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Influence of glass melting conditions on the viscosity and
thermal expansion of alkali borate glasses

O. Yu. Golubeva & Yu. K. Startsev!
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Academy of Sciences, Odoevskogo, 24/2, St.-Petersburg 199155, Russia

The viscosity and thermal expansion of binary alkali
borate glasses containing lithium, sodium and potassium
oxides obtained by different glass melting conditions were
studied. Glasses of the following compositions were cho-
sen as objects for this study (mol%): 5-5R,0.94.5B,0;,
15R,0.85B,0;, where R =L, Na, K and 25Na,0.75B,0s.
By varying times of melting from 1 up to 4 h and by
using remelting under vacuum the glasses of the same
composition with different water contents were obtained.
Hydroxyl concentrations in studied glasses were esti-
mated by an absorption spectroscopy in near infrared
region. Thermal dependencies of viscosity were deter-
mined by the beam bending method in the range of vis-
cosity from 10%° up to 10* dPs. Thermal expansion
coefficients in the range of temperatures below and above
glass transition and glass transition temperatures at cool-
ing were determined by using the hysteresis dilatometer
curves of studied glasses. It was found that the glasses
investigated had approximately the same sensitivities of
viscosity to the changes in water content independently
of type and concentration of alkali oxide. Effect of wa-
ter content on thermal expansion was found to be de-
pendent on kind and concentration of alkali oxide in
glass composition.

Glass melting conditions are very important for the
glass composition and consequently for its structure
sensitive properties. By using different glass melting
conditions such as various temperature and time of
melting, bubbling by dry or wet gases through the
molten glass and melting under vacuum one can ob-
tain glasses with different contents of both main and
admixture components. Water is the most widespread
admixture in glass composition. Some part of water is
always incorporated in glass structure during melting
because of incomplete removal of batch decomposi-
tion products and interaction between glass melt and
air water.

Itis known that even small quantities of water have a
definite effect on some properties of glasses.*® This

* Author to whom correspondence should be addressed. (e-mail:
startsev@online.ru)

problem especially concerns borate glasses. High water
absorbing ability and high sensitivity of properties to
the water content of these glasses“™ stimulate the re-
searchers to find ways to obtain glasses with minimum
water concentration. Changes in glass melting conditions
of borate glasses, time or temperature of melting can
lead to obtaining glasses with different water content
and consequently with different properties.

Borate glasses have been studied for many years.
Interest in this glass system can be explained by the
peculiarities of structural changes resulting from add-
ing alkali oxides to the glass composition. These pecu-
liarities take place due to the change in boron
coordination from three to four and transformation
of some part of boron oxygen triangles to the tetrahe-
drons.®9 1t was shown by the nuclear magnetic reso-
nance studies of Bray & co-workers® that the quantity
of boron in fourfold coordination depends on the con-
centration and kind of alkali oxides.

No results have been found in the literature of any
results of investigation of influence of water content
on the viscosity and thermal expansion of borate
glasses containing different alkali oxides. Effect of
water content on viscosity and thermal expansion of
borate glasses has been studied so far mostly for pure
borate and sodium borate glasses.“® The main task
of the present study was to obtain additional infor-
mation on the effect of the admixture water content
on structure sensitive properties, viscosity and thermal
expansion for glasses containing lithium, sodium and
potassium oxides and to study the influence of glass
melting conditions on water concentration.

Experimental procedure

Glass preparation

Reagent boric acid and alkali carbonates were used as
raw materials for the preparation of studied glasses.
The mixture of batch components was melted in plati-
num crucible containing 200 g glass in the electrical
furnace with air atmosphere. To obtain glasses with
different water contents the variation of time of melt-
ing from 1 up to 4 h at 1200°C and remelting under
vacuum at 1000°C were used. After melting the mol-
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Table 1. Compositions and glass melting conditions of
studied glasses

Glass Glass compositions, mol% by batch/by analysis  Time of glass

denoted B,O, Li,O Na,O K,O melting at

as 1200°C , h

55Li,0 94.5/96-4 5.5/3-6 - - 1
94.5/96.5 5:5/35 - - 2:5
94.5/96-5 5-5/35 - - 4

5-5Na,0 94:5/94.6 - 5.5/5-6 - 1
94.5/94.7 - 5.5/5-3 - 2:5
94.5/94.7 - 5.5/5-3 - 4

