp and Shelby [15] were used for comparison. According to
Egs. (1) and (2), the equilibrium concentration of the water dissolved in
these melts is a square root of the water vapour partial pressure during
melting. For py2o = 1 bar, water contents of up to ~0.4 mol% can be
achieved in soda lime silicate glasses, while no equilibrium solubility
was reached for syntheses at py2p > 3 bar.

Fig. 2 shows the water speciation in hydrated soda lime silicate
glasses, i.e. the ratio of the mol fractions of HyO-molecules (Cy20) to OH-
groups (Cop) was plotted as a function of the total water content Cryq
(= Cu20 + Comw). First, it can be seen that hydration under high pg20 led
to high total water contents up to 21.5 mol% in soda lime silica glasses.
Furthermore, Fig. 2 clearly shows that water molecules dominate in
hydrated glasses with a total water content larger than 8-11.5 mol%,
while OH-groups predominate at lower total water contents. The
dependence can be described by the following equation:

Table 2
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Cho
Con

= Crot" C)

where y and n are adjustable parameters related to the interconversion
reaction Eq. (2). Table 2 summarizes the values for y and n obtained by
fitting Eq. (4) to the data of SLS, SLSa, FG and MSG data. For glasses
melted at ambient pressure, this means that dissolved HoO-molecules
are negligible. Note that the determined Cypp-to-Coy ratio is a function
of the glass transition temperature, i.e. the fictive temperature (Ty) of
each composition at which the species concentrations are frozen under
pressure during cooling. To obtain Ty data, the viscometric glass tran-
sition temperature T7, (T;2 is the isokom temperature at which the
viscosity takes the value 10" Pa s) was used.

Fig. 3 shows that the temperature dependence of InK over 1/T is
strongly negative for all three glasses according to Eq. (2), which means
that OH-groups are strongly favoured with increasing temperature. As
with the water speciation shown in Fig. 2, the dependence is somewhat
steeper for hydrated FG glass than for MSG and SLS glasses. Further-
more, Fig. 3 shows that data with InK larger than —1.5 calculated from
the Cpo-to-Coy ratio according to Eq. (3) deviate from the linear
behaviour. This means that an extrapolation of the straight line in Fig. 2
only seems appropriate down to total water contents of ~0.2 mol%
(MSG) to ~0.7 mol% (FG and SLS). At these Ciyq Vvalues, there is
approximately one water molecule per one hundred OH-groups. The
values of AS® and AH® obtained by fitting Eq. (3) to the data are sum-
marised in Table 2. How Tj;z was extracted from the temperature
dependence of viscosity is presented in the next chapter. It should be
noted that Tj» can deviate from the cooling conditions of the melts
during hydration. In such a case, the affected data points would not
represent the equilibrium conditions in the melt. For details of the
cooling rates and relaxation of the glasses during water enrichment in
the IHPV used, see [24,25].

4. Viscosity data of hydrous soda lime silicate melts

The viscosity of hydrated soda lime silicate melts was determined
both near the glass transition temperature and above the liquidus tem-
perature. For this purpose, viscometric methods were used at ambient
pressure (micropenetration and parallel-plate [26,27]) and under
200-500 MPa (parallel-plate and falling sphere [19]). In the experi-
ments under ambient pressure, water desorption from the surface of the
sample is generally to be expected, so that the micropenetration mea-
surement of SLSa, FG and MER glasses was usually conducted along a
temperature-time protocol in which the change in viscosity between the
start and end of the measurement was kept smaller than 0.1 log units.
For parallel-plate viscometry at ambient pressure, the glass cylinders of
SLSa and FG were relatively large (~10 mm diameter), so the effects of
water desorption from the sample surface on viscosity are negligible.

Parameters used for modelling the water speciation, the viscometric glass transition T;z and the melt fragility m of Egs. (3), (4), (9) and (13), respectively. Numbers in

parenthesis indicate the uncertainty of the last digit.

Glass FG SLS, SLSa MSG

Ciotar (M01%) 1.7-16.4 1.5-15.7 3.1-21.5
Eq. (3) AH? (kJ mol 1) 55.0(8) 32(2) 32(1)

AS° Jmol ' K™Y 57(1) 27(2) 25(2)
Eq. (4) y 0.0214(7) 0.026(2) 0.051(6)

n 1.77(1) 1.49(4) 1.42(5)
Eq. (9) Tizca0) (K) 826(3) 837(9) 817(5)

b (K) 0.14(3) 0.07(5) 0.15(2)

¢ (K) 1.5(2) 1.7(4) 1.4(1)

d (K) —~1.6(1) -1.6(4) —2.0(1)
Eq. (13) Mg 35.6(17) 35.1(21)

b 0.1 0.06

c 2.1 2.2

d —0.0001 —0.0002
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Fig. 3. Arrhenius diagram of the reaction constant K as a function of the
viscometric glass transition temperature T;2 assuming T;2 = T;. Lines are the fits
of Eq. (3) to the data.