55K,0 94.5/94.7 - - 5-5/5-3 1
94.5/94.6 - - 5.5/5-4 2:5
94.5/94.8 - - 5.5/5-2 4

15Li,0  85.0/84-7 15-0/15-3 — - 1
85.0/84.7 15.0/15:3 - - 2:5
85.0/84-9 15-0/15:1 — - 4

15Na,0 85-0/84:5 - 15.0/155 - 1
85.0/84.8 - 15.0/15.2 - 2:5
85.0/85-0 - 15.0/15-0 - 4

15K,0  85.0/85-9 - - 15-0/14-1 1
85.0/85:9 - - 15.0/14-1 2:5
85.0/85-7 - - 15-0/14-3 4
85/85:9 - - 15.0/14-1 1.5*

25Na,0 75.0/759 - 25.0/24.1 - 1
75-0/75-6 - 25.0/24-4 - 2:5
75.0/75-8 - 25.0/24.2 - 4

* remelting under vacuum at 1000°C, 1 h

ten glass was poured into an iron mould and put into
the annealing furnace which was maintained at the tem-
peratures depending on glass composition.

The compositions of all synthesised glasses were
analysed by wet chemical analysis. Table 1 presents the
compositions and glass melting conditions of studied
glasses. It is seen that the difference in alkali oxides in
glass composition by batch and by analysis does not
exceed 1 mol%.

The glasses synthesised were stored in a dessicator
to prevent water absorption.

Measurements of infrared spectra

To estimate hydroxyl concentrations in studied glasses
and absorption spectroscopy measurements in the near
infrared region were made. The measurements were per-
formed at room temperature at the device SF-2 devel-
oped in the Laboratory of Glass Properties of the
Institute of Silicate Chemistry. SF-2 is a double beam
spectrophotometer with the working spectral range
0-4-4 um. The detailed description of the device and
method of measurement is given in Ref. 10. The error
of the determination of the optical density by this
method is +0-005.

The samples for measurements were polished at the
paraffin oil to prevent water absorption. All samples
were stored in the dessicator. Every sample was meas-
ured several times in different positions in the interval
of wavelength from 2.5 up to 4 pm. The absorption
coefficient K was determined as described® by using
the data on optical density and taking into account
the losses of the reflection from the boundary sample,
air. The value of the refractive index was taken equal
to 1.5. This value corresponds to mean value of the
refractive index in studied glasses.*?

Figure 1 gives the example of the spectrum K(A),
where A is a wavelength, pm, obtained for the 5-5Na,O
glasses.
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Figure 1. Example of the spectrum for 5-5Na,O glasses obtained at
different times of melting at 1200°C: 1-1h;2-2-5h;3-4h

glasses has not been obtained due to the very high water
absorption ability of these glasses.

Measurements of thermal dependencies of viscosity

Measurements of viscosity of studied glasses were
made by the beam bending method at viscosities from
10% up to 10* dPas. The detailed description of the
device and method is given in Ref. 12. The mean square
errors of viscosity logarithm determination by this
method are not more than +0-04. The value of error
was estimated by measuring the viscosity of SRM
glasses of NBS.™

The sample temperature was determined by two
chromel-alumel thermocouples graduated by means
of melting temperatures of pure metals, Pb, Zn, Al.
The temperature was maintained constant for several
hours with the accuracy £0-2 K. The experimental re-
sults were approximated by the Vogel-Fulcher-
Tammann equation.

Measurements of thermal expansion

Measurements of thermal expansion were made in a
silica dilatometer. The description of the device is given
in Ref. 14. The construction of the dilatometer allows to
obtain the dilatometer curves in the range of tempera-
tures covering the glass transition interval of studied
glasses and even above this range. The temperature of
sample was measured by a chromel-alumel thermocou-
ple graduated by means of the melting temperatures of
pure metals. The error of the determination of thermal
expansion coefficients by this device is +1x10~7 K™, The
precision of the dilatometer was determined by measur-
ing the corundum standard over the 200-500°C tem-
perature range.

Hysteresis dilatometer curves of studied glasses at
cooling and heating with the temperature rates 2 and
3 K/minwere obtained. Thermal expansion coefficients
(TEC) in the ranges of temperatures below (og) and
above (o) glass transition interval as well as glass tran-
sition temperatures (T,) at cooling were determined.