The same is true for parallel-plate tests of these glasses conducted under
elevated pressure. Here, the sample size was much smaller, but due to
the increased external pressure of 200-500 MPa, water desorption from
the sample surface was not detectable. In addition, the pressure
dependence of viscosity was found to be relatively small (the shift in T,
was 5 K per 100 MPa), so joint analysis of the data resulted in negligible
error. For the description of the temperature-dependent viscosity, the
MYEGA model in this overview was used [28]:

logn(T) = A+ gexp (g) 5)

where the adjustable parameters are the viscosity in the high tempera-
ture limit A (= log 51) and two constants B, C that are related to the
onset of rigidity in the liquid network. The reformulation of Eq. (5) in
terms of the viscometric glass transition temperature T;2 and the kinetic
fragility m of the melt leads to [28]:

logq:A+(12—A)%exp[(12niA—l)(%—1)] 6)

while m can be expressed in the form:

mz(lZ—A){l-Hn(%(lZ—A))} @)

All data of previous studies were re-evaluated using Eq. (6) and
shown in Fig. 4. In case no high temperature low viscosity data were
available, A = —3 (1 = 1073 Pa s) was kept constant [28].

5. Modelling viscosity

Fig. 4 and Fig. 5 show that hydration of soda lime silicate glasses
leads to a strong decrease in the viscometric glass transition temperature
T2, while the dependence of kinetic fragility m on total water content is
less pronounced (Fig. 5). Hydration at ambient pressure (bubbling with
steam) seems to lead to decreasing fragility values (MER, SAK and MCM
reference glasses), but a clear trend cannot be established as the FG data
are scattering. In order to perform such an analysis also for hydrous soda
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lime silicate glasses for which no viscosity data are available, the calo-
rimetric glass transition temperature T, was used instead of Tjz
assuming that the glass has experienced equal cooling and heating rates.
Under this condition, Ty is equal with the fictive temperature T}, i.e. the
glass is free of thermal history and the characteristic temperature of the
onset of the endothermic DSC signal (tangent construction [29])
through the glass transition interval is:

logn(T,) = K, —logq ®

for the viscosity 5 in the unit Pa s, the cooling/heating rate q in the units
K s~ ! and the shift factor Kronser = 11.2 = 0.15 [30,31,29]. Thus, for q=
0.167 K s™! (10 K min~!) one obtains log = 12 + 0.15. The strong
dependence of T72 on total water content has been used to model the
viscosity of hydrated glasses. Tomozawa [4], who introduced a three-
component model in which the contributions of OH-groups and H,O-
molecules to the T;, decay are weighted, pioneered this work. Later, the
contributions of the water species were normalised to a water content
(0.02 wt%) common in industrial production [32], while Schneider et al.
[33] added a quadratic term to the original model to better describe the
asymmetric Tz composition curve. His equation in the following form
was used to analyse the T;, dependence on the total water content Cyyq
(mol%) [33]:

TIZ(Canal) = W1T12(H20) +W2T12(AG) +cwiws (TIZ(AG) - T]Z(HZO) )

(©)]
+ dwiws? (Tiaae) — Tiauno) )

with

Crouwt - b(100 — Crorur)
and w, = X
b(100 — Crowar) + Crow b(100 — Crowr) + Croa

10)

wp =

where the adjustable parameters are b, ¢ and d and the glass transition of
the anhydrous glass T12¢ac). The glass transition of water Tj2¢20) is 136
K [34]. The curves in part (A) of Fig. 5 show that for the entire range of
water contents the T fits of Eq. (9) to the FG, SLSa and MSG data are in
very good agreement with the experimental values. The parameters of
these fits are given in Table 2.

To introduce the change in melt fragility into the modelling of hy-
drous soda lime silicate glasses, the approximation of Langhammer et al.
[36] was first used, who assumed that the rigidity parameter B of the
MYEGA model is independent of Cyq. Then, Eq. (7) has the form [36]:

T
m:mAG+(12—A)ln( 12 ) an
T2a6)

where myg and Tiz2¢ac) are the fragility and the viscometric glass tran-
sition of the anhydrous melt, respectively. A consequence of this
simplification is that the viscosity of hydrated soda lime silicate melts
depends only on T;2 when Tjzeac) is specified. It also predicts a pro-
gressive decrease in m as Tjz drops sharply with Croq (Fig. 5).

As elastic constants for hydrous MSG glasses were determined by
ultrasonic echography [17], m was also modelled by the ratio between
shear modulus and bulk modulus. Cassetta et al. [37] found that melt
fragility and Pugh’s modulus k (defined as the ratio between shear
modulus and bulk modulus to distinguish the ductile/brittle behaviour
of polycrystalline materials [38] and metallic glasses [39]) in volcanic
silicate melts are inversely related in the form [37]:
m=2_3 (12

k

Although the validity of a linear relationship between melt fragility
and inverse Pugh’s modulus across different classes (inorganic, organic,
metallic) of glassy materials has been questioned (see, e.g., [40,41,42]),
this approach is used here because in the analysis of Cassetta et al. [37],
in addition to volcanic melts, some technologically relevant silicate
melts were also used for the calibration of Eq. (12), in particular the soda
lime standard glass DGG-1. Fig. 5 shows that the application of Eq. (12)
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Fig. 4. Viscosity of hydrous soda lime silicate melts as a function of temperature. Part (A) shows viscosities obtained at 200 MPa for FG glasses prepared in an IHPV
[19], while part (B) shows viscosity data of MER, FG, SLSa, SAK and MCM glasses (hydrated in water vapour) from [2], [26], [14] obtained at ambient pressure. Part
(C) shows data of MER and FG glasses from [2,19] where low and high viscosities were determined. Lines in all part are the fits of Eq. (6) to the data.

to the hydrous MSG glasses leads first to a decreasing and then (> 3 mol
%) to an increasing melt fragility with increasing water content. This
would imply that water in form of OH-groups has an opposite effect on
the thermal resistivity of the melt structure than dissolved water

molecules, which is in line with opposite effects reported for volumetric
[13]1,[14],[17] and elastic properties [14] of the corresponding glasses
at room temperature. Note that setting A = —3 for those melts for which
no high-temperature data are available increasingly underestimates the
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fragility index as the water content of the melt increases. The opposite
effect of OH-groups and HoO-molecules on m in Fig. 5 is in turn sup-
ported by the FG melts with reliable high-temperature data (falling
sphere tests under elevated pressure of 200-500 MPa in order to mini-
mize water losses). To include this more complex behaviour into the
modelling, we assume that the three-component model Eq. (9) can also
be used to describe the asymmetric composition dependence of the melt
fragility. Therefore, the fragility of the end-member water was calcu-
lated using Pugh’s modulus of ice VII, which is k = 0.502 at 10 GPa and

0.487 at 40 GPa [39]. Note that in hydrous silicate glasses the occupied
volume resembles that of densest molecular form of H-O, that is, ice VII
[40,41,42]. Then, using Eq. (12) for the hypothetical melt fragility of
water one has myzo = 56 + 1.4 and the modified Eq. (9) has the form:

M(Croat) = Wilio + Watag + cwiw (mag — Myno) + dWlWZZ(mAG — M)
13)

The parameters of the fits of Eq. (13) to the FG and MSG data are
given in Table 2.
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To model the melt viscosity for all temperatures and water contents,
the parameters of Eq. (9) listed in Table 2 were used to determine Tj2
and Eq. (11) to determine m for the calculated T;,. Alternatively, Eq.
(13) was used to determine m for the calculated T75. The two contour
plots of Fig. 6 show exemplary results for hydrous FG glass melts (For the
anhydrous melt, one has myg = 35.6 if A = —3 is kept constant in Eq.
(11)). The FG type was used here as it most closely matches the
composition of technical soda lime silicate glasses and has the highest
data density. Fig. 6 shows that the ambiguity regarding the fragility of
high water content melts has little effect on the isokom temperatures of
melts enriched with water vapour under ambient pressure. To exemplify
this in the usual way, Fig. 7 shows the viscosity (log units) as a function
of temperature for a selected total water content Cyoq = 0, 0.4, 1 and 10
mol%. The first total water content (0) represents the anhydrous melt,
the second (0.4) refers to the water solubility at py2o = 1 bar, while the
third (1) and fourth total water content (10) were selected to illustrate
the effect of the different trend of m with increasing water content (see
Fig. 5B) on the temperature-dependent viscosity.

6. Shear rate dependence

In addition to determining Newtonian viscosity, parallel plate
compression of glass cylinders was carried out at high piston speeds up
to 0.2 m s~ Force deformation data were recorded with high time
resolution and the data were mechanically and thermally corrected for
load frame stiffness and energy dissipation during cylinder compression.
Details of this method are described in [43]. Fig. 8 shows sections of
Fig. 4B for FG and SLSa glasses. The isokomal (T792 and Tj¢2s) and
isothermal (844 K and 823 K) conditions were selected for high-speed
deformation tests [24].