Figure 2 shows the example of the dilatometer curve
of 15Li,0 glass and the scheme of determination of
o, 05 and T,
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Figure 2. Scheme of determination of thermal expansion coefficients
below (o,;) and above (oy) glass transition interval and glass transition
temperatures T, (as an example dilatometer curve of 15Li,0O glass is
shown)

Treatment of the spectroscopic data

Infrared analysis is considered to be the most suitable
method for the study of water in glasses. It should be
noted here that water can exist in glasses as either
molecules or hydroxyl. According to the number of
works®8 water in glasses containing not more than 1
wt% water exist rather in the form of hydroxyl groups
(OH). The scheme of interaction between water and
glass network can be written in the following form51©

=B-0O-B=+H,0&2HO-B=

Hydroxyl groups are incorporated in glass structure
in different ways dependent on glass composition. OH
groups in glass structure can be divided into so called
‘free’ and ‘bound’ groups.

Only free OH groups are present in pure vitreous silica
and boron oxide glasses with the absorption band around
2-8 um. To the extent that nonbridging oxygens are pro-
duced through introduction of network modifiers, the OH
groups form hydrogen bridging bonds through which the
band of higher wavelength arises at around 3:5 um.

Although the infrared analysis is very fast and rather
simple there are some difficulties in treatment of the
results obtained. Quantitative analysis of OH groups
by means of spectroscopic data is based on the Beer—
Lambert Law

1 1
Con =4 Ig(T) @)
where Coy is the concentration, mole/l, d the thickness
of sample, cm, T the transparency, %, € the extinction
coefficient, I/(mol cm).

Therefore, qualitative analysis is impossible until a
value of the extinction coefficient has been determined
experimentally by other method. The determination
of the extinction coefficient is difficult.

We found two published methods for water content
determination in borate glasses by spectroscopic data
suggested by Franz” and Eagan & Bergeron® which
can be used without experimental determination of the
extinction coefficient.

Franz has calculated the extinction coefficients
from the hydroxyl absorption band at around 2-8 pm
for the alkali borate glasses as function of composi-
tion. On calculating Franz assumed that the water con-
centration c is proportional to the integral extinction |
and that the total integrated intensity | of the hydroxyl
band is independent of glass composition. Using the
spectra of alkali borate glasses with different water
content Franz showed by the difference spectrum that
there was only one hydroxyl band at 2:9 um. There-
fore, extinction coefficients of Franz are concerned only
with the free hydroxyl groups in glass structure.

Eagan & Bergeron® have suggested another
method for calculation of water content in lead borate
glasses from spectroscopic data. They have pointed out
that the integrated intensity | of the hydroxyl groups
fundamental vibration changes on amount Al in the
proportion to the frequency shift, Av;, of the maxi-
mum absorption. Increase in the integrated intensity
was attributed to an increase in the strength of the hy-
drogen bonding of hydroxyl groups in the glass struc-
ture on adding the alkali oxides.

In order to calculate the concentration of water in
borate glasses, Eagan & Bergeron determined the theo-
retical integral extinction of the hydroxyl groups ab-
sorption for a pure vitreous boric oxide which was
found to be equal 25-6x10° I/(mol cm™?). The theoreti-
cal integral extinction for a lead or any other binary
borate glass is equal to the sum of this value and the
enhancement Al due to hydrogen bonding. Knowledge
of this value allows one to calculate the hydroxyl groups
concentration by the equation suggested by Eagan &
Bergeron. This method can be used for any binary bo-
rate glasses.®?

Water content of studied glasses in this paper was
estimated by means of both methods described above.
On treating the initial spectrum was deconvoluted into
Gaussian bands and only the band at the higher fre-
quency was taken into account. Finally water content
of studied glasses was calculated from the following
equation.®®

o _CouMoy 100 _ 0-85C,
MO 2p 1000 p

)

where Moy is the molecular weight of OH, 17 g/mol and
r the value of glass density, g/cm?®, taken from Ref. 11.

Table 2 presents the results of water concentration
calculation.

Results

Water content determination

It is seen from the Table 2 that both methods of water
content determination applied here give approximately
the same results for glasses 5-5Na,O. Using the extinc-
tion coefficients suggested by Franz we obtained the
higher values of water concentration in glasses contain-
ing 15 and 25 mol% R0 than by using the method sug-
gested by Eagan & Bergeron. It can be connected with
the fact that at low level of alkali oxides concentrations
(up to 5 mol%) hydrogen bonding has no noticeable ef-
fect on the absorption spectrum. On the following add-
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Table 2. Water contents in studied glasses determined
by methods suggested by Franz/Eagan & Bergeront®

Glass Water content (mol%)

composition Electric furnace, 1200°C Vacuum
1h 25h 4h 1h

5-5Na,0 0-53/050 038/0-38 0-27/031 -

15Li,0 0-49/028 028/0-21 0-14/011 -

15Na,0 061/034 046/023 030/019 -

15K, 0 0-54/0-36 032/0-20 0-28/0-16 0-16/0-12

25Na,0 0-23/011 0:15/0-07 0-07/003 -

ing of alkali oxides the quantity of hydrogen bonding
increases and the integrated intensity changes. That is
why the method of Franz, in which he assumed the in-
dependence of integrated intensity on glass composition,
gives the higher values of water content.

Both methods are based on many assumptions which
have not been proved and can be used only for the ap-
proximate estimation of water content in alkali borate
glasses. Further, unless specially mentioned we will use
the results obtained by the method suggested by Eagan
& Bergeron because it takes into account structural
changes on adding alkali oxides and has better corre-
lation with the results of measurements of tempera-
ture dependencies of viscosity of studied glasses.

Figure 3 illustrates the results obtained on the effect
of glass melting conditions on water content of alkali
borate glasses. It is seen from Figure 3 that at the same
glass melting conditions, glasses with lower content of
alkali oxide kept higher water concentrations. On in-
creasing time of melting from 1 up to 4 h water con-
tent in glasses containing 5-5 and 15 mol% R,O
decreases approximately by half. Increasing time of
melting for glasses with higher alkali oxide concentra-
tion (25Na,0) leads to the reduction of water content
to a lesser extent.

Viscosity

The only paper concerned with the effect of water con-
tent on the viscosity of alkali borate glasses was the
data obtained by Visser® for sodium borate glasses
containing 5-5 and 15 mol% Na,O. The author deter-
mined the water content in glass structure by meas-
urements of pressure of water vapour above the glass
melt. Viscosity measurements were made by a
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Figure 3. Influence of glass melting conditions on water
concentrations in studied alkali borate glasses 1 — 5:5Na,0; 2 —
15Li,0; 3 — 15Na,0; 4 - 15K,0; 5 - 25Na,0; 6 — 15K,0 (after
vacuum treatment)
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Figure 4. Comparison of dependenéies of logarithm of viscosity on
water contents with published data: 1, 2 — data obtained by Visser®
for 5:-5Na,0 and 15Na,0 respectively; 3 — our results for 5:5Na,0; 4,
5 — our results for 15Na,O with water calculation made by methods
suggested by Franz¢” and by Eagan & Bergeron,®® respectively

Pochettino viscometer. Figure 4 presents the compari-
son of our results with the data of Visser for glasses
with the same composition.

It is seen that our results and data of Visser lie on
the one curve for glasses with 5-5 mol% Na,O. Our re-
sults for glasses containing 15 mol% Na,O do not co-
incide with the data of Visser. It should be noted that
the method for the water content determination in
glasses used by Visser has some weak points connected
with the possibility of evaporation on melting some
other admixtures (e.g. carbon dioxide).

Besides, on estimating water content in studied
glasses we took into consideration only the band at
around 2-8 um connected with ‘free’ hydroxyl groups.
The second band at around 3-5 um connected with the
existence of ‘bound’ hydroxyl groups was not exam-
ined. This fact could lead to the deviation in results
obtained by different methods.

It was noted for all studied glasses that viscosity had
the tendency to reduction as the water content increased
in glass structure. Figure 5 shows the example of tem-
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Figure 5. Example of temperature dependencies of viscosity for
15K,0 glasses with different water contents, mol%: 1 —0-36 (1200°C,
1h); 2 -0-20 (1200°C, 2:5 h); 3 - 0:16 (1200°C, 4 h); 4 — 0-12
(1000°C, 1 h). Lines are the results of experimental data
approximation by the Vogel-Fulcher-Tammann equation
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Figure 6. Isothermal dependencies of logarithm of viscosity of studied
glasses on water contents: 1—5-5Na,0O at 331°C; 2 - 15Li,0 at437°C;
3 - 15Na,0 at 420°C; 4 - 15K,0 at 389°C; 5 - 25Na,O at 481.5°C
perature dependencies of viscosity of 15K,0 glasses
obtained containing different water contents.