The onset of shear thinning was measured at deformation rates ¢ of
10~*to 1073 57!, which was five log units above the deformation rate at
which Newtonian viscosity was determined (Fig. 9). Finally, the process
of shear thinning at higher deformation rates was experimentally
limited by melt fracturing. Shear thinning was described by the Yue-
Briickner flow equation in terms of the ratio between apparent and
Newtonian viscosity [44]:

1T (1—’7;“) 1 —exp —.i gfg a4
Mo Mo Mo & €

where 1) is the rate dependent (apparent) viscosity, 1o, N are rate in-
dependent viscosities for é&—0 and é—oo respectively, ¢ is the deforma-
tion rate and is the & flow relaxation rate. The parameters of the fits of
Eq. (14) to the FG and SLSa data were compiled in Table 3.

Fig. 9 shows that for isothermal deformation processes, the onset of
shear thinning in the water-enriched melts shifts to higher rates by about
one order of magnitude. The effect seems to be somewhat more pro-
nounced with the Mg- and Al-free SLSa melt than for the Mg- and Al-
containing FG melt. In contrast, the comparison based on equal New-
tonian viscosities (Fig. 10) shows that the shift in the flow curves in
Fig. 9 is largely due to the decrease in isokom temperature in accordance
with the time-temperature superposition principle [45]. All flow curves
thus almost overlap when comparing the low-water parent melt with the
more water-rich melts at lower temperatures, resulting in the same
Newtonian viscosity. It can therefore be stated within the investigated
Ciotal Tange that the isokomal workability of soda lime silicate melts is
practically independent of the water content. This is in agreement with
the expected trend as the melt fragility is only marginally affected by the
water content between 0.04 and 0.62 mol%. Note that Newtonian flow is
considered as a steady-state response of the relaxed structure to the
applied stress, while a nonlinear effect at high deformation rates reflects
the incomplete relaxation of the melt and the orientation of the struc-
tural units [46]. In particular, the rate-dependent viscosity and onset of
shear thinning are reported to be controlled by the melt configuration, e.
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Table 3

Non-Newtonian flow parameters 1,/1o and log é;of Eq. (14) of hydrous FG and SLSa glasses under isokomal and isothermal conditions.

Glass Crotal (M01%) Isokomal condition Isothermal condition
T10.2 (K) Neo/Mo (%) log & (& in s T (K) Neo/Mo (%) log & (& in s
FG 0.10 876 23.4 -2.13 844 23.2 -2.92
0.22 871 30.1 —2.60
0.54 850 321 —2.44
0.62 844 8.9 -1.99 844 8.9 -1.99
T10.28 (K) Ne/No (%) log &g (¢ ins™") T (K) Moo/ Mo (%) log & (¢gins™)
SLSa 0.04 864 12.5 -2.21 823 5.9 —3.64
0.38 834 27.1 -2.83
0.62 823 21.2 —2.52 823 21.2 —2.52
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g. the degree of polymerisation, as shown by comparing synthetic meta-
and disilicate compositions with industrial flat glasses [47].

7. Summary

An increased water vapour partial pressure, as can be expected with
hydrogen-oxygen firing, leads to an increased water content in soda lime
silicate glasses, which can reach 0.4 mol% at 1 bar. Under these con-
ditions, the species ratio of dissolved HyO-molecules to OH-groups is still
very low (about 1:100). The network modifying character of the
chemically dissolved water therefore determines the viscosity of the
melt. For the industrial relevant FG glass, this leads to a decrease in the
T2 isokom temperature of about 14.4 K for an increase in Cry¢q from 0.1
to 0.4 mol%. The resistance to thermal depolymerisation is only slightly
weakened in the Cryq range 0.1-0.4 mol%, as almost all species are
already present as OH-groups at the glass transition, i.e. the melt
fragility decreases only marginally. At higher water contents, the
experimental results unfortunately show a strong scattering in the
fragility values, and indirect determinations via the calorimetric glass
transition temperature and the ratio of shear to compression modulus of
the corresponding glasses lead to opposite trends. With respect to the
equilibrium constant of the interconversion reaction between OH-
groups and HpO-molecules, the modifying property should be more
prominent for the high temperature range, as HyO-molecules will
convert to OH-groups, which could stop or even reverse the decreasing
trend of m with Ciyq. Despite the uncertainty of m at higher water
contents reserved for high-pressure processes, the viscosity behaviour
could be fully modelled with the approaches presented here for all
industrially accessible water contents and temperatures. Furthermore,
workability analysis testing of water-enriched melts under high-speed
deformation, shows about an order of magnitude higher tolerance to
shear thinning and melt fracture on an isotemperature basis, largely due
to the lowering of the isokom temperature of the Newtonian viscosity.
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