As is seen from Figure 5 the temperature dependen-
cies of viscosity for 15K,0 glasses obtained by melting
in an electric furnace for 4 h (0-16 mol% H,0) and by
remelting under the vacuum for 1-5 h (0-12 mol% H,O)
approximately coincide. This result corresponds to the
results of water content determination in these glasses.

The studied glasses had approximately the same sen-
sitivities of viscosity to the changes in water con-
tent independently of the kind and concentration of
alkali oxides, Figure 6. On the average additions of
0-1 mol% water corresponds to 0-3 order of magni-
tude reduction in logarithm of viscosity.

Thermal expansion

It was found for all studied glasses that the glass tran-
sition temperatures decreases on increasing water con-
tent, Figure 7.

Figure 8 shows the dependencies of thermal expan-
sion coefficients (TEC) of studied glasses below (a) and
above (b) glass transition interval on water contents.
Values of coefficients are shown with their error bars.
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Figure 7. Dependencies of glass transition temperatures of studied
glasses on water contents: 1 - 5-5Na,O; 2 - 15Li,0; 3 — 15Na,0; 4 -
15K,0; 5 — 25Na,0
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Figure 8. Dependencies of thermal expansion coefficients below (a)
and above (b) glass transition interval on water contents in studied glasses

Bars show the mean square errors of measured values.

No distinct effect was found of water content on
glasses with 5-5 mol% Na,O. TEC of glasses contain-
ing 15 mol% alkali oxides have the tendency to increase
on increasing water content in glass composition.
Glasses containing 25 mol% Na,O reveal the reverse
tendency—TEC decreases on increasing water content.

Therefore, the influence of glass melting conditions and
water content on thermal expansion of alkali borate
glasses depends on the concentration of alkali oxides.

The results obtained should be connected with the
structural changes in alkali borate glasses on adding
alkali oxides. According to the NMR of Bray &
coworkers® there is the maximum of fourfold coordi-
nated boron in alkali borate glass structure at around
30-40 mol% of alkali oxides. However, the curves of
thermal expansion versus composition of alkali borate
glasses demonstrate the existence of a clear minima at
around 20 mol% R,0.?2Y Shelby® related this mini-
mum to the maximum in concentration of tetraborate
groups and the disappearance of boroxol and appear-
ance of diborate groups. The difference in manner of
the effect of water content for glasses with different
concentrations of alkali oxides can also be related to
the existence of different types of borate groups in glass
structure (Figure 9, Ref. 21). To give a more exact an-
swer we need to make further study of glasses contain-
ing more than 20 mol% alkali oxides.
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Figure 9. Simple model of alkali borate glasses based on the work of
Krogh-Moe & Bray®”

Conclusions

The viscosity and thermal expansion of binary borate
glasses containing lithium, sodium and potassium ox-
ides obtained by different glass melting conditions were
studied. Several glasses of the same composition with
different water contents were obtained. Water content
in studied glasses was estimated by absorption
spectroscopy in the near infrared region. The results
of this study can be summarised as follows.

1. At the same glass melting conditions, glasses with
lower content of alkali oxide kept higher water con-
centrations.

2. Onincreasing time of glass melting from1upto4h
water content in glasses containing 5-5 and 15 mol%
R,0 decreased approximately by half, water content in
glasses containing 25% R,O decrease to the less extent.
3. Viscosity values of all studied glasses show the ten-
dency to decrease as the water content increases in glass
structure.

4. The studied glasses have approximately the same
sensitivities of viscosity to the changes in water con-
tent independently of kind and concentration of al-
kali oxide. On the average additions of ~0-1 mol% water
corresponds to 0-3 order of magnitude reduction on
logarithm of viscosity.

5. Glass transition temperatures of studied glasses de-
termined by the dilatometer curve decreases on increas-
ing water content.

6. Thermal expansion coefficients determined in the
range of temperatures below and above glass transi-
tion interval increases on increasing water content in
glasses containing alkali oxide up to 15 mol%. Glasses
containing 25 mol% Na,O show the reverse tendency.
